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Abstract

The COVID-19 pandemic prompted the FDA to authorize a new nucleoside analogue, remdesivir, 

for emergency use in affected individuals. We examined the effects of its active metabolite, 

remdesivir triphosphate (RTP), on the activity of the replicative mitochondrial DNA polymerase, 

Pol γ. We found that while RTP is not incorporated by Pol γ into a nascent DNA strand, it 

remains associated with the enzyme impeding its synthetic activity and stimulating exonucleolysis. 

In spite of that, we found no evidence for deleterious effects of remdesivir treatment on the 

integrity of the mitochondrial genome in human cells in culture.
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1. INTRODUCTION

Remdesivir (GS-5734) was the first pharmaceutical approved by the U.S. Food and Drug 

Administration (FDA) for the treatment of COVID-19, under Emergency Use Authorization 

(1). Remdesivir is a prodrug, which in vivo undergoes conversion to a 1’-cyano (1’-CN) 

modified adenosine triphosphate analogue (GS-443902) (2,3), here referred to as remdesivir 

triphosphate (RTP). As a ribonucleotide, RTP acts as a substrate for RNA synthesis and it 

§Corresponding author: Grzegorz L. Ciesielski, Department of Chemistry, Auburn University at Montgomery, Montgomery, AL 
36117, USA., Tel. +1-334-244-3336, gciesiel@aum.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review 
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Mitochondrion. Author manuscript; available in PMC 2022 November 01.

Published in final edited form as:
Mitochondrion. 2021 November ; 61: 147–158. doi:10.1016/j.mito.2021.09.010.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



has been demonstrated to be efficiently utilized by viral RNA-dependent RNA polymerases 

(RdRp), such as those of the severe acute respiratory syndrome coronavirus 2 (SARS

CoV-2) or Ebola virus (EBOV) (4,5). Biochemical and structural studies have determined 

that incorporation of RTP results in delayed RNA-chain termination (4,6) due to a steric 

clash of the 1’-CN substituent with amino acid side chains within the RNA-binding channel 

of viral polymerases; in the case of the SARS-CoV-2 RdRp, the clash occurs with Serine 

861 (7,8). Notably, reports to date indicate that RTP is selective for viral polymerases 

and appears to have little to no effect on mammalian DNA and RNA polymerases, which 

advocates for its application in the treatment of viral infections (5,6,9,10). In fact, the overall 

safety of remdesivir (i.e., GS-5734) for use in human subjects has been positively evaluated 

in clinical studies, although some adverse effects have been identified (11–15).

Significant homology with viral counterparts makes the mitochondrial transcription and 

DNA replication systems prone to cross-reacting with antiviral pharmaceuticals (16–19). 

Because of this, mitochondrial toxicity is one of the major concerns of applying antiviral 

nucleoside analogues for human treatment (20). Thus far, little is known about the effects 

of remdesivir on mitochondrial metabolism and biogenesis. A recent report from the 

manufacturer of remdesivir (i.e., Veklury®, Gilead Sciences) suggested no considerable 

risk of eliciting mitochondrial toxicity (21). However, another recent preprint indicated that 

remdesivir may repress the respiratory activity of cells (22). Of interest, the Division of 

Applied Regulatory Science of the FDA indicated, in a clinical pharmacology review issued 

in the process of approval of Veklury® for COVID-19 treatment, that rhesus monkeys 

treated with a high dose of remdesivir (yet lower than that in use for human COVID-19 

treatment) exhibited a substantial (26%) loss of mitochondrial (mt)DNA, and suggested a 

need for further investigation (23).

In this study, we focused on the assessment of the effects of RTP on the activity of human 

mtDNA polymerase gamma (Pol γ) and the integrity of the human mitochondrial genome. 

The potential interference with the mtDNA synthesis process is of particular concern, as 

it may give rise to heritable mtDNA mutations, which may be carried undetected for 

generations before populating mitochondria to the level that onsets a mitochondrial disease. 

