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We report here the synthesis, purification, and characterization of mono- and di-fatty acyl conjugates of
remdesivir (RDV) and their in vitro antiviral activity against SAR-CoV-2, an Ebola virus transcription- and
replication-competent virus-like particle (trVLP) system, and infectious Ebola virus. The most potent
monofatty acyl conjugate was 4b, containing a 4-oxatetradecanolyl at the 30 position. Monofatty acyl
conjugates, 30-O-tetradecanoyl (4a) (IC50(VeroE6) ¼ 2.3 mM; IC50(Calu3) ¼ 0.24 mM), 30-O-4-
oxatetradodecanoyl (4b) (IC50(VeroE6) ¼ 2.0 mM; IC50(Calu3) ¼ 0.18 mM), and 30-O-(12-
ethylthiododecanoyl) (4e) (IC50(VeroE6) ¼ 2.4 mM; IC50(Calu3) ¼ 0.25 mM) derivatives exhibited less activ-
ity than RDV (IC50(VeroE6) ¼ 0.85 mM; IC50(Calu3) ¼ 0.06 mM) in both VeroE6 and Calu3 cells. Difatty
acylation led to a significant reduction in the antiviral activity of RDV (as shown in conjugates 5a and 5b)
against SARS-CoV-2 when compared with monofatty acylation (3a-e and 4a-e). About 77.9% of 4c
remained intact after 4 h incubation with human plasma while only 47% of parent RDV was observed at
the 2 h time point. The results clearly indicate the effectiveness of fatty acylation to improve the half-life
of RDV. The antiviral activities of a number of monofatty acyl conjugates of RDV, such as 3b, 3e, and 4b,
were comparable with RDV against the Ebola trVLP system. Meanwhile, the corresponding physical
mixtures of RDV and fatty acids 6a and 6b showed 1.6 to 2.2 times less antiviral activity than the cor-
responding conjugates, 4a and 4c, respectively, against SARS-CoV-2 in VeroE6 cells. A significant
reduction in viral RNA synthesis was observed for selected compounds 3a and 4b consistent with the IC50

results. These studies indicate the potential of these compounds as long-acting antiviral agents or pro-
drugs of RDV.
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1. Introduction

The increasing prevalence of COVID-19 is a severe public health
problem affecting people globally. COVID-19 is taking a devastating
toll on human lives. The latest human mortality of COVID-19
pandemic infection is 4,500,672 people, while approximately 216
million people have been infected as of August 29, 2021 [1]. Thus,
there is an urgent need for safe and effective antiviral drugs against
SARS-CoV-2 and other coronaviruses while also decreasing the
likelihood of developing resistance mutations. However, the dis-
covery and approval of new compounds take several years. There-
fore, several existing drugs and potential drug candidates such as
remdesivir (RDV, GS-5734, 1, Scheme 1) have been considered for
repurposing as COVID-19 treatments.

RDV was developed by Gilead in 2017 as a treatment for
emerging viral diseases, in particular Ebola virus (EBOV) infection
[2]. RDV was effective against EBOV in cell-based assays and non-
human primate in vivo studies [3]. However, it was found to be
less effective than monoclonal antibodies in a randomized
controlled trial (RCT) conducted in 681 patients of acute EBOV
infectionwheremortality with RDVwas 53%, compared to 35%with
MAB114 antibody and 33.5% with the triple antibody cocktail
REGN-EB3 [4]. RDV has also shown promising antiviral activity
against multiple variants of animal and human coronaviruses,
including the highly-pathogenic Middle East respiratory syndrome
coronavirus (MERS-CoV), severe acute respiratory syndrome coro-
navirus (SARS-CoV), and severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) [5e9].

RDV was evaluated for SARS-CoV-2 in early 2020, and ran-
domized clinical trials found that RDV was superior to placebo in
reducing the median time to recovery to 11 days vs. 15 days,
respectively, in severely ill adult patients hospitalized with Covid-
19 [10,11]. However, there was no significant difference in the
mortality rate between drug-treated patients (7.1%) and placebo
(11.9%). RDV received Emergency Use Authorization (EUA) from the
United States Food and Drug Administration (FDA) in May 2020 for
patients hospitalized with severe COVID-19, prompting thousands
of studies to evaluate its efficacy [11]. In October 2020, RDV was
approved by the FDA for use in patients of at least 12 years and
40 kg requiring hospitalization. Wang et al. reported that RDV is a
potent inhibitor of SARS-CoV-2 in VeroE6 cells with an
EC50 ¼ 0.77 mM and selectivity index >129.87 [12]. Pruijssers et al.
evaluated RDV in both Calu3 human lung cells (EC50¼ 0.28 mM) and
primary human airway epithelial cultures (EC50 ¼ 0.01 mM). This
study showed a lower potency of RDV in established human and
monkey cell lines due to their diminished ability to metabolize the
compound [13].

RDV (half-life 0.39 h) is an adenosine monophosphoramidate
nucleotide prodrug that is converted to the active triphosphate
analog (RDV-TP, half-life 24 h) that inhibits RNA-dependent RNA
polymerase (RdRp) activity, resulting in diminished viral RNA
replication [3,5,6,14]. For SARS-CoV-2, and other coronaviruses, the
highly conserved nonstructural protein 12 (Nsp12) serves as the
RdRp [15]. The primary mechanism of inhibition for viral replica-
tion by RDV involves its conversion to the active monophosphate
nucleoside analog GS-441524 as a metabolite by protein kinases.
GS-441524, in turn, is converted to the active nucleoside triphos-
phate metabolite (GS-443902), which is incorporated into nascent
RNA chains by the viral RdRp, causing delayed RNA chain termi-
nation [10,16].

Our group has previously studied the impact of fatty acylation
on the antiviral activity of different anti-HIV (human immunode-
ficiency virus) nucleoside drugs where we demonstrated that the
conjugation of certain fatty acids to the anti-HIV nucleoside reverse
transcriptase inhibitors (NRTIs), such as 30-fluoro-30-
2

deoxythymidine (FLT, alovudine), 20,30-didehydro-20,30-dideox-
ythymidine (stavudine, d4T), 20,30-dideoxy-5-fluoro-30-thiacytidine
(emtricitabine, FTC), and (-)-20,30-dideoxy-30-thiacytidine (lam-
ivudine, 3TC) [17e21] enhanced activity against X4, R5, cell-
associated, and/or multi-drug resistant strains when compared
with their parent nucleosides. For example, 50-O-tetradecanoyl and
50-O-(12-azidododecanoyl) derivatives of 3TC were significantly
more active (16e36 fold higher) against an X4 strain of HIV-1 when
compared to 3TC [21]. The same pattern was observed for a 50-O-
tetradecanoyl derivative of FTC that exhibited 19-fold more activity
than FTC against an X4 strain of HIV-1 [20]. The conjugates were
also less toxic than their parent nucleoside analogs, providing a
much higher selectivity index. Furthermore, the conjugates
significantly enhanced the cellular uptake versus the parent ana-
logs and corresponding physical mixtures of fatty acids and nu-
cleosides [19e21].

In vivo studies have demonstrated that treatment of mice with a
nanoformulation of a 50-O-palmitoyl derivative of FTC led to com-
plete inhibition of HIV-1 reverse transcriptase activity for up to 10
days by the myristoylated FTC as compared with the parent FTC
that had no effect beyond day 1 [22]. Similar results were obtained
using a 50-O-myristoyl conjugate of 3TC where a long-acting
nanoformulation of a fatty acyl conjugate of 3TC was shown to
reduce hepatitis B virus replication in humanized mice [23].
Additionally, Creighton et al. demonstrated that fatty acid conju-
gation with raltegravir tuned its release pattern, hydrolysis rate,
and anti-HIV activity [24]. Overall, the studies revealed that the
prodrug action was dependent on the type of conjugated fatty acid
and the position of the conjugation of fatty acid to the drug.

There are many examples of marketed anticancer and antiviral
prodrug and/or long-acting agents, such as valrubicin, capecitabine,
valacyclovir, and tenofovir alafenamide (TAF). TAF, a prodrug of
tenofovir (TFV), has higher anti-HIV activity and distribution into
the lymphatic system than TFV. The active metabolite, TFV
diphosphate, has an intracellular half-life of 150e180 h [25]. Fatty
acid conjugation has also been used to form nanosuspensions of
antiretroviral drugs to improve their bioavailability [26,27]. Thus, it
is logical to develop and characterize new long-acting fatty acyl
RDV conjugates to potentially provide higher stability with a longer
half-life that display broad-spectrum antiviral activity. Recently,
Schooley et al. [28] reported the synthesis of three novel lipophilic,
monophosphate of RDV nucleoside (RVn, GS-441524) prodrugs,
two of which had anti-SARS-CoV-2 activity 9 to 24 times greater
than that of RDV in Vero E6 cells.

The presence of a 10-CN group on RDV and its metabolites
confers high selectivity for viral RdRps compared to human poly-
merases. The cryo-EM structure of RDV-TP in complex with the
SARS-CoV-2 RdRp (PDB: 6M71) showed residue S861 in Nsp12
sterically interacts with 10-CN, inducing a delay in chain termina-
tion [29]. However, 20 and 30 residues were not involved in major
interactions [16]. Thus, the 20 and 30 groups are opportune sites for
modification to enhance RDV permeability and potency. RDV, like
other conventional nucleotide and nucleoside analogs, suffers from
poor oral bioavailability and limited gastrointestinal uptake [28].

