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ABSTRACT 28 

 29 

The FDA has granted Remdesivir (RDV, GS-5734) an emergency use authorization on 30 

the basis of an acceleration of clinical recovery in hospitalized patients with COVID-19. 31 

Unfortunately, the drug must be administered intravenously, restricting its use to those 32 

with relatively advanced disease. RDV is also unstable in plasma and has a complex 33 

activation pathway which may contribute to its highly variable antiviral efficacy in SARS-34 

CoV-2 infected cells. A potent orally bioavailable antiviral for early treatment of SARS-35 

CoV-2 infection is needed. We focused on making simple orally bioavailable lipid 36 

analogs of Remdesivir nucleoside (RVn, GS-441524) that are processed to RVn-37 

monophosphate, the precursor of the active RVn-triphosphate, by a single step 38 

intracellular cleavage. In addition to likely improved oral bioavailability and simpler 39 

metabolic activation, two of the three new lipid prodrugs of RVn had anti-SARS-CoV-2 40 

activity 9 to 24 times greater than that of RDV in Vero E6 cells 41 

 42 

  43 
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INTRODUCTION 44 

 45 

     Over the past 18 years, spillover events have introduced the highly transmissible 46 

beta-coronavirus strains SARS CoV, MERS CoV, SARS CoV-2 into the human 47 

population.[1-3] Although case fatality ratios have varied, each has demonstrated the 48 

ability to induce substantial morbidity and mortality – especially among those over 55 49 

and/or those with underlying co-morbid medical conditions.[4,5] Although SARS CoV 50 

and MERS CoV were largely contained by epidemiological interventions, the current 51 

outbreak has evolved into a global pandemic responsible for over 23 million infections 52 

and over 800,000 deaths.[6] With over 5.5 million cases and over 175,000 deaths at this 53 

writing, the US is now the center of the epidemic. Intensive economically disruptive 54 

social distancing measures are blunting the epidemic but they are not sustainable and 55 

experience elsewhere demonstrates viral resurgence when they are prematurely eased. 56 

[7] Although intensive efforts to develop safe and effective SARS CoV-2 vaccines have 57 

been launched using a slew of novel approaches, the effort is challenged by strain 58 

diversity, the possibility that vaccine-induced immunity will be short lived, potentially 59 

reduced immune recognition by individuals as young as 30 and the possibility that 60 

antibody dependent enhancement will be observed.[8,9] Indeed, a recently reported 61 

molecularly proven case of reinfection raises substantial new concerns about long-62 

lasting immunity – even after recovery from natural infection. [10] While there is hope 63 

that the SARS CoV-2 vaccine effort will succeed, after a third of a century the AIDS 64 

vaccine is, alas, still around the corner. Despite admonitions that we “could not treat our 65 

way out of the epidemic”, a highly successful drug development effort changed the face 66 

of HIV by providing extremely effective, affordable and scalable prevention and 67 
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treatment tools. As the coronavirus vaccine effort ramps up, it is essential that we also 68 

mount an equally intense therapeutics effort.  Remdesivir nucleoside triphosphate (RVn 69 

triphosphate) potently inhibits enzymatic activity of the polymerase of every coronavirus 70 

tested thus far, including SARS CoV-2. [11-14]   This broad activity reflects the 71 

 72 

Figure 1.  Structures of Remdesivir and related intermediates 73 

 74 

relative molecular conservation of the coronavirus RNA dependent RNA polymerase 75 

(RdRp). Remdesivir (RDV) is an aryloxy phosphoramidate triester prodrug that must be 76 

converted by a series of reactions to RVn triphosphate, the active antiviral metabolite. 77 

(Fig 1)   Although RVn-triphosphate is an excellent inhibitor of the viral RdRp [15], 78 