The gravity of this problem has been recently illustrated in an epidemiological survey, 

which indicated that even though, with a frequency of ~1 in 5000 individuals, mitochondrial 

diseases are rare, 1 in ~200 individuals is a carrier of a pathogenic point mutation in 

mtDNA, making it a prevalent health problem in the human population (24). Therefore, 

even if pharmaceuticals do not elicit severe mitochondrial toxicity in treated individuals, as 

seems to be the case for remdesivir, their effects on the maintenance and the integrity of the 

mitochondrial genome warrant deeper investigation.

Pol γ is the only replicative DNA polymerase in human mitochondria (25). The holoenzyme 

of Pol γ is a heterotrimer composed of a catalytic subunit (Pol γα) and a homodimeric 

accessory subunit (Pol γβ). The catalytic subunit belongs to the family A of DNA 

polymerases and consists of an exonuclease and a polymerase domain. The enzyme 

possesses DNA polymerase, 3’−5’ exonuclease, and 5’-dRP lyase activities (26). In vitro 

studies demonstrated that Pol γ can incorporate and extend ribonucleotides (rNTPs) during 

DNA synthesis (27–29). Consistent with this, mtDNA molecules in vivo contain persistent 
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single ribonucleotides that are not removed due to an apparent lack of dedicated repair 

pathways (30–34). Notably, rNTPs have been demonstrated to impede DNA synthesis by 

Pol γ, as upon incorporation they are hardly excised and, at the same time, their extension 

occurs at a much slower rate, consequently stalling the enzyme (28,35). Taken together, 

these facts raise the question of whether Pol γ can incorporate RTP into a nascent strand, 

and whether such putative occurrences may be detrimental to the activity of the enzyme and 

to the integrity of the mitochondrial genome.

Here we report that, similar to rNTPs, RTP impedes DNA synthesis by Pol γ in vitro when 

present in excess over deoxyribonucleotides (dNTPs). However, in contrast to rNTPs, RTP is 

not incorporated into a nascent DNA strand, but remains associated with Pol γ stimulating 

its exonucleolytic activity. Our structural analysis suggests that upon the positioning of RTP 

into the polymerase active site, its 1’-CN substituent may interact with residues critical for 

mismatch sensing and positioning of the nascent strand end (i.e., R853 and Q1102 (36)), 

which in turn may trigger relocation of the 3’-end of the nascent DNA strand into the 

exonuclease catalytic site. Notably, the effect of RTP on Pol γ appears to be persistent 

as, once exposed, Pol γ remains incapable of DNA synthesis despite favorable conditions. 

However, we found no evidence that remdesivir affects the integrity of the mitochondrial 

genome in human cells in culture.

2. MATERIALS AND METHODS

2.1. Proteins, nucleic acids and nucleotides

All in vitro experiments in this study were performed with the use of the 

Pol γ holoenzyme composed of the catalytic subunit Pol γα and the dimeric 

accessory subunit Pol γβ2, combined in a 1:1.5 molar ratio. Where indicated, the 

proof-reading deficient (Exo−) Pol γα subunit, harboring the D198A and E200A 

substitutions, was used instead of the wild-type Pol γα. Pol γ subunits were 

purified in Dr. Laurie Kaguni’s Lab (Michigan State University), as described 

previously (37). Unless otherwise indicated, all in vitro experiments presented in this 

study were performed with the use of a primer-template DNA substrate composed 

of a 5’-Cy3-labeled 15 nt-long primer: CGCCAGGGTTTTCCC, and a 44 nt-long 

template strand: GCACTGGCCGTCGTTTTACGGTCGTGACTGGGAAAACCCTGGCG 

(see also Figure 1 A). For the staged primer extension assays, presented in 

Figure 4 B, the described primer-template was used without the fluorescent 

label, as the primary DNA substrate. The secondary primer-template substrate was 

composed of the same 5’-Cy3-labeled primer and a 45 nt-long template strand that 

contained no thymidylate residues downstream of the primer annealing sequence: 

GAGACCAACACCGACCACGAACCAACAGCAGGGAAAACCCTGGCG.