We hypothesized that 20 or 30 fatty acyl conjugates of RDV will
have different physicochemical properties from RDV, making their
biological profiles and activities more suitable. Herein, we report
the synthesis of fatty acyl derivatives of RDV and structural char-
acterization of their antiviral activity against SARS-CoV-2 in VeroE6
cells and Calu3 cells. Five fatty acids, myristic acid, 12-
azidododecanoic acid, 12-thioethyldodecanoic acid, 4-
tetradodecanoic acid, and palmitic acid were conjugated to RDV
at its 20-O- and 30-O-position. The fatty acid selection was based on
the anti-HIV activity for the previously reported corresponding
fatty acyl derivatives of AZT, FLT, d4T, 3TC, and FTC [17e21]. We
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employed a unique antiviral screening assay that uses the contin-
uous measurement of electrical resistance across a cell monolayer
to simultaneously measure virus growth and compound cytotox-
icity in parallel [30]. We also assessed their activity against an EBOV
transcription- and replication-competent virus-like-particle
(trVLP) system [31], and further tested three representative de-
rivatives against infectious EBOV, validating the EBOV trVLP results.

2. Results and discussion

2.1. Synthesis of mono- and difatty acyl RDV conjugates

RDV (1) is composed of three components, the base moiety (4-
aminopyrrolo[2,1-f][1,2,4]triazine), 20,30-dihydroxy-5-cyanotetra
hydrofuran ring, and a phosphoramidate moiety. Five different fatty
acids; myristic acid, palmitic acid, 4-toxatetradecanoic acid, 12-
azidododecanoic acid, and 12-thioethyldodecanoic acid, in the form
of acyl chloride (2a-2e), underwent reactionwith the available reac-
tive 20 and 30 hydroxyl groups of RDV (Scheme 1). The conjugation of
the fatty acid to RDV was accomplished through two simple steps.
First, the fatty acid was converted to its active acyl chloride form by
treating the fatty acid with oxalyl chloride in dry benzene, according
to the previously reported procedure [20].

In the second step, fatty acylationwas performed by reacting an
equimolar amount of the corresponding fatty acyl chloride with a
dilute solution of RDV (1) in the presence of diisopropylethylamine
(DIPEA) for 5e9 h to generate monofatty acyl derivatives that
correspond to 20- and 30-fatty acyl RDV conjugates as 3a-e and 4a-e,
respectively. The free aromatic amine of RDV has been shown to be
less reactive than free 20 and 30-hydroxy groups [2,3]. The corre-
sponding compounds from both series have the same molecular
weight but differ in their chemical structures. Meanwhile, the use
of 3 molar equivalents of fatty acyl chloride and 1 molar equivalent
Scheme 1. Synthesis of mono- and

3

of RDV (1) yielded the 20,30-difatty acyl derivatives of RDV (5a and
5b) (Scheme 1). Employing this conjugation plan by controlling the
coupling conditions (i.e. reactant concentrations, temperature, and
reaction time), we were able to control the target products and the
yield. This direct coupling strategy was successful with the five
fatty acyl chlorides used (2a-e) and reduced the number of reaction
steps, time, and solvents required for purification. This is in contrast
to the protection and deprotection strategies, which involve the
selective protection of different functional groups with proper
protecting agents, purification of the protected intermediates,
coupling with a fatty acyl chloride, purification, removal of the
protecting group, and purification of the final products in reduced
yield.

Mono 30-fatty acyl derivatives 4a-e were obtained in higher
yield as compared to 20-fatty acyl derivatives 3a-e, possibly due to
the higher reactivity of the 30-hydroxyl group than the 20-hydroxyl
group of RDV. The presence of an adjacent strong electron-
withdrawing group (CN) at C-10 in RDV reduces the nucleophi-
licity of the 20-hydroxyl group; therefore, the carboxy chloride of
the fatty acid tends to react more efficiently with the 30-hydroxy
group. The two fatty acyl monoconjugates were separated on semi-
preparative reverse-phase high-performance liquid chromatog-
raphy (RP-HPLC) and fully characterized using nuclear magnetic
resonance (NMR) and mass spectroscopy (Supporting Information;
See methods).

The attachment of the long-chain fatty acid analogs to RDV
enhanced their lipophilicity, as shown by calculated partition co-
efficients (CLog P) (Table 1). Difatty acyl conjugates (5a and 5b)
exhibited significantly higher lipophilicity due to a large number of
methylene chains as compared with a smaller number of methy-
lene chains in monofatty acyl conjugates 3a-e and 4a-e (Table 1).
Monopalmitoyl conjugates 3e and 4e were more lipophilic than
monofatty acyl conjugates with shorter chain lengths, such as
difatty acyl RDV conjugates.
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tetradecanoyl derivatives 3a and 4a. The higher lipophilicity is
expected to improve the permeability properties in order to ach-
ieve a higher concentration of the prodrug in the infected cells. The
enhanced lipophilicity of these conjugates relative to RDV should
increase their ability to cross the plasma membrane. This postulate
is based on the observation that increasing the lipophilicity of FTC,
FLT, and 3TC improved cell permeability [19e21]. This conjugation
may result in the development of antiviral prodrugs having a longer
duration of action by the sustained intracellular release of active
substrates at adequate concentrations and higher uptake into
infected cells.
2.2. Structure elucidation using NMR spectroscopy

The 1D (1H, 13C, DEPT) and 2D (COSY, HSQC, and HMBC) NMR
spectroscopy were used to establish the chemical structure of 3’-O-
monosubstituted derivatives 4a-e (Fig. 1). For example, the 1He1H
COSY analysis for 30-O-myristoyl derivative (4a) showed correla-
tions between (dH ¼ 5.33 ppm, H-30)/(dH ¼ 4.56 ppm, H-40),
(dH ¼ 5.33 ppm, H-30)/(dH ¼ 4.71 ppm, H-20), (dH ¼ 4.56 ppm, H-40)/
(dH ¼ 4.38 ppm, H-50), revealing that the signals with dH 5.33, 4.70,
4.56, and 4.42e4.29 ppm are assigned to H-30, H-20, H-40, and H-50

respectively. The 1He13C HSQC correlation established that H-30, H-
20, H-40, and H-50 protons with dH 5.33, 4.71, 4.57, and
4.41e4.30 ppm were correlated to C-30 (dc 72.39 ppm), C-20 (dc
75.04 ppm), C-40 (dc 83.28 ppm), C-50 (dc¼ 65.77 ppm), respectively.
1He13C HMBC correlations between H-3’ (dH 5.33 ppm) to CO fatty
acyl carbonyl (dc¼173.54 ppm) confirmed that the fatty acid was
conjugated to the hydroxyl group at C-30, and not C-20 (Figures S27-
S32, Supporting Information).

Similarly, for the 20-O-myristoyl derivative (3a), 1He1H COSY
showed correlations between (dH ¼ 4.50 ppm)/(dH ¼ 4.38 ppm),
(dH ¼ 4.50/5.82 ppm), and (dH ¼ 4.41/4.39 ppm), and revealed that
the signals at dH 5.82, 4.54e4.44, and 4.42e4.35 ppmwere assigned
to H-20, H-30, H-50, H-40 and H-50 0. The 1He13C HSQC correlation
showed that H-20, H-30, H-50, H-40, and H-500 protons were corre-
lated to C-20 (dc 74.58 ppm), C-30(dc 69.31 ppm), C-40(dc 82.54 ppm),
C-50 (dc 65.05 ppm), respectively. The 1He13C HMBC showed the
correlation between H-20 (dH 5.82 ppm) to the fatty acyl carbonyl (dc
172.75 ppm), verifying that the fatty acid was conjugated to RDV at
C-20 (Figures S1-S6, Supporting Information).
2.3. Anti-SARS-CoV-2 activity

The cytotoxicity and antiviral activity of the fatty acyl conjugates
of RDV were compared among themselves and to RDV, and the
physical mixture of the parent analogs with fatty acids. Screening of
Table 1
Calculated partition coefficient of fatty acyl RDV conjugates.

Compound Fatty acyl chain CLogP (calcd)a

RDV H 1.25
3a CH3(CH2)12CO- 8.45
3b CH3(CH2)9O(CH2)2CO- 6.83
3c N3(CH2)11CO- 7.66
3d CH3(CH2)14CO- 9.51
3e CH3CH2S(CH2)11CO- 7.54
4a CH3(CH2)12CO- 8.45
4b CH3(CH2)9O(CH2)2CO- 6.83
4c N3(CH2)11CO- 7.67
4d CH3(CH2)14CO- 9.51
4e CH3CH2S(CH2)11CO- 7.54
5a CH3(CH2)12CO- 15.65
5b N3(CH2)11CO- 14.08

a Calculated partition coefficient using ChemBioDraw Ultra 20.0.
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RDV fatty acyl conjugates for anti-SARS-CoV-2 activity was
accomplished using a previously described real-time impedance-
based, label-free assay that provides continuous monitoring of cell
health [30].