RDV’s antiviral activity is highly variable in different cell types which may be due to 79 

variable expression of the four enzymes required for conversion to RVn-P [14]. RDV’s 80 

base is a 1’-cyano-substituted adenine C nucleoside (GS-441524, RVn) that is thought 81 

to be poorly phosphorylated. To bypass the perceived slow first phosphorylation the 82 

developers relied on an aryloxy phosphoramidate triester prodrug that is converted by a 83 

complex series of four reactions to remdesivir nucleoside monophosphate (RVn-P) that 84 

is then efficiently converted to RVn triphosphate, the active metabolite. RDV may be 85 

more active in some SARS-CoV-2 infected tissues than in others, a possible reason for 86 

its incomplete clinical impact on SARS-CoV-2. A recent report suggests that low levels 87 
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of the four enzymes which activate RDV in some tissues may be responsible. [14] Yan 88 

and Muller have recently published a detailed analysis of the potential weaknesses of 89 

Remdesivir and suggested that RVn (GS-441524) might be a preferable therapy [16]. 90 

Remdesivir has beneficial antiviral and clinical effects in animal models of coronavirus 91 

infection. [17,18] These effects are primarily demonstrable when administered before or 92 

very soon after viral challenge. RDV is not highly bioavailable following oral 93 

administration and must be administered intravenously, functionally limiting its clinical 94 

application to hospitalized patients with relatively advanced disease. It would be useful 95 

to have a highly active, orally bioavailable analog of RVn which provides sustained 96 

levels of intact antiviral drug in plasma since RDV persistence in plasma is known to be 97 

very short, 20 to 30 minutes. [16]   98 

     Here we report the synthesis and antiviral evaluation of three novel lipophilic 99 

prodrugs of RVn-monophosphate that are substantially more active than Remdesivir in 100 

Vero E6 cells infected with SARS-CoV-2. These compounds are expected to be orally 101 

bioavailable based on our prior work with antivirals of this general design. [19, 20]  If 102 

further developed, this type of prodrug could allow earlier and more effective treatment 103 

at the time of diagnosis of SARS-CoV-2 infection.  In addition, one of these prodrugs 104 

represents an approach that may be able to target the antiviral to the lung and away 105 

from the liver, the site of Remdesivir’s dose-limiting toxicity. [21,22]  106 

 107 

 108 

 109 

 110 

 111 
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 RESULTS  112 

Synthesis of RVn monophosphate prodrugs: We synthesized the 113 

hexadecyloxypropyl-, octadecyloxyethyl- and 1-O-octadecyl-2-O-benzyl-sn-glyceryl- 114 

esters of RVn monophosphate.   Compounds 5a -5c were synthesized as shown in 115 

Figure 2. Analyses by NMR, ESI mass spec and HPLC were consistent with each 116 

structure and demonstrated purities of > 95%.  117 

 118 

Figure 2.  Synthesis of antiviral prodrugs 5a – 5c.  Reagents:  a) 2',3'-isopropylidene 119 

RVn (2a), DCC, DMAP, pyridine, 90 ºC, 24-72 h; b) 37% HCl, THF, 3-18h. 120 

 121 

 122 
Antiviral Activity: We generated concentration-response curves for ODBG-P-RVn, 123 

ODE-P-RVn, and HDP-P-RVn, Remdesivir (RDV) and Remdesivir nucleoside (RVn) for 124 

SARS-CoV-2 infection in Vero E6 cells in two separate experiments performed in 125 

duplicate (Figure 3).   126 

 127 
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 128 
 129 

Figure 3. SARS-CoV-2 inhibitory activity replicate experiments. Dose response 130 

curves for three Remdesivir analogs, Remdesivir (GS-5734), and Remdesivir 131 
nucleoside (GS-441524) against SARS-CoV-2 infection in Vero E6 cells. Vero E6 cells 132 
were pretreated with the indicated dose of the indicated drug for thirty minutes and then 133 
infected with SARS-CoV-2 isolate USA-WA1/2020 for 48 hours. The relative SARS-134 
CoV-2 Spike RNA expression was determined by qRT-PCR. Each dose-response 135 

comparison was conducted simultaneously for all drugs on 2 separate occasions. (A-E) 136 
Data from both experiments are shown. Data points indicate the mean relative 137 
expression from duplicate wells. Error bars represent the standard deviations (SDs). 138 