Deoxyribonucleotides were purchased from Qiagen. ATP was purchased from Promega. 

dGTP and GTP were purchased from Invitrogen. Remdesivir triphosphate (i.e. GS-443902) 

was purchased from Biosynth Carbosynth (United Kingdom). Remdesivir nucleoside 

(GS-441524) was purchased from AdipoGen (USA).
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2.2. Primer extension assay

The extension reactions were prepared in a 20 μl reaction mixture containing 50 mM Tris 

HCl pH 8.5, 20 mM KCl, 10 mM DTT, 4 mM MgCl2, 0.1 mg/mL bovine serum albumin, 

10% glycerol, 5 nM Pol γ holoenzyme, 20 nM DNA substrate, and the indicated amounts of 

dNTPs, ATP, and RTP. The reactions were carried out at 37 °C for either 10 (Figure 2) or 20 

minutes (Figures 1, 4A). The reactions were terminated by the addition of 10x stop solution 

(100 mM EDTA, 10 % SDS) and 0.5 μg Proteinase K (ThermoFisher Scientific), followed 

by a 30 minutes incubation at 55 °C and the addition of equal volume of 90% formaldehyde, 

50 mM EDTA solution. DNA was denatured at 95°C for 10 minutes and analyzed on 12% 

(Figures 1, 5) or 20 % (Figure 2) denaturing (7M Urea) polyacrylamide (19:1) gels. The gels 

were scanned for Cy3 fluorescence in a GE Typhoon Trio+ Variable Mode Imager and the 

intensity of bands was analyzed with ImageJ (NIH).

2.3. Exonuclease assay

The exonuclease assays (presented in Figure 2 B, also Supplementary Figure 2) were 

performed under the same conditions as the primer extension assay, in the absence of 

dNTPs, and in the presence or absence of 0.5 mM RTP or GTP. The reactions were 

conducted in a master mix and 20 μL aliquots were stopped at the indicated time intervals. 

DNA products were analyzed on 20% denaturing polyacrylamide gels, as described in the 

previous section. The density of the bands was quantified by densitometry (ImageJ, NIH). 

The fraction of the exonucleolysis products was quantified relative to the abundance of all 

the species detected (i.e., exonucleolysis products + primer). The results were plotted against 

time and the initial reaction rates were calculated from the slopes of the linear regression 

fitted to the initial data points, divided by the concentration of the enzyme in the reaction.

2.4. Staged primer extension assay

The staged primer extension assay (presented in Figure 4B) was performed under the same 

conditions as the standard primer extension assay. However, first, the reaction mixture 

containing the wild-type Pol γ and 20 nM unlabeled primary DNA substrate, with or 

without 0.5 mM RTP, ATP, or dATP, was incubated at 37 °C for 10 minutes. Next, 40 

nM labeled secondary substrate was added together with 2 mM (total) dNTPs, and the 

incubation continued for an additional 20 minutes. DNA products were analyzed on 12 % 

denaturing polyacrylamide gels, as described in the previous section.

2.5. Molecular Modeling

The software Pymol (www.pymol.org) was used to model RTP into the Pol γ catalytic 

site, to analyze all structural details and to produce the figures. The palm subdomain of 

Pol γ (residues 868–894 and 1094–1186) and of SARS-CoV-2 RdRp (residues 594–621 

and 679–802), in the structures deposited under the PDB codes 4ZTU (36) and 7BV2 

(38), respectively, were first aligned under default settings (Supplementary Figures 3A and 

B). The sugar moieties of remdesivir monophosphate from 7BV2 and of dideoxycytidine 

triphosphate (ddCTP) from 4ZTU were then aligned separately, allowing the beta and 

gamma phosphate groups of RTP to be built based on the conformation of ddCTP interacting 

with the two Mg2+ ions at the Pol γ catalytic site (Supplementary Figure 4).
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2.6. Fibroblast culture

Primary human (neonatal) dermal fibroblasts (PrimaPure, Genlantis, San Diego, CA) were 

cultured in Fibroblast Growth Medium (Genlantis, San Diego, CA). Cells were seeded in 

6-well plates at a density of 30,000 cells per well and were grown for 3 days. The cells 

were then grown for an additional 7 days in the presence of 1, 5, 10, 25, and 50 μM 

remdesivir nucleoside (GS-441524), or in the presence of DMSO in the volume equivalent 

to that brought in with the addition of 50 μM remdesivir nucleoside (the mock sample). 