SARS-CoV-2 induces a significant cytopathic effect (CPE) in Vero
E6 cells. The assay uses the Maestro Z platform (Axion BioSystems,
Atlanta, GA), an instrument that uses electrode-containing 96-well
plates to continuously measure the electrical impedance across cell
monolayers. As SARS-CoV-2 infection progresses and the resulting
CPE becomes more severe, impedance measurements decrease
over time, providing a detailed assessment of infection kinetics.
Because the Maestro Z provides continuous data regarding the
health of cell monolayers, compound toxicity is readily identified
by significant drops in impedance measurements prior (0e24 h
post-treatment) to the onset of virus-induced CPE. Vero E6 cells
were pre-treated with 6-fold serial dilutions of RDV or RDV fatty
acyl conjugates for 1 h and then infected with SARS-CoV-2 at an
multiplicity of infection (MOI) of 0.01. Resistance measurements
were recorded for 48 h post-infection (hpi). Percent inhibition was
calculated at the 48 hpi time point in comparison to DMSO-treated
infected and uninfected controls.

RDV fatty acyl conjugates with 50% inhibitory concentration
(IC50) values of � 3 mM in Vero E6 cells were selected for further
testing in the Calu3 respiratory epithelial cell line. Calu3 cells were
pre-treated with 6-fold serial dilutions of RDV or RDV conjugates
for 1 h and then infected with SARS-CoV-2 at an MOI of 0.01 for
48 h. At 48 hpi, supernatants were harvested, and infectious virus
was quantified by immunofocus forming assay, as previously
described [32,33]. Compound toxicity in Calu3 cells was assayed in
parallel by CellTox green (Promega).

Table 2 shows antiviral (IC50) and 50% cell cytotoxicity (CC50)
values of synthesized fatty acyl RDV conjugates on SARS-CoV-2
infected Vero E6 and Calu3 cell lines. Fatty acids alone, myristic
acid, 4-oxatetradecanoic acid, 12-thioethydodecanoic acid, and 12-
azidododecanoic acid, did not exhibit any anti-SARS-CoV-2 activity
in Vero E6 cells, even at the highest concentration of 50 mM. The
physical mixtures of RDV with myristic acid (6a) and 12-
azidodecanoic acid (6b) exhibited IC50 values of 4.9 mM in the
same cell line. The monofatty acyl RDV analogs showed SARS-CoV-
2 antiviral activity with IC50 values of 2.4e4.6 mM and 0.29e3.6 mM
against VeroE6 and Calu3 infected cells, respectively. The most
potent monofatty acyl conjugate was 4b, containing a 4-
oxatetradecanolyl at the 30 position, which had IC50 values of
2.0 mM and 0.18 mM in VeroE6 and Calu3 infected cells, respectively.
RDV showed anti-SARS-CoV-2 activity with IC50 ¼ 0.85 mM
(VeroE6) and 0.06 mM (Calu3), which is 2.4 to 3-fold higher than the
monofatty acylated RDV analog 4b. Difatty acyl RDV conjugates 5a
and 5b showed significantly lower anti-SARS-CoV-2 activity with
IC50 ¼ 31.0 mM and >50 mM, respectively, against VeroE6 infected
cells. RDV demonstrated a very high selectivity index (>588 to
>833) in both cell lines, as compared to all the synthesized mon-
ofatty acylated RDV conjugates (>10.9 to >208). The diminished
antiviral activity of monofatty acyl conjugates of RDV can be
attributed to the slow hydrolysis of the conjugates to RDV.

To confirm that the inhibition of SARS-CoV-2 by these com-
pounds was due to inhibition of RNA synthesis, viral RNA levels
from cells treated with RDV (1 mM), or a representative compound
from each class of compounds (3a (5 mM) , 4b (5 mM), and 5a
(45 mM)) were assessed by reverse transcription followed by
quantitative PCR (qPCR). A significant reduction in viral RNA syn-
thesis was observed for all compounds apart from disubstituted
compound 5a (Supplemental 97A), consistent with the IC50 results
in Table 2.

The cryo-EM structure of RDV-TP in complex with the SARS-
CoV-2 RdRp (PDB: 6M71) showed residue S861 sterically



Fig. 1. General structures of fatty acyl conjugates of RDV.

Table 2
SARS-CoV-2 activity of fatty acyl RDV conjugates.a

Compound VeroE6 Calu3

CC50 (mM) IC50 (mM) SI CC50 (mM) IC50 (mM) SI

RDV >50 0.85 >588 >50 0.06 >833
3a >50 2.4 �20.7 >50 0.29 >172
3b >50 4.6 �10.9 NDb ND ND
3c >50 4.6 �10.9 ND ND ND
3d ND ND ND >50 3.6 >13.9
3e >50 3.5 �14.2 ND ND ND
4a >50 2.3 �22.1 >50 0.24 >208
4b >50 2.0 �25.6 34.3 0.18 >191
4c >50 3.0 �16.6 >50 0.51 >98.0
4d ND ND ND >50 1.6 >32.3
4e >50 2.4 �20.5 >50 0.25 >200
5a >50 31 �1.59 ND ND ND
5b >50 >50 ND ND ND
Myristic acid >50 >50 ND ND ND
4-Oxatetradecanoic acid >50 >50 ND ND ND
12-thioethyldodecanoic acid >50 >50 ND ND ND
12-Azidododecanoic acid >50 >50 ND ND ND
6a >50 4.9 �10.0 ND ND ND
6b >50 4.9 �10.2 ND ND ND

a Data reported are n ¼ 3 in 96 well assay format.
b ND ¼ not determined.
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interacts with 10-CN, inducing a delay in chain termination
[16,29]. Although 20 and 30 residues are not involved in major
interactions with the RdRp, the large substitutions at 20 and 30

positions may interfere with these interactions. However, it is
expected that upon cellular delivery and hydrolysis to RDV, the
long-acting effect of RDV is to be observed. These conjugates
were designed as prodrugs to improve the physicochemical
properties of RDV to be used in oral administration or as long-
acting antiviral agents. Further investigation is required to
determine the prodrug properties and long-acting activity of the
conjugates in vivo.
2.4. Anti-EBOV activity

The anti-EBOV activity of fatty acyl RDV analogs was assessed
using a transient transfection-based transcription- and replication-
competent virus-like particle (trVLP) system (EBOV trVLP) (Table 3).
The assay allows formodeling of the virus lifecycle at biosafety level
2 (BSL2) conditions [31]. The fatty acids alone, myristic acid, 4-
oxatetradecanoic acid, 12-thioethydodecanoic acid, and 12-
azidododecanoic acid, demonstrated no inhibitory activity against
the EBOV trVLP. The physical mixtures of RDV with myristic acid
(6a) and 12-azidodecanoic acid (6b) exhibited IC50 values of 0.13
and 0.09 mM, respectively. RDV and monofatty acylated RVD
5

conjugate (3a, 3b, 3c, 3e, 4a, 4b, 4c, and 4e) showed comparable
EBOV trVLP activity with IC50 ¼ 0.16e0.71 mM. However, the
selectivity index for RDV was generally higher than the monofatty
acylated RDV conjugates. Difatty acyl RVD conjugates showed
weaker anti-EBOV trVLP activity, similar to SARS-CoV-2. To validate
the compound antiviral activity identified by the EBOV trVLP assay,
we further tested three of the derivatives against infectious EBOV.
While RDV exhibited approximately 3-fold lower activity against
infectious EBOV, relative to the EBOV trVLP assay, compound 3c
exhibited approximately 2.6-fold enhanced activity. Compound 4b
that exhibited the highest anti-SARS-CoV-2 activity among all the
fatty acyl conjugates was found to be also the most potent com-
pound against EBOV trVLP and showed comparable activity with
RDV.

To confirm that the inhibition of the EBOV trVLP by these
compounds was due to inhibition of RNA synthesis, viral RNA levels
from cells treated with RDV (1 mM), or a representative compound
from each class of compounds (3a (5 mM), 4b (5 mM), and 5b
(45 mM)), were assessed by qPCR. A significant reduction in viral
RNA synthesis was observed for all compounds apart from disub-
stituted compound 5b (Supplemental 97B), consistent with the IC50
results in Table 3. Compound 5b, which showed no inhibitory ac-
tivity in the EBOV trVLP assay, was also inactive against infectious
EBOV at the concentrations tested.



Table 3
The activity of fatty acyl RDV conjugates against Ebola trVLP and wild type EBOV.a

Compound EBOV trVLP Ce-FF EBOVc

CC50 (mM) IC50 (mM) SI IC50 (mM) SI IC50 (mM)

RDV >50 0.32 >156 24 >2.08 1.0
3a >50 0.67 >74.6 >50
3b 15 0.30 50.0 36 0.417 NDb

3c 27 0.50 54.0 >50 0.19
3d >50 7.2 >6.94 >50
3e 41 0.25 164 29 1.41 ND
4a >50 0.71 >70.4 >50
4b 7.4 0.16 46.3 14 0.529 ND
4c 20 0.45 44.4 >50 0.83
4d >50 2.9 >17.2 >50 ND
4e 23 0.28 82.1 >50 ND
5a >50 12.1 >4.13 >50 ND
5b >50 >50 >50 >5.0
Myristic acid >50 >50 >50 >50
4-Oxatetradecanoic acid >50 >50 >50 >50
12-Thioethyldodecanoic acid >50 >50 >50 >50
12-Azidododecanoic acid >50 >50 >50 >50
6a 25.1 0.13 193 25.9 0.969 ND
6b 44 0.09 489 25 1.76 ND

a Data reported are n ¼ 3 in 96 well assay format.
b ND ¼ not determined.
c Data reported are n ¼ 2.
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2.5. Plasma stability

To analyze the stability imparted by fatty acylation of the parent
compound, we determined the percentage digestion of RDV and
one of the lead fatty acyl derivatives of RDV (4c) in the presence of
human plasma and analyzed the data using high resolution Liquid
Chromatography Quadrupole Time-Of-Flight mass spectrometry
(LC-QTOF-MS) (Supporting Information, Figures S93-S96). Data are
represented in the form of percentage degradation of test com-
pound against time bymeasuring area under the curve in extracted
ion chromatogram (EIC, Fig. 2). For RDV, around 13% degradation
was observed after 1 h. However, only 47% RDVwas observed at the
2 h time point. However, no degradation was observed after 2 h
incubation for 4c, and the parent compound remained intact by
77.9% after 4 h incubation. The results clearly indicate the signifi-
cant effectiveness of fatty acylation to improve the half-life of the
compound.