The black vertical dashed line indicates the concentrations at which there is 50% 139 
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inhibition (EC50). (F). Combined inhibition curves for all five compounds and DMSO on a 140 

single chart. DMSO, which was the vehicle for all compounds, had no effect on SARS-141 
CoV-2 replication at the concentrations used.   The three lipid esters of RVn-142 
monophosphate were all substantially more active than RDV and RVn.  143 
 144 

Table 1 shows the effective concentrations (EC50, EC90), 50% cytotoxic concentration 145 

(CC50), and selectivity index of the compounds, mean ± SD. Cytotoxicity (CC50) was 146 

assessed using Cell Titer Glo (Supplementary Materials, Figure S1). The EC50 values of 147 

RDV and RVn were 4.6 and 1.7 M, respectively.   The lipid prodrugs were more active 148 

with EC50s ranging from 0.19 ± 0.023 to 0.96 ± 0.17.  ODBG-P-RVn and ODE-P-RVn  149 

 150 

  151 

 152 

were the most active and selective compounds.  Based on the EC50 values the most 153 

active compound, ODBG-P-RVn, was 24 times more active than RDV and 8.9 times 154 

more active than RVn (p <0.001 and 0.005) with a selectivity index of 240.   155 

 156 

Table 1.  Antiviral Activity, Cytotoxicity and Selectivity of the Compounds 

Compound EC50 (µM) EC90 (µM) CC50 
(µM) 

Selectivity p value vs 
RDV, RVn 

Remdesivir 4.6 ± 2.1 8.9 ± 4.9 >100 >21.7 - 

Remdesivir 

nucleoside 

1.7 ± 0.13 3.2 ± 0.77 >100 >58.8 - 

HDP-P-RVn, 5a 0.96 ± 0.17 2.1 ± 0.78 51 52 0.02, 0.59 

ODE-P-RVn, 5b 0.47 ± 0.18 1.1 ± 0.80 >100 >212 0.004, 0.047 

ODBG-P-RVn, 5c 0.19 ± 0.023 0.56 ± 0.0002 46 240 <0.001, 0.005 

A graph showing the CC50 results by Cell Titer Glo is shown in the Supplemental Materials.  

Abbreviations:  RDV, Remdesivir (GS-5734); RVn, Remdesivir nucleoside (GS-441524); 
HDP-P-, hexadecyloxypropyl-P-; ODE-P-, octadecyloxyethyl-P-; ODBG-P-, 1-O-octadecyl-2-

O-benzyl-glycero-3-P-; Selectivity index, CC50/EC50; statistical analysis comparing LogEC50 

values from separate experiments by one-way ANOVA. 
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DISCUSSION 157 

RDV is a prodrug designed to bypass the first phosphorylation of the Remdesivir 158 

nucleoside (RVn) which may be rate limiting in the synthesis of RVn-triphosphate, the 159 

active metabolite.  This occurs by the successive action of carboxyesterases, cathepsin 160 

A and phosphoramidases [16,23].  However, this approach does not appear to provide 161 

any benefit in Vero E6 cells, a monkey kidney cell line, as shown by Pruijssers et al [24] 162 

and by our results showing the antiviral activity of RVn is greater than that of RDV.  163 

Other perceived disadvantages of RDV include a lack of oral bioavailability, a difficult 164 

synthesis, instability in plasma, inadequate delivery to lung and hepatotoxicity. [14,16]  165 

In patients with Covid-19 and in the Syrian hamster model of SARS-CoV-2 disease, in 166 

addition to high viral loads in nasal turbinate, trachea and lung, many other tissues are 167 

infected with SARS-CoV-2 as the infection proceeds including intestine, heart, liver, 168 

spleen, kidney, brain, lymph nodes and vascular endothelium. [25-29]   However, RDV 169 

antiviral activity appears to vary widely in lung and kidney cell lines with EC50 values of 170 