Experiments were carried out in two biological repeats.

2.7. Quantitative-Real Time PCR

Cells were trypsinized, resuspended in 200 μL of PBS buffer containing 0.2 mg/ml 

Proteinase K, 0.2 % SDS, 5 mM EDTA and incubated for 3 hr at 55°C. Total DNA was 

isolated by phenol-chloroform extraction and ethanol precipitation. For quantification of 

mtDNA copy number, 50 ng of DNA isolated from two biological repeats of the remdesivir 

nucleoside-treated and untreated cells, was amplified by quantitative real-time polymerase 

chain reaction (Q-RT-PCR; SYBR®Green JumpStart™ Taq ReadyMix™), targeting the 12S 

mitochondrial gene and the actin nuclear gene with the following primers: 12S FWD 5’

TAGCCCTAAACCTCAACAGT-3’, 12S REV 5’-TGCGCTTACTTTGTAGCCTTCAT-3’, 

Actin Q-PCR FWD 5’-TCACCCACACTGTGCCCATCTACGA-3’, Actin Q-PCR REV 

5’-CAGCGGAACCGCTCATTGCCAATGG-3’ (method and primers were adopted from 

(39)). The Ct values of the mtDNA target were normalized to the Ct values of the nuclear 

DNA target. Normalized values were then normalized again to the mean normalized values 

obtained from the RTP untreated cultures. The results were analyzed by one-way ANOVA 

test followed by post-hoc Dunnett’s comparison of the remdesivir nucleoside-treated cells to 

the untreated cells, using the software GraphPad Prism.

2.8. Detection of the common deletion

The presence of the common deletion (Δ8471–13447 nt) was tested by nested PCR, as 

described previously (39). Briefly, 100 ng of total DNA isolated from two biological 

repeats of the remdesivir nucleoside-treated and untreated cells, was amplified by PCR 

using primers: common deletion PCR1 FWD 5’-AACCACAGTTTCATGCCCATC-3’, 

and common deletion PCR1 REV 5’-TGTTAGTAAGGGTGGGGAAGC-3’, for 15 

cycles. 1μL of the reaction mixture was next used for the second round of 

amplification with primers flanking the deletion break points: common deletion PCR2 

FWD 5’-ACCCTATAGCACCCCCTCTAC-3’, and common deletion PCR2 REV 5’

CTTGTCAGGGAGGTAGCGATG-3’, for 30 cycles. As a control of mtDNA presence, a 

fragment of the 12S mitochondrial gene was amplified (see 2.7 for primer sequences) and 

visualized by agarose gel electrophoresis. As a positive control, DNA was isolated from 

fibroblasts cultured as described in section 2.6, in the presence of 50 μM ethidium bromide, 

which has been previously demonstrated to induce the common deletion in mtDNA (40). 

The presence of the common deletion in the positive control sample was confirmed by 

sequencing the product of the nested PCR.
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3. RESULTS

3.1. RTP inhibits DNA synthesis by Pol γ.

To examine the effect of RTP on mtDNA synthesis, we first tested its effect on the activity 

of human Pol γ, in vitro. To that end, we performed a primer extension assay in the 

presence of dNTPs and increments of RTP (Figure 1). The template DNA strand used in 

these experiments contained multiple thymidylate residues (Figure 1A), which given that 

RTP is an analogue of ATP, correspond to putative RTP incorporation sites. We observed 

no quantitative or qualitative differences between the products generated in the presence or 

absence of RTP at a concentration equal to that of a single dNTP (hence four-fold lower 

than the total dNTPs concentration). However, we observed a substantial reduction in the 

abundance of the DNA products (>80%) when RTP was present in a 2.5-fold excess over 

total dNTPs concentration (Figure 1B). To assess whether this inhibitory effect is dependent 

on the ratio of RTP to dNTPs, and not on independent effects of RTP, we performed the 

experiment in reverse order, using a low uniform RTP concentration and increments of 

dNTPs. Again, we observed a decrease in the abundance of the DNA products when RTP 

was present in excess over dNTPs, and no effect of RTP when dNTPs were in excess 

(Supplementary Figure 1A). These results indicate that RTP competes with dNTPs for the 

active site of Pol γ and, once bound, impedes its DNA synthesis activity.