For RDV, approximately 22.2% of the active triphosphate
metabolite of remdesivir (RDV-triphosphate) was observed at the
12 h time point, which was further increased to 26.3% at 24 h.
Similarly, 11.3%, 10.04%, and 19.01% of the active triphosphate
metabolite of 4c were observed at 8 h, 12 h, and 24 h, respectively.
Further studies will be conducted in the future to determine the
outcome of the triphosphate metabolite of 4c and the effect of the
fatty acyl chain on its antiviral activity. However, these studies
show that the metabolism of these compounds occurs through
phosphorylation.

3. Conclusion

The modification of existing nucleoside analogs with fatty acids
has been previously demonstrated to improve antiviral activity
through a variety of mechanisms, including increasing their
bioavailability and half-life. This suggests a mechanism by which
the antiviral activity of RDV may be further improved. In this study,
we demonstrate that controlled fatty acylation of RDV results in
two structural isomers of 20 and 30 fatty acyl RDV derivatives. The
yield of 30-fatty acyl RDV was higher than 20-fatty acyl RDV due to
the 30-hydroxyl groups of RDV seeming to bemore reactive than the
20-hydroxyl group. Further, the ratio of the fatty acid and RDV
controlled the formation of products (mono and/or diconjugates).
6

To assess the antiviral activity of the new fatty acyl conjugates,
we evaluated them against SARS-COV-2, an EBOV trVLP system, and
infectious EBOV. The higher lipophilicity of the new conjugates was
expected to improve the permeability properties of the com-
pounds, allowing the prodrug to achieve a higher concentration in
the infected cells, relative to RDV. This effect was previously
observed when increasing the lipophilicity of FTC, FLT, and 3TC
improved cell permeability, suggesting that this conjugation may
result in the development of antiviral prodrugs having a longer
duration of action by the sustained intracellular release of active
substrates at adequate concentrations and higher uptake into
infected cells [19e21]. Most monofatty acyl derivatives of RDV
demonstrated IC50 values against SARS-CoV-2 that were slightly
decreased relative to RDV. This may be attributable to slow hy-
drolysis of the conjugates to RDV. Against the EBOV trVLP and in-
fectious EBOV, a number of the monofatty acyl conjugates had IC50s
similar to that of RDV.

Overall, these data together indicate that RDV can be modified
with fatty acids at positions 20 or 30, without demonstrating a sig-
nificant loss of antiviral activity in cell culture against SARS-CoV-2
and EBOV while generating long-acting effect in vitro. Future
studies will determine if these modifications result in greater long-
acting effect, bioavailability, and stability in animal models.

4. Experimental section

4.1. Materials

Compound 1 (RDV) was purchased from Hangzhou Molcore
Biopharmatech Co., Ltd (Hangzhou, China). 12-Bromododecanoic
acid, 2-ethanethiol, sodium azide, and oxalyl chloride were pur-
chased fromMilliporeSigma (USA). All the other reagents, including
solvents, were purchased from Fisher Scientific (USA). The final
products were purified on a Phenomenex Gemini 10 mm ODS
reversed-phase column (2.1 � 25 cm) with semi-preparative Shi-
madzu HPLC system using a gradient system at a constant flow rate
of 7 mL/min for derivatives 3a-e and 4a-e, and 9 mL/min for
products 5a and 5b.

The purity of the compounds was confirmed by using a Shi-
madzu analytical HPLC system on a C18 column (Phenomenex
Synergi™ 4 mm Hydro-RP 80 Å, LC Column 250 � 4.6 mm) using a



Fig. 2. A) Chemical structures of parent molecules and their observed metabolites in the presence of human plasma. B) Plasma stability of RDV and 4c.

N
.S.El-Sayed,A

.S.Jureka,M
.R.Edw

ards
et

al.
European

Journal
of

M
edicinal

Chem
istry

226
(2021)

113862

7



N.S. El-Sayed, A.S. Jureka, M.R. Edwards et al. European Journal of Medicinal Chemistry 226 (2021) 113862
gradient system (water/acetonitrile) at a constant flow rate of 1mL/
min with UV detection at 254 nm. Analytical HPLC confirmed the
purity of the final products. The chemical structures of final prod-
ucts were characterized by nuclear magnetic resonance spec-
trometry 1D NMR (1H, 13C) and 2D NMR spectra (HSQC, HSQC-
TOCSY, HMBC, COSY) measured on a Bruker NMR spectrometer
(400 MHz). The chemical shifts were reported in parts per millions
(ppm). The compounds' molecular weight was confirmed by a
high-resolution mass spectroscopy time-of-flight electrospray
mass spectrometer using (Phenomenex Luna, 4 mm C18
150 � 4.6 mm HPLC Column).

Huh-7 (a generous gift from the Gordan lab at the University of
California at San Fransico), Vero E6 (ATCC# CRL-1586), and Calu3
(ATCC# HTB-55) cells were maintained in Dulbecco's minimal
essential medium (DMEM) with 10% fetal bovine serum (FBS) and
cultured at 37 �C and 5% CO2. SARS-CoV-2, strain USA/WA1/2020,
was obtained from the World Reference Collection for Emerging
Viruses and Arboviruses at the University of Texas Medical Branch-
Galveston. Stocks of SARS-CoV-2 were grown and titered on Vero
E6 cells as described previously [32]. pCAGGS VP35, pCAGGS NP,
pCAGGS VP30, pCAGGS L, pCAGGS T7 and a constitutively
expressed firefly plasmid, pCAGGS ce-FF, were previously [34,35].
The EBOV tetracistronic minigenome (EBOV trVLP) reporter was
synthesized by Genscript, based on the tetracistronic minigenome
described in Watt et al. [31], and cloned into the plasmid pM1.

4.2. Preparation of fatty acyl chloride

The fatty acids namely 12-azidododecanoic acid and 12-
ethylthiododecanoic acid were prepared according to the previ-
ously reported methods described [36,37], and purified by HPLC.
The appropriate fatty acid (3.0 mmol) was dissolved in 5 mL of
anhydrous benzene. Then oxalyl chloride (300 mL, 3.6 mmol) was
added to the solution of fatty acid, and the reaction mixture was
stirred at room temperature (25 �C) for 5 h. The solvents were
evaporated to dryness under reduced pressure to get the corre-
sponding fatty acid chloride as yellow syrup.

4.3. General procedure for the synthesis of monofatty acyl RDV
conjugates 3a-e and 4a-e

RDV (1, 61 mg, 0.1 mmol) was dissolved in an anhydrous DCM/
THF (2:1, 40 mL) followed by addition of DIPEA (8 equiv, 140 mL,
0.8 mM). The freshly prepared acid chloride (2a-e, 1.5 equiv,
0.15 mmol) was dissolved in 10 mL of anhydrous DCM and added to
the mixture dropwise over 60 min. The reaction mixture was kept
stirring at 40 �C for 6e9 h. LC/MS was used to monitor the progress
of the reaction. Upon completing the reaction, the reaction mixture
was cooled down to room temperature, the solvents were evapo-
rated to dryness, and the crude product was dissolved in
acetonitrile þwater þ 0.1% trifluoroacetic acid (TFA). A C18 reverse
phase column was used for purification and separation of different
isomers of conjugates 3a-e and 4a-e using a gradient of acetoni-
trile/water containing 0.1% TFA at the flow rate of 7 mL/min using a
semipreparative HPLC system.

4.3.1. (2R,3R,4R,5R)-2-(4-Aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-2-
cyano-5-((((((R)-1-(2-ethylbutoxy)-1-oxopropan-2-yl)
amino)(phenoxy)phosphoryl)oxy)methyl)-4-hydroxytetra-
hydrofuran-3-yl tetradecanoate (3a)

Compound 3a was obtained by the reaction of 1 with myristoyl
chloride (2a). Yield (3.23 mg, 5.3%, colorless solid). 1H NMR
(400 MHz, CDCl3) d 7.81 (s, 1H), 7.30 (t, J ¼ 7.6 Hz, 2H), 7.17 (d,
J ¼ 7.6 Hz, 3H), 7.09 (d, J ¼ 5.6 Hz, 1H), 6.99 (d, J ¼ 4.8 Hz, 1H), 5.82
(d, J ¼ 5.6 Hz, 1H), 4.54e4.44 (m, 2H), 4.42e4.35 (m, 2H), 4.06 (dd,
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J ¼ 6.0, 6.0 Hz, 1H), 3.98 (dd, J ¼ 5.6, 6.0 Hz, 1H), 3.95e3.90 (m, 1H),
2.62 (br, 1H, NH), 2.52 (t, J ¼ 7.6 Hz, 2H), 1.72e1.63 (m, 2H),
1.54e1.46 (m, 1H), 1.36e1.25 (m, 27H), 0.89e0.84 (m, 9H). 13C NMR
(101 MHz, CDCl3) d 173.81, 172.75, 151.22, 150.54, 136.38, 130.03,
129.87, 125.44, 120.02, 115.17, 114.62, 114.02, 109.22, 82.54, 78.36,
74.58, 69.31, 68.02, 65.05, 50.37, 40.33, 34.22, 32.07, 29.80, 29.63,
29.51, 29.37, 29.21, 24.83, 23.29, 22.84, 21.06, 14.27, 11.10, HR-MS
(ESI-TOF) (m/z): C41H61N6O9P, calcd., 812.9458; found, 813.4431
[M þ H]þ.