1.65 M in Vero E6 cells, 0.28 M in Calu3 2B4, 0.010 M in human alveolar epithelial 171 

cells (HAE), a 165-fold difference. [24] It has been suggested that this may be due to 172 

variable amounts of the enzymes which convert RDV to RVn. [14,16] It will be important 173 

to evaluate the antiviral activity of RDV, RVn and these 3 novel lipid prodrugs of RVn in 174 

cells representing various tissues which are infected by SARS-CoV-2 and must be 175 

treated successfully if the infection is to be cleared.   176 

Of all the perceived disadvantages of RDV, we chose to design prodrugs of RVn 177 

which could provide oral bioavailability because an effective oral drug would allow for 178 

much earlier treatment of persons diagnosed with SARS-CoV-2 infection. As shown in 179 
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this report, we accomplished this by constructing liponucleotides of RVn resembling  180 

lysophospholipids that are normally absorbed in the GI tract. The RVn liponucleotides 181 

are not metabolized rapidly in plasma and gain rapid entry to the cell often exhibiting 182 

greatly increased antiviral activity. [30, 31].  In contrast to the activation of RDV which 183 

requires four transformations, intracellular kinase bypass with this kind of compound 184 

generates the nucleoside monophosphate when the lipid ester moiety is cleaved in a 185 

single reaction catalyzed by acid phospholipase C [32, 33] or acid sphingomyelinase 186 

(sphingomyelin phosphodiesterase I) (K. Sandhoff and K. Hostetler, unpublished, 2013). 187 

One of the compounds, ODBG-P-RVn, is likely to deliver relatively more drug to lung 188 

and less to liver as shown previously in lethal mousepox infection. [34,35]   Finally, the 189 

synthesis of these lipid prodrugs is much simpler than RDV and is readily scalable.   190 

In conclusion, we synthesized three lipid prodrugs of RVn that are substantially 191 

more active than RDV or RVn in Vero E6 cells.  The two most active compounds 192 

ODBG-P-RVn and ODE-P-RVn were 24 and 9.8 times more active than RDV.  These 193 

compounds are expected to be orally bioavailable, stable in plasma and provide 194 

significant exposure and antiviral activity to all tissues infected with SARS-CoV-2.   195 

  196 
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MATERIALS AND METHODS 197 

 198 

Chemistry: All reagents were of commercial quality and used without further 199 

purification unless indicated otherwise.  Chromatographic purification was done using 200 

the flash method with silica gel 60 (EMD Chemicals, Inc., 230–400 mesh).  1H, 13C and 201 

31P nuclear magnetic resonance (NMR) spectra were recorded on either a Varian VX-202 

500 or a Varian HG-400 spectrometer and are reported in units of ppm relative to 203 

internal tetramethylsilane at 0.00 ppm.  Electrospray ionization mass spectra (ESI-MS) 204 

were recorded on a Finnigan LCQDECA mass spectrometer at the small molecule 205 

facility in the Department of Chemistry at University of California, San Diego.  Purity of 206 

the target compounds was characterized by high performance liquid chromatography 207 

(HPLC) using a Beckman Coulter System Gold chromatography system.  The analytical 208 

column was Phenomenex Synergi™ Polar-RP (4.6 × 150 mm) equipped with a 209 

SecurityGuard™ protection column.  Mobile phase A was 95% water/5% methanol and 210 

mobile phase B was 95% methanol/5% water.  At a flow rate of 0.8 mL/min, gradient 211 

elution was as follows: 10% B (0–3 min.); 10–95% B (3–20 min.); 95% B (20–25 min.); 212 

95% to 10% B (25–34 min.).  Compounds were detected by ultraviolet light (UV) 213 

absorption at 274 nm.  Purity of compounds was also assessed by thin layer 214 

chromatography (TLC) using Analtech silica gel-GF (250 μm) plates and the solvent 215 

system: CHCl3/MeOH/conc NH4OH/H2O (70:30:3:3 v/v). TLC results were visualized 216 

with UV light, phospray (Supelco, Bellefonte, PA, USA) and charring at 400 °C. 217 

Compounds: Remdesivir (GS-5734) and Remdesivir nucleoside (GS-441524) were 218 

purchased from AA Blocks (San Diego, CA and Mason-Chem (Palo Alto, CA), respectively. 219 

 220 
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Synthesis of HDP-P-RVn: 5a. ((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-221 