4.3.2. ((2R,3R,4R,5R)-2-(4-Aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-
2-cyano-5-((((((R)-1-(2-ethylbutoxy)-1-oxopropanyl)
amino)(phenoxy)phosphoryl)oxy)methyl)-4-hydroxytetra- hydro-
furan-3-yl 3-(decyloxy)propanoate (3b)

Compound 3b was obtained by the reaction of 1 with 3-(decy-
loxy)propanoyl chloride (2b). Yield (3.3 mg, 5.3%, colorless solid).
1H NMR (400 MHz, CDCl3) d 7.85 (s, 1H), 7.28 (t, J ¼ 7.6 Hz, 2H), 7.15
(dd, J ¼ 8.4, 7.6 Hz, 3H), 7.08 (d, J ¼ 5.6 Hz, 1H), 6.99 (d, J ¼ 5.6 Hz,
1H), 5.83 (d, J ¼ 5.6 Hz, 1H), 4.53e4.43 (m, 2H), 4.43e4.31 (m, 2H),
4.08 (dd, J ¼ 5.6, 6.0 Hz, 1H), 4.00e3.95 (m, 2H), 3.94e3.88 (m, 1H),
3.73e3.65 (m, 2H), 3.55e3.42 (m, 2H), 2.76 (t, J ¼ 7.6 Hz, 2H),
1.57e1.47 (m, 3H), 1.34e1.23 (m, 24H), 0.89e0.84 (m, 9H). 13C NMR
(101 MHz, CDCl3) d 173.53, 172.62, 150.65, 150.46, 137.57, 130.21,
128.03, 124.98, 120.09, 115.99, 114.68, 113.77, 107.31, 82.38, 78.37,
74.70, 71.54, 69.43, 67.99, 65.70, 65.07, 50.36, 40.31, 34.22, 32.06,
29.80 29.63, 29.50, 29.41, 29. 27, 26.13, 23.29, 22.83, 21.16, 14.27,
11.05. HR-MS (ESI-TOF) (m/z): C40H59N6O10P, 814.9178; found,
815.4182 [M þ H]þ.

4.3.3. (2R,3R,4R,5R)-2-(4-Aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-
2-cyano-5-((((((R)-1-(2-ethylbutoxy)-1-oxopropan-2-yl)
amino)(phenoxy)phosphoryl)oxy)methyl)-4-hydroxytetra
hydrofuran-3-yl palmitate (3c)

Compound 3c was obtained by the reaction of 1 with 12-
azidododecanoyl chloride (2c). Yield (4.27 mg, 7%, colorless solid).
1H NMR (400 MHz, CDCl3) d 7.80 (s, 1H, H-2 of the pyrrolotriazine
ring), 7.29 (t, J ¼ 7.6 Hz, 2H), 7.18 (d, J ¼ 8.0 Hz, 3H), 7.14 (d,
J ¼ 4.8 Hz, 1H), 6.99 (d, J ¼ 4.4 Hz, 1H), 5.81 (d, J ¼ 5.2 Hz, 1H),
4.53e4.43 (m, 2H), 4.43e4.33 (m, 2H), 4.14 (t, 1H) 4.06 (dd, J ¼ 5.8,
5.8 Hz,1H), 3.99 (dd, J¼ 5.7, 5.6 Hz, 2H), 3.25 (t, J¼ 6.8 Hz, 2H), 2.52
(t, J ¼ 7.6 Hz, 2H), 1.72e1.65 (m, 2H), 1.62e1.55 (m, 2H), 1.52e1.46
(m, 1H), 1.36e1.27 (m, 23 Hs), 0.86 (t, J ¼ 7.4 Hz, 6H). 13C NMR
(101 MHz, CDCl3) d 173.82, 172.49, 150.98, 150.53, 137.39, 130.03
128.13, 125.44, 119.96, 114.58, 114.31, 114.01, 108.10, 82.54, 78.34,
74.61, 69.20, 68.02, 64.92, 51.63, 50.40, 40.33, 34.19, 29.58, 29.26,
29.16, 28.96, 26.84, 24.80, 23.29, 21.02, 11.10. HR-MS (ESI-TOF) (m/
z): C39H56N9O9P, calcd, 825.9048; found, 826.4096 [M þ H]þ.

4.3.4. (2R,3R,4R,5R)-2-(4-Aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-
2-cyano-5-((((((R)-1-(2-ethylbutoxy)-1-oxopropan-2-yl)
amino)(phenoxy)phosphoryl)oxy)methyl)-4-hydroxytetra
hydrofuran-3-yl palmitate (3d)

Compound 3d was obtained by the reaction of 1 with palmitoyl
chloride (2d). Yield (6.0mg,10%, colorless solid). 1H NMR (400MHz,
CDCl3) d 7.82 (s, 1H), 7.30 (t, J ¼ 7.6 Hz, 2H), 7.18 (dd, J ¼ 8.0, 8.0 Hz,
3H), 7.11 (d, J ¼ 4.4 Hz, 1H), 6.98 (d, J ¼ 4.8 Hz, 1H), 5.82 (d,
J ¼ 5.6 Hz, 1H), 4.52e4.45 (m, 2H), 4.40e4.30 (m, 2H), 4.07 (dd,
J ¼ 6.0, 6.0 Hz, 1H), 4.00 (dd, J ¼ 5.6, 5.6 Hz, 1H), 3.93e3.86 (m, 1H),
2.50 (t, J ¼ 7.6 Hz, 2H), 1.71e1.59 (m, 2H), 1.53e1.47 (m, 1H),
1.37e1.25 (m, 31H), 0.89e0.84 (m, 9H). 13C NMR (101 MHz, CDCl3)
d 173.46, 172.52, 150.80, 150.46, 137.22, 130.05, 128.43, 125.45,
120.05, 115.20, 114.57, 114.11, 108.11, 82.50, 78.33, 74.65, 69.30,
68.02, 65.00, 50.42, 40.33, 34.22, 32.07, 29.85, 29.64, 29.51, 29.36,
29.23, 24.84, 23.26, 22.84, 21.08, 14.27, 11.06. HR-MS (ESI-TOF) (m/
z): C43H65N6O9P, 840.9866; found, 841.4703 [M þ H]þ.
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4.3.5. 2R,3R,4R,5R)-2-(4-Aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-2-
cyano-5-(((((®-1-(2-ethyl-butoxy)-1-oxopropanyl)
amino)(phenoxy)phosphoryl)oxy)methyl)-4-hydroxy-tetrahydro-
furan-3-yl 12-(ethylthio)dodecanoate (3e)

Compound 3e was obtained by the reaction of 1 with 12-(eth-
ylthio)dodecanoyl chloride (2e). Yield (5.49 mg, 9%, colorless solid).
1H NMR (400 MHz, CDCl3) d 7.79 (s, 1H), 7.30 (t, J ¼ 7.6 Hz, 2H), 7.19
(dd, J ¼ 7.2, 8.4 Hz, 3H), 7.11 (d, J ¼ 4.8 Hz, 1H), 6.93 (d, J ¼ 4.8 Hz,
1H), 5.84 (d, J ¼ 5.6 Hz, 1H), 4.51e4.44 (m, 2H), 4.39e4.30 (m, 2H),
4.18 (t,1H), 4.06 (dd, J¼ 6.0, 6.0 Hz,1H), 3.97 (dd, J¼ 5.6, 6.0 Hz,1H),
3.94e3.89 (m, 1H), 2.56e2.45 (m, 6H), 1.72e1.65 (m, 2H), 1.61e1.53
(m, 2H), 1.51e1.46 (m, 1H), 1.36e1.23 (m, 24H), 0.88e0.83 (dt,
J ¼ 4.36, 7.4 Hz, 6H). 13C NMR (101 MHz, CDCl3): d 173.49, 172.58,
151.51, 150.50, 138.65, 130.00, 127.30, 125.38, 120.06, 115.44, 114.76,
116.66, 107.36, 82.53, 78.47, 74.58, 69.27, 67.96, 65.72, 50.36, 40.18,
34.11, 31.80, 29.78, 29.64, 29.58, 29.37, 29.17, 29.09, 26.05, 24.83,
23.28, 21.10, 14.96, 11.04. HR-MS (ESI-TOF) (m/z): C41H61N6O9PS
844.9995; found, 845.4168 [M þ H]þ.