7-yl)-5-cyano-3,4-dihydroxytetrahydrofuran-2-yl)methyl (3-(hexadecyloxy)propyl) 222 

hydrogen phosphate.  223 

N,N-Dicyclohexylcarbodiimide (DCC, 619 mg, 3 mmol) was added to a mixture of 2a 224 

(300 mg,  0.91 mmol, prepared as in Warren et al [36], HDP-phosphate (4a, 414 mg, 225 

1.10 mmol, prepared as in Kim et al [37], and 4-dimethylaminopyridine (DMAP, 122 mg, 226 

1.0 mmol) in 25 mL of dry pyridine, and then the mixture was heated to 90 ºC and 227 

stirred for 24h. Pyridine was then evaporated and the residue was purified by flash 228 

column chromatography on silica gel 60.  Gradient elution (CH2Cl2/methanol 10-20%) 229 

afforded 423 mg (67% yield) of 2',3'-isopropylidene derivative of 5a.  1H NMR (500 MHz, 230 

chloroform-d) δ 8.42 (s, 1H), 7.98 (s, 1H), 7.70 (s, 2H), 6.22 (d, J = 6.0 Hz, 1H), 5.68 (d, 231 

J = 6.2 Hz, 1H), 5.15 (d, J = 1.0 Hz, 1H), 4.70 (dd, J = 3.8, 0.9 Hz, 1H), 4.48 – 4.42 (m, 232 

1H), 4.26 (ddd, J = 11.2, 8.5, 2.6 Hz, 1H), 4.15 (ddd, J = 11.1, 8.5, 2.6 Hz, 1H), 4.02 (dt, 233 

J = 8.5, 6.3 Hz, 2H), 3.49 (t, J = 6.1 Hz, 2H), 3.40 (t, J = 6.1 Hz, 2H), 1.95 (p, J = 6.2 Hz, 234 

2H), 1.54 (tt, J = 7.4, 6.1 Hz, 2H), 1.31 (s, 3H), 1.32 – 1.24 (m, 26H), 0.94 – 0.85 (m, 235 

3H).  ESI MS 691.6 [M-H]-. 236 

Concentrated HCl (0.1 mL) in tetrahydrofuran (THF) was added to a stirred solution of 237 

2',3'-isopropylidene-5a (100 mg, 0.14 mmol) in THF (10 mL) at room temperature. The 238 

mixture was stirred for 3h and then sodium bicarbonate (50 mg) and water (2 mL) were 239 

added.  After stirring an additional 15 min. the solvents were evaporated and cold water 240 

(10 mL) was added to the residue.  The solid product was collected by vacuum filtration 241 

and dried under vacuum to yield compound 5a (79 mg, 87% yield) as an off-white solid.  242 

1H NMR (500 MHz, CDCl3-methanol-d4)  𝛿 ppm 1H NMR (500 MHz, Chloroform-d) δ 243 
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8.42 (s, 1H), 7.98 (s, 1H), 7.70 (s, 1H), 6.22 (d, J = 6.0 Hz, 1H), 5.70 (d, J = 6.0 Hz, 1H), 244 

5.12 (d, J = 4.2 Hz, 1H), 4.55 (ddd, J = 5.5, 2.7, 0.9 Hz, 1H), 4.40 (dtd, J = 6.8, 2.6, 0.8 245 

Hz, 1H), 4.33 – 4.27 (m, 2H), 4.25 (ddd, J = 11.1, 8.4, 2.6 Hz, 1H), 4.16 (ddd, J = 11.3, 246 

8.5, 2.6 Hz, 1H), 4.02 (dt, J = 8.5, 6.3 Hz, 2H), 3.49 (t, J = 6.1 Hz, 2H), 3.40 (t, J = 6.1 247 

Hz, 2H), 1.95 (p, J = 6.2 Hz, 2H), 1.59 – 1.50 (m, 1H), 1.34 – 1.24 (m, 23H), 0.94 – 0.85 248 

(m, 3H). ESI MS: 652.39 [M-H]-.  Purity by HPLC: 99.7% 249 

Synthesis of ODE-P-RVn, 5b.  ((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-250 