4.3.6. (2R,3S,4R,5R)-5-(4-Aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-
cyano-2-((((((R)-1-(2-ethylbutoxy)-1-oxopropan-2-yl)
amino)(phenoxy)phosphoryl)oxy)methyl)-4-hydroxy tetrahydro-
furan-3-yl tetradecanoate (4a)

Compound 4a was obtained by the reaction of 1 with myristoyl
chloride (2a). Yield (39.6 mg, 65%, colorless solid). 1H NMR
(400 MHz, CDCl3) d 7.85 (s, 1H), 7.19 (t, J ¼ 7.6 Hz), 7.07 (dd, J ¼ 5.6,
3.2 Hz, 3H), 7.01 (d, J ¼ 5.2 Hz, 1H), 6.92 (d, J ¼ 4.4 Hz, 1H), 5.33 (dd,
J ¼ 2.8, 2.8 Hz, 1H), 4.71 (d, J ¼ 6 Hz, 1H), 4.60e4.54 (br. m, 1H),
4.41e4.30 (m, 2H), 4.07 (dd, J ¼ 5.6 Hz, 5.6 Hz, 1H), 3.99e3.94 (m,
2H), 3.93e3.88 (m, 1H), 2.48 (dt, J ¼ 7.6 Hz, 2.8 Hz, 2H), 1.73e1.65
(m, 2H), 1.53e1.47 (m, 1H), 1.35e1.25 (m, 27H), 0.89e0.85 (m, 9H).
13C NMR (101 MHz, CDCl3) d 173.64, 173.54, 152.83, 150.46, 141.79,
130.01, 129.81, 125.23, 120.08, 115.58, 114.88, 112.92 105.55, 83.28,
78.67, 75.04, 72.39, 67.93, 65.77, 50.37, 40.31, 34.19, 32.06, 29.80,
29.63, 29.50, 29.40, 29.26, 24.85, 23.25, 22.83, 21.12, 14.27, 11.10.
HR-MS (ESI-TOF) (m/z): C41H61N6O9P calcd., 812.4635 found,
813.4425 [M þ H]þ.

4.3.7. (2R,3S,4R,5R)-5-(4-Aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-
cyano-2-((((((R)-1-(2-ethylbutoxy)-1-oxopropan-2-yl)
amino)(phenoxy)phosphoryl)oxy)methyl)-4-hydroxy-
tetrahydrofuran-3-yl-3-(decyloxy)propanoate (4b)

Compound 4b was obtained by the reaction of 1 with 3-(decy-
loxy)propanoyl chloride (2b). Yield (32.3 mg, 53%, colorless solid).
1H NMR (400 MHz, CDCl3) d 7.86 (s, 1H), 7.24 (t, J ¼ 7.6 Hz, 2H), 7.09
(t, J ¼ 8 Hz, 3H), 7.04 (d, J ¼ 3.2 Hz, 1H), 6.98 (d, J ¼ 4.0 Hz, 1H), 5.53
(dd, J ¼ 2.0, 2.4 Hz, 1H), 4.84 (d, J ¼ 5.6 Hz, 1H), 4.64e4.57 (br. m,
1H), 4.40e4.30 (m, 2H), 4.08 (dd, J ¼ 6.0, 6.0 Hz, 1H), 3.99 (dd,
J ¼ 6.0, 5.6 Hz, 1H), 3.96e3.90 (m, 2H), 3.80e3.66 (m, 2H),
3.55e3.42 (m, 2H), 2.77 (t, J ¼ 6.0 Hz, 2H), 1.55e1.46 (m, 3H),
1.35e1.25 (m, 21H), 0.90e0.85 (m, 9H). 13C NMR (101 MHz, CDCl3)
d 173.48, 170.42, 151.72, 150.45, 138.99, 129.91, 127.63, 125.36,
120.15, 115.37, 114.01, 113.86,107.01, 82.83, 78.27, 75.41, 72.01, 71.72,
67.95, 65.86, 65.69, 50.39, 40.33, 35.43, 32.03, 29.72, 29.55, 29.45,
26.06, 23.26, 22.82, 21.20, 14.26, 11.06. HR-MS (ESI-TOF) (m/z):
C40H59N6O10P 814.9178; found, 815.4215 [M þ H]þ.

4.3.8. (2R,3S,4R,5R)-5-(4-Aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-
cyano-2-((((((R)-1-(2-ethylbutoxy)-1-oxopropan-2-yl)
amino)(phenoxy)phosphoryl)oxy)methyl)-4-hydroxy-
tetrahydrofuran-3-yl-12-azidododecanoate (4c)

Compound 4c was obtained by the reaction of 1 with 12-
azidododecanoyl chloride (2c). Yield (30.50 mg, 50%, colorless
solid). 1H NMR (400 MHz, CDCl3) d 7.84 (s, 1H), 7.22 (t, J ¼ 7.2 Hz,
2H), 7.18 (d, J ¼ 7.6 Hz, 1H), 7.06 (dd, J ¼ 6.8, 7.6 Hz, 3H), 6.98 (d,
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J ¼ 3.6 Hz, 1H), 5.30 (dt, J ¼ 2.8, 3.2 Hz, 1H), 4.77 (d, J ¼ 5.2 Hz, 1H),
4.62e4.54 (br. m, J ¼ 5.6 Hz, 1H), 4.44e4.29 (m, 2H), 4.06 (dd,
J ¼ 6.0, 6.0 Hz, 1H), 3.99 (dd, J ¼ 5.6, 5.6 Hz, 1H), 3.93e3.85 (m, 1H),
3.81 (d, J¼ 7.6 Hz,1H), 3.25 (t, J¼ 6.8 Hz, 2H), 2.48 (t, J¼ 7.6 Hz, 2H),
1.71e1.66 (m, 2H), 1.61e1.55 (m, 2H), 1.52e1.46 (m, 1H), 1.35e1.25
(m, 23H), 0.87 (t, J¼ 7.6 Hz, 6H). 13C NMR (101MHz, CDCl3) d 173.63,
173.51, 150.83, 150.31, 137.73, 129.94, 128.40, 125.42, 120.06, 115.28,
114.15, 113.90, 108.62, 83.23, 78.35, 74.93, 72.23, 67.99, 65.81, 51.62,
50.37, 40.31, 34.16, 29.84, 29.57, 29.33, 29.27, 28.96, 26.84, 24.82,
23.24, 20.99, 11.10. HR-MS (ESI-TOF) (m/z): C39H56N9O9P: 825.9048,
826.4135 [M þ H]þ.

4.3.9. (2R,3S,4R,5R)-5-(4-Aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-5-
cyano-2-((((((R)-1-(2-ethylbutoxy)-1-oxopropan-2-yl)
amino)(phenoxy)phosphoryl)oxy)methyl)-4-hydrox-
ytetrahydrofuran-3-yl pentadecanoate (4d)

Compound 4d was obtained by the reaction of 1 with palmitoyl
chloride (2d). Yield (39.0 mg, 64%, colorless solid). 1H NMR
(400 MHz, CDCl3) d 7.86 (s, 1H, H-2 of the pyrrolotriazine ring), 7.22
(t, J¼ 7.6 Hz, 2H), 7.18 (d, J¼ 7.6 Hz, 1H),7.09 (dd, J¼ 7.2, 8.0 Hz, 3H),
6.98 (d, J ¼ 4.8 Hz, 1H), 5.30 (dd, 1H, J ¼ 2.4, 2.8 Hz), 4.76 (d,
J ¼ 6.0 Hz, 1H), 4.60e4.53 (br. m, 1H), 4.45e4.29 (m, 2H), 4.06 (dd,
J ¼ 5.6, 6.0 Hz,1H), 3.99 (dd, J ¼ 5.6, 6.0 Hz, 1H), 3.93e3.85 (m, 1H),
2.46 (t, J ¼ 7.6 Hz, 2H), 1.72e1.62 (m, 2H), 1.53e1.47 (m, 1H),
1.33e1.25 (m, 31H), 0.89e0.85 (m, 9H). 13C NMR (101 MHz, CDCl3)
d 173.51, 173.43, 150.37, 150.27, 136.44, 129.95, 129.13, 125.52,
120.04, 114.99, 114.22, 113.79, 109.26, 83.29, 78.22, 75.10, 72.13,
68.04, 65.87, 50.35, 40.31, 34.15, 32.07, 29.81, 29.63, 29.51, 29.39,
29.25, 24.84, 23.23, 22.84 (CH2-15 of the fatty acid moiety), 20.89,
14.27, 11.02. HR-MS (ESI-TOF) (m/z): C43H65N6O9P, 840.9998; found,
841.4892 [M þ H]þ.

4.3.10. ((2R,3S,4R,5R)-5-(4-Aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-
5-cyano-2-((((((R)-1-(2-ethyl-butoxy)-1-oxopropan-2-yl)
amino)(phenoxy)phosphoryl)oxy)methyl)-4-hydroxy-tetrahydro-
furan-3-yl 12-(ethylthio)dodecanoate (4e)

Compound 4e was obtained by the reaction of 1 with 12-(eth-
ylthio)dodecanoyl chloride (2e). Yield (33.6 mg, 55%, colorless
solid). 1H NMR (400 MHz, CDCl3) d 7.83 (s, 1H), 7.23 (t, J ¼ 7.6 Hz,
2H), 7.17 (d, J ¼ 7.2 Hz, 1H), 7.08 (dd, J ¼ 7.6, 7.2 Hz, 3H), 6.96 (d,
J ¼ 4.0 Hz, 1H), 5.31 (dd, J ¼ 2.8, 2.8 Hz, 1H), 4.81 (d, J ¼ 5.2 Hz, 1H),
4.61e4.53 (m, J ¼ 6.0 Hz, 1H), 4.41e4.34 (m, 2H), 4.06 (dd, J ¼ 5.6,
5.6 Hz, 1H), 3.98 (dd, J ¼ 6.0, 5.6 Hz, 1H), 3.94e3.90 (m, 1H),
2.52e2.43 (m, 6H), 1.72e1.63 (m, 2H), 1.61e1.53 (m, 2H), 1.52e1.47
(m, 1H), 1.34e1.23 (m, 24H), 0.87 (t, J ¼ 7.6 Hz, 6H). 13C NMR
(101 MHz, CDCl3), d 173.85, 173.48, 150.71, 150.38, 137.96, 129.93,
128.42, 125.41, 120.07, 115.23, 114.17, 113.83, 108.41, 83.24, 78.34,
75.07, 72.23, 67.99, 65.82, 50.39, 40.32, 34.17, 33.74, 32.96, 31.80,
29.80, 29.65, 29.57, 29.36, 29.24, 29.11, 28.89, 28.30, 26.04, 24.83,
23.25, 21.09, 14.98, 11.10. HR-MS (ESI-TOF) (m/z): C41H61N6O9PS
844.9995; found, 845.4116 [M þ H]þ.

4.4. General procedure for the synthesis of difatty acyl remdesivir
conjugates 5a-b

A solution of 1 (20.40 mg, 0.033 mmol) was dissolved in an
anhydrous DCM/THF (2:1, 20mL) containing DIPEA (~8 equiv, 47 mL,
0.27mM). Then this solutionwas added gradually on three portions
to a solution of freshly prepared fatty acyl chloride (5 equiv,
0.165 mmol) dissolved in 10 mL of anhydrous DCM. The reaction
mixture was kept stirring at 40 �C for 6e9 h. LC/MS was used to
monitor the progress of the reaction. Upon completing the reaction,
the reaction mixture was cooled down to room temperature, the
solvents were evaporated to dryness, and the crude product was
dissolved in acetonitrile þ water þ0.1% TFA. The crude compound
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was purified using a C18 column as mentioned above.

4.4.1. ((2R,3R,4R,5R)-2-(4-Aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-
2-cyano-5-((((((R)-1-(2-ethylbutoxy)-1-oxopropan-2-yl)
amino)(phenoxy)phosphoryl)oxy)methyl)tetrahydro-furan-3,4-diyl
ditetradecanoate (5a)

Compound 5a was obtained by the reaction of 1 with myristoyl
chloride (2a). Yield (~17.4 mg, 85.0%, colorless solid). 1H NMR
(400 MHz, CDCl3) d 7.94 (s, 1H), 7.29 (t, J ¼ 7.6, 2H), 7.15 (dd, J ¼ 8.4,
7.2 Hz, 3H), 6.85 (d, J ¼ 4.4, 1H), 6.57 (d, J ¼ 4.8 Hz, 1H), 6.22 (d,
J ¼ 5.6 Hz, 1H), 6.15e5.90 (br s, 2H), 5.52 (dt, J ¼ 4.8, 0.8 Hz), 4.58
(dd, J¼ 4.0, 4.0 Hz 1H), 4.39 (dd, J¼ 5.6, 4.4 Hz, 2H), 4.06 (dd, J¼ 5.6,
6.0 Hz, 1H), 4.01 (d, J ¼ 3.2 Hz, 1H), 3.99 (dd, J ¼ 6.0, 6.0 Hz, 2H),
2.42e2.35 (m, 4H), 1.52e1.45 (m, 1H), 1.36e1.24 (m, 47H),
0.89e0.84 (m, 12 Hs). 13C NMR (101 MHz, CDCl3) d 173.58, 172.71,
171.87, 150.69, 150.62, 146.95, 129.85, 125.12, 122.11, 120.23, 117.02,
115.32, 112.78, 100.77, 82.07, 71.99, 70.45, 67.75, 65.45, 50.36, 40.31,
34.01, 32.06, 29.80, 29.77, 29.63, 29.50, 29.45, 29,39, 29.20, 24.86,
24.75 23.29, 22.72, 21.25, 14.26, 11.06. HR-MS (ESI-TOF) (m/z):
C55H87N6O10P, calcd., 1023.3068; found, 1023.6637 [M]þ.

4.4.2. (2R,3R,4R,5R)-2-(4-Aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-
2-cyano-5-((((((R)-1-(2-ethylbutoxy)-1-oxopropan-2-yl)
amino)(phenoxy)phosphoryl)oxy)methyl)tetrahydrofuran-3,4-diyl
ditetradecanoate (5b)

Compound 5b was obtained by the reaction of 1 with 12-
azidododecanoyl chloride (2c). Yield (15.3 mg, 75%, colorless
solid). 1H NMR (400 MHz, CDCl3) d 7.76 (s, 1H), 7.28 (t, J ¼ 8.0 Hz,
2H), 7.14 (t, J ¼ 2.8, 5.6 Hz, 3H), 7.07 (d, J ¼ 4.8 Hz, 1H), 6.90 (d,
J ¼ 4.8 Hz, 1H), 6.01 (d, J ¼ 6.4 Hz, 1H), 5.46 (dt, J ¼ 4.4, 1.6 Hz, 1H),
4.65e4.56 (m, 1H), 4.42e4.38 (m, 2H), 4.09 (dd, J ¼ 6.0, 6.0 Hz, 1H),
4.05e3.95 (m, 2H), 3.81 (d, J ¼ 3.2 Hz, 1H), 3.25 (dt, J ¼ 6.8, 2.4 Hz,
4H), 2.42e2.35 (m, 4H), 1.69e1.55 (m, 8H), 1.53e1.47 (m, 1H),
1.39e1.25 (m, 39H), 0.88 (t, J ¼ 7.6 Hz, 6H). 13C NMR (101 MHz,
CDCl3) d 173.47, 172.71, 171.73, 150.85, 150.37, 137.26, 130.01, 126.89,
125.44, 120.19, 114.63 114.51, 114.29, 107.99, 82.66, 78.91, 72.62,
70.06, 67.92, 65.41, 51.61, 50.42, 40.33, 34.03, 33.92, 32.06, 29.79,
29.60, 29.40, 29.28, 29.18, 28.97, 28.79, 26.85 & 24.84, 24.70, 23.30,
22.84, 11.10. HR-MS (ESI-TOF) (m/z): C51H77N12O10P, 1049.2077;
found, 1049.6035 [M]þ.

4.5. General method for preparation of physical mixture 6a-d

A solution of RDV (1, 20.40 mg, 0.033mmol) was dissolved in an
anhydrous THF (5 mL) containing DIPEA (~8 equiv, 47 mL, 0.27 mM).
Then an equimolar solution of the fatty acid (0.033 mmol) was
prepared by dissolving the proper fatty acid (2a-d) in a few mL of
DCM and mixed under stirring at room temperature with RDV so-
lution. The stirring was continued for 15e20 min and then the
solvents were evaporated to complete dryness. The resulted
colorless solid powder was kept under vacuum for few hours to
make sure the complete removal of any solvents and moisture.

4.6. Plasma stability study

The metabolic stability of RDV and one of the lead fatty acyl
derivatives (4c) were assessed in human plasma supplemented
with K2 EDTA as an anticoagulant. For accurate quantification, we
employed a high resolution mass spectrometer (LC-QTOF-MS). To
remove the background interference, the data was processed by
using narrower (±0.1 m/z) extracted ion chromatogram (EIC) win-
dow. Test compound (10 mM) was incubated in human plasma at
37 �C. 10 mL aliquots were taken at different time points (0, 0.5, 1, 2,
4, 8, 12, and 24 h), and the plasma proteins were precipitated by the
addition of cold ethanol (200 mL) and incubated for 30 min
10
at �20 �C. The samples were centrifuged at 9000 g for 15 min, and
the supernatant was transferred to a new tube and concentrated
under vacuum. The samples dissolved in water and analyzed on
Kinetex (phenomenex) C18 column (100 Å,1.7 m, 2.10� 50mm) at a
flow rate of 0.3 mL/min using a linear gradient of aqueous aceto-
nitrile in the presence of formic acid (TFA; 0.1%, v/v) as ion pair
reagent. The analytes were quantified by their peak areas of EIC.
The percentage digestion of the test compound was calculated
relative to the peak areas at 0 min.