7-yl)-5-cyano-3,4-dihydroxytetrahydrofuran-2-yl)methyl (2-(octadecyloxy)ethyl) 251 

hydrogen phosphate 252 

N,N-Dicyclohexylcarbodiimide (DCC, 0.3 g, 1.4 mmol) was added to a mixture of 2a 253 

(0.23 g, 0.7 mmol), ODE-phosphate (4b, 0.27 g, 0.68 mmol), and 4-254 

dimethylaminopyridine (DMAP, 0.07 g, 0.6 mmol) in 10 mL of dry pyridine, and then the 255 

mixture was heated to 90 ºC and stirred for 3 days. Pyridine was then evaporated and 256 

the residue was purified by flash column chromatography on silica gel 60.  Gradient 257 

elution (CH2Cl2/methanol 10-20%) afforded 0.22 g (45% yield) of 2',3'-isopropylidene-258 

5b.  Concentrated HCl (0.3 mL) was added slowly to a stirred solution of 2',3'-259 

isopropylidene-5b (0.2 g, 0.28 mmol) in tetrahydrofuran (2 mL) at 0 ºC. The mixture was 260 

allowed to warm to room temperature overnight and then was diluted with water (2 mL) 261 

and adjusted to pH = 8 by adding saturated sodium bicarbonate. The product was 262 

extracted with chloroform (3 x 30 mL) and the organic layer was concentrated under 263 

reduced pressure. The residue was purified by flash chromatography on silica gel.  264 

Elution with 20% MeOH/CH2Cl2 gave 0.10 g (55% yield) of compound 5b. 1H NMR (400 265 

MHz, CDCl3-methanol-d4)  𝛿 ppm 7.89 (s, 1 H), 6.94 (d, J=4.65 Hz, 1H), 6.89 (d, J=4.65 266 
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Hz, 1H), 4.40 (d, J=4.65 Hz, 2H), 4.21 - 4.28 (m, 1H), 4.12 - 4.20 (m, 1H), 4.04 - 4.12 267 

(m, 1H), 3.91 (d, J=4.89 Hz, 2H), 3.46 - 3.57 (m, 2H), 3.42 (td, J=6.85, 1.96 Hz, 2H), 268 

3.34 (dt, J=3.18, 1.59 Hz, 2H), 1.53 (d, J=6.85 Hz, 2H), 1.20 - 1.37 (m, 30H), 0.89 (t, 269 

J=6.97 Hz, 3H). ESI MS: 666.43 [M-H]-. Purity by HPLC 98.4%. 270 

Synthesis of ODBG-P-RVn, 5c.  ((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-271 

f][1,2,4]triazin-7-yl)-5-cyano-3,4-dihydroxytetrahydrofuran-2-yl)methyl ((R)-2-272 

(benzyloxy)-3-(octadecyloxy)propyl) hydrogen phosphate. 273 

N,N-Dicyclohexylcarbodiimide (DCC, 310 mg, 1.5 mmol) was added to a mixture of 2a 274 

(300 mg,  0.91 mmol), ODBG-phosphate (4c, 515 mg, 1.0 mmol), and 4-275 

dimethylaminopyridine (DMAP,  122 mg, 1.0 mmol) in 25 mL of dry pyridine, and then 276 

the mixture was heated to 90 ºC and stirred for 24h. Pyridine was then evaporated and 277 

the residue was purified by flash column chromatography on silica gel 60.  Gradient 278 

elution (CH2Cl2/methanol 10-20%) afforded 210 mg (28% yield) of compound 2',3'-279 

isopropylidene-5c. ESI MS 826.58 [M-H]-. Concentrated HCl (0.1 mL) in tetrahydrofuran 280 

(THF) was added to a stirred solution of 2',3'-isopropylidene-5c (210 mg, 0.25 mmol) in 281 