4.7. Impedance-based Vero E6 anti-SARS-CoV-2 compound
screening

Compounds were screened for anti-SARS-CoV-2 activity on Vero
E6 cells using the Maestro Z real-time cellular impedance platform
(Axion Biosystems, Atlanta, GA) as described previously [30]. The
Maestro Z instrument monitors resistance across cell monolayers,
similar to trans-epithelial electrical resistance (TEER) [38]. Vero E6
cells were plated to confluency (7.5 � 104 cells/well) in fibronectin-
coated 96-well CytoView-Z electrode plates and docked into the
Maestro Z instrument for 24-h at 37 �C and 5% CO2 to allow resis-
tance measurements across the cell monolayer to stabilize. For
compound treatment, growth media was removed from the wells
of the CytoView-Z plates, and cells were pre-treated with serial 6-
fold dilutions of the indicated compound in DMEMwith 2% FBS and
incubated at 37 �C and 5% CO2 for 1h. Cells were then infected with
SARS-CoV-2 at anMOI of 0.01. Plateswere docked into theMaestro-
Z instrument, and resistance measurements were continuously
recorded for 48 h. All plates contained media only and full lysis
controls, as well as uninfected and SARS-CoV-2 infected DMSO-
treated controls. For calculation of percent inhibition, raw resis-
tance values were normalized to values at 1-h post-infectionwithin
the Axis-Z software. Percent inhibition was calculated with the
following formula: % inhibition ¼ 100*(1-(1-average of treated
cells)/(1-average of infected control)). Fifty percent inhibitory
concentration (IC50) values were calculated with Prism 9 (Graph-
Pad) using a four-parameter, nonlinear regression analysis. Com-
pound toxicity was determined by monitoring changes in
monolayer resistance between 1- and 24-h post-infection, before
virus-induced cytopathic effects become apparent.

4.8. Calu3 compound testing and cytotoxicity

Calu3 cells were seeded to confluency (7.5 � 104) in 96-well
plates 24-h prior to infection. The day of infection, cells were pre-
treated with 3-fold dilutions of the indicated compound in
DMEM with 2% FBS for 1-h followed by infection with SARS-CoV-2
at an MOI of 0.01 for 48 h. The infection was performed in the
presence of the compounds. After infection, supernatants were
harvested and stored at �80 �C until further analysis. To determine
half-maximal cell cytotoxicity concentration (CC50) values of the
tested compounds, Calu3 cells (1 � 104) were plated in black clear-
bottom 96-well plates and 24 h later 3-fold serial dilutions of
compounds were added. Forty-eight hours post-treatment, Cell-
Tox green (Promega) was added, and fluorescent dye incorporation
was determined using an EnVision plate reader. CC50 values were
calculated with Prism 9 (GraphPad) using a four-parameter,
nonlinear regression analysis.

4.9. Quantification of SARS-CoV-2 from Calu3 compound testing

Supernatants from infected cultures were harvested and titered
by immunofocus-forming assay on Vero E6 cells as previously
described [32,33] of serially diluted supernatants from infected,
compound treated Calu3 cells were plated onto confluent Vero E6
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cells in 96-well plates for 1 h. After 1 h of adsorption at 37 �C and 5%
CO2, 40 mL of 2.4% microcrystalline cellulose (MCC) overlay was
added to each well of the 96-well plate to achieve a final MCC
overlay concentration of 1.2%. Plates were then incubated at 37 �C
and 5% CO2 for 24-h. TheMCC overlaywas gently removed and cells
were fixed with 10% neutral buffered formalin (NBF) for 1 h at
room-temperature (RT). After removal of NBF, monolayers were
washed with ultrapure water and ice-cold 100% methanol with
0.3% H2O2 was added for 30 min to permeabilize the cells and
quench endogenous peroxidase activity. Monolayers were then
blocked in 5% non-fat dry milk (NFDM) in PBS for 1 h and subse-
quently incubated with SARS-CoV N primary antibody (Novus Bi-
ologicals; NB100-56576e1:2000) overnight at 4 �C in PBS, 5%
NFDM. Monolayers were washed with PBS and incubated with an
HRP-conjugated secondary antibody (Cell Signaling; 7074) for 1 h
at RT in PBS, 5% NFDM. The secondary antibody was removed,
monolayers were washed with PBS, and the assay was developed
using TrueBlue substrate (KPL) for 30 min. Plates were imaged, and
foci were counted by eye and recorded as focus forming units per
milliliter (ffu/mL). Half-maximal inhibitory concentration (IC50)
values were calculated with Prism 9 (GraphPad) using a four-
parameter, nonlinear regression analysis.

4.10. Ebola trVLP assay

To generate EBOV transcription and replication competent virus
like particles (trVLPs), Huh-7 cells (1 � 107) were plated in a
150mmdish for 24 h. Cells were then transfected using TransIT-LT1
(Mirius Bio) (ratio of 3 ml LT1 to 1 mg DNA) with the following
plasmid amounts: 1.25 mg pCAGGS VP35, 1.25 mg pCAGGS NP,
0.75 mg pCAGGS VP30,10 mg pCAGGS L, 2.5 mg pCAGGS T7 and 2.5 mg
pM1 EBOV trVLP in 25 mL of 10% FBS DMEM. Seventy-two hours
post transfection, the supernatant was collected and the trVLPs
were precipitated using 5x PEG virus precipitation kit (BioVision).
The pellet was resuspended in 2.5 mL of 10% FBS DMEM, aliquoted,
flash frozen and stored at �80 �C.

To test the compound activity against the EBOV trVLP, Huh-
7 cells (3 � 104) were transfected in suspension in 96-well format
with TransIT-LT1 (ratio of 3 ml LT1 to 1 mg DNA) using a master mix,
such that eachwell received 20 ng pCAGGS VP35, 20 ng pCAGGS NP,
12.5 ng pCAGGS VP30, 166 ng pCAGGS L and 2.5 ng of (pCAGGS ce-
FF). Twenty-four hours post transfection, compounds were added
in triplicate (0e50 mM, 2-fold dilution series) for 1 h after which
wells were infected with a volume of trVLP resulting in 5e10 � 106

relative luciferase units (RLU) at 24-h post infection. This volume
was determined by titering the trVLP stock on Huh-7 cells trans-
fected as above in 96-well plate format (0e50 ml of trVLP, 2-fold
dilution series). Twenty-four hours post infection, luciferase ac-
tivity was read using a dual luciferase assay (Promega) and an
EnVision plate reader. Half-maximal inhibitory concentration (IC50)
values were calculated with Prism 9 (GraphPad) using a four-
parameter, nonlinear regression analysis.

To determine half-maximal cell cytotoxicity concentration
(CC50) values, Huh-7 cells (1 � 103) were plated in a 96-well plate,
and 24-h later compounds were added in triplicate (0e50 mM, 2-
fold dilution series). Twenty-four hours post-treatment, CellTiter-
Glo (Promega) was added, and ATP content was determined by
reading the luminescence using an EnVision plate reader. CC50
values were calculated with Prism 9 (GraphPad) using a four-
parameter, nonlinear regression analysis.

4.11. Quantificaiton of SARS-CoV-2 and EBOV trVLP RNA synthesis

SARS-CoV-2 or EBOV trVLP infection with drug treatment (RDV
(1 mM), 3a (5 mM), 4b (5 mM), 5a/5b (45 mM)) were performed as
11
previously described. RNA was extracted from cell monolayers us-
ing TRIzol reagent (ThermoFisher). Post extraction, RNAwas DNase
treated using ezDNase (ThermoFisher, Waltham, MA, USA) and
subjected to first strand synthesis using SuperScript IV (Thermo-
Fisher, Waltham, MA, USA) using the included random hexamer
primers. qPCR was performed using PerfeCTa SYBR Green FastMix
(VWR, Radnor, PA, USA) and primers for SARS-CoV-2 N (FWD:
TAATCAGACAAGGAACTGATTA, REV: CGAAGGTGTGACTTCCATG) or
Renilla luciferase (Fwd: AACGCGGCCTCTTCTTATTT, Rev:
ATTTGCCTGATTTGCCCATA) and EBOV glucoprotein (GP) (Fwd:
CAGCAGCGCCAGACGGGATT, Rev: GCAAAGTCTCCGGCACACGGT).
RPS11 (FWD: GCCGAGACTATCTGCACTAC, REV: ATGTCCAGCCTCA-
GAACTTC) was used as an internal control [39,40]. Each assay was
performed in triplicate with two technical replicates, and each
assay contained no-template controls. Data were analyzed by the
DDCt method with RPS11 serving as the housekeeping gene and
uninfected DMSO treated cells as a mock control.

4.12. EBOV assay

HeLa cells were plated (4 � 103) in a 384-well plate and grown
overnight. The next day, cells were treated with compounds
(starting at 5 mMwith 2-fold serial dilutions) in duplicate to yield a
10-point dose curve. Each well was infected in a BSL-4 laboratory at
the National Emerging Infectious Diseases Laboratories (NEIDL)
with wild type EBOV at a MOI of 0.3. Cells were incubated with
virus for 24 h at which point they were fixed by immersion into
formalin overnight at 4 �C. The formalin was removed and plates
were washed three times with PBS. Cells were stained with EBOV
GP specific antibody 4F3 (IBT Bioservices, MD, USA) followed by
Alexa546 secondary antibody. Cell nuclei were stained using
Hoechst at 1:50 000, and plates were imaged using a Cytation 1
(Biotek, VT, USA) automated microscope and nuclei and infected
cells were counted using Cell Profiler software (Broad Inst. MA,
USA). Infection efficiency was calculated as the ratio of infected to
cell nuclei and normalized to vehicle (0.2% DMSO) treated controls.

5. Statistical analysis

IC50 and CC50 values were determined by fitting normalized
percent inhibition data with a four parameter, non-linear regres-
sion in Graphpad Prism 9.
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Supplementary data to this article can be found online to report
NMR and Mass Spectroscopy spectra of synthesized compounds as
well as antiviral data for SARS-CoV-2 and EBOV trVLP and live EBOV
experiments.
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