THF(10 mL) at room temperature. The mixture was stirred for 3h and then sodium 282 

bicarbonate (50 mg) and water (2 mL) were added.  After stirring an additional 15 min. 283 

the solvents were evaporated and cold water (10 mL) was added to the residue.  The 284 

solid product was collected by vacuum filtration and dried under vacuum to yield 285 

compound 5c (71 mg, 36% yield) as an off-white solid. 1H NMR (400 MHz, CDCl3-286 

methanol-d4)  𝛿 ppm 7.70 (s, 1H), 7.36 – 7.32 (m, 1H), 7.36 – 7.26 (m, 1H), 6.22 (d, J = 287 

6.0 Hz, 1H), 5.70 (d, J = 6.0 Hz, 1H), 5.12 (d, J = 4.2 Hz, 1H), 4.60 – 4.51 (m, 2H), 4.40 288 

(dtd, J = 6.8, 2.6, 0.8 Hz, 1H), 4.33 – 4.27 (m, 1H), 4.25 (ddd, J = 11.0, 8.4, 2.6 Hz, 1H), 289 
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4.20 – 4.02 (m, 2H), 3.94 (p, J = 4.5 Hz, 1H), 3.59 (d, J = 4.4 Hz, 1H), 3.46 (t, J = 6.4 290 

Hz, 1H), 1.59 – 1.50 (m, 1H), 1.34 – 1.24 (m, 18H), 0.94 – 0.85 (m, 2H). ESI MS: 291 

786.48 [M-H]-. Purity by HPLC: 97.6%. 292 

Cells:  Vero E6 were obtained from ATCC and grown in DMEM (Corning) with 10% 293 

FBS and Penicillin-Streptomycin (Gibco). 294 

 295 

SARS-CoV-2 infection: SARS-CoV-2 isolate USA-WA1/2020 (BEI Resources) was 296 

propagated and infectious units quantified by plaque assay using Vero E6 (ATCC) cells. 297 

Approximately 104 Vero E6 cells per well were seeded in a 96 well plate and incubated 298 

overnight. Compounds or controls were added at the indicated concentrations 30 299 

minutes prior to infection followed by the addition of SARS-CoV-2 at a multiplicity of 300 

infection equal to 0.01. After incubation for 48 hours at 37°C and 5% CO2, cells were 301 

washed twice with PBS and lysed in 200ul TRIzol (ThermoFisher).   302 

 303 

RNA extraction, cDNA synthesis and qPCR: RNA was purified from TRIzol lysates 304 

using Direct-zol RNA Microprep kits (Zymo Research) according to manufacturer 305 

recommendations that included DNase treatment. RNA was converted to cDNA using 306 

the iScript cDNA synthesis kit (BioRad) and qPCR was performed using iTaq universal 307 

SYBR green supermix (BioRad) and an ABI 7300 real-time pcr system. cDNA was 308 

amplified using the following primers RPLP0 F – GTGTTCGACAATGGCAGCAT; 309 

RPLP0 R – GACACCCTCCAGGAAGCGA; SARS-CoV-2 Spike F – 310 

CCTACTAAATTAAATGATCTCTGCTTTACT; SARS-CoV-2 Spike R – 311 

CAAGCTATAACGCAGCCTGTA. Relative expression of SARS-CoV-2 Spike RNA was 312 
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calculated by delta-delta-Ct by first normalizing to the housekeeping gene RPLP0 and 313 

then comparing to SARS-CoV-2 infected Vero E6 cells that were untreated (reference 314 

control). Curves were fit and 50 and 90% effective concentrations EC50 and EC90 values 315 

calculated using Prism 8.  316 

 317 

CellTiter-glo luminescent cell viability assay: Approximately 104 Vero E6 cells per 318 

well were seeded in opaque walled 96 well cell culture plates and incubated overnight. 319 

Compounds or controls were added at the indicated concentrations. After incubation for 320 

48.5 hours at 37°C and 5% CO2, an equal volume of CellTiter-Glo reagent (Cat. # 321 

G7570, Promega, Madison, WI) was added, mixed and luminescence recorded on an 322 

EnSpire Multimode Plate Reader (PerkinElmer) according to manufacturer 323 

recommendations. Viability was calculated compared to untreated controls and CC50 324 

values were calculated using Prism 8 (Supplemental Materials, Table S1). 325 

  326 
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