Incorporation of RTP by viral RNA polymerases into a nascent RNA strand terminates 

its elongation, which in primer extension assays appears as an accumulation of shorter 

rather than full-length products (4,41). Inhibition of Pol γ in our experimental conditions, 

however, did not result in the accumulation of shorter products (Figure 1B). We considered 

that this may be due to proof-reading events, which could simply delay the synthesis of 

full-length products. To evaluate this possibility, we examined the effect of RTP on the 

exonuclease-deficient variant of Pol γ (Pol γ Exo−). We did not observe any qualitative or 

quantitative differences between DNA products generated by Pol γ Exo− in the presence 

or absence of RTP (Figure 1C, Supplementary Figure 1A). This finding contrasts with the 

effects observed in the case of viral polymerases and implies that the inhibitory effect of 

RTP on Pol γ activity depends on its exonucleolytic activity.

3.2. RTP stimulates the exonuclease activity of Pol γ.

The exonuclease-dependent inhibition of DNA synthesis by RTP is strikingly similar to the 

effect of rNTPs on the activity of Pol γ (35). However, the rNTP-induced inhibition of Pol 

γ results in the accumulation of shorter products, which, again, we did not observe. To the 

contrary, in the presence of RTP, the shorter DNA products were depleted (indicated by the 

arrow in Figure 1B). In our experimental conditions, the short DNA products are generated 

subsequently to the full-length product (Supplementary Figure 1B), which indicates that 

they are likely products of exonucleolysis. This is also consistent with the absence of 

such short products when Pol γ Exo− was used (Figure 1C). Therefore, there could be 

two alternative reasons for the depletion of the short products in response to RTP: either 

inhibition or stimulation of the exonuclease activity.
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To examine the putative effect of RTP on the exonucleolytic activity of Pol γ, we compared 

the quantity and quality of products generated in the presence or absence of dNTPs, 

or in the presence of RTP and dGTP, individually or in combination (Figure 2A). As 

expected, in the absence of dNTPs we observed a modest increase in the products of 

exonucleolysis (Figure 2A, compare lanes 1 and 2). In the presence of RTP, Pol γ exhibited 

elevated exonuclease activity, as evident from the >2-fold increase in the abundance of the 

exonucleolysis products (Figure 2A, compare lanes 2 and 3). In contrast, Pol γ did not 

exhibit any considerable exonucleolytic activity in the presence of dGTP (Figure 2A, lane 

4), even though it is a mismatch for the first nucleotide in the template strand (see Figure 

1A). On the contrary, Pol γ extended the primer by up to three nucleotides, which is likely 

imposed by a relatively high concentration of dGTP in the assay, as consistent with previous 

reports (42,43) (although we also cannot exclude the possibility that this may be due to a 

contamination of our dGTP stock). Similarly, we observed no changes in primer excision 

when dGTP was used in equimolar combination with RTP. These results imply that RTP 

stimulates the exonucleolytic activity of Pol γ, which however, can be mitigated by the 

presence of dNTPs, in agreement with the previous observation (Figure 1B). To quantify this 

stimulatory effect, we compared the efficiency of exonucleolysis by Pol γ, in the presence or 

absence of RTP, in a time course experiment (Supplementary Figure 2A). We estimated that 

in the presence of RTP, the initial rate of exonucleolysis increased ~2-fold; i.e. from 0.01 s−1 

in the absence of RTP (which is consistent with the previously reported value (44)) to 0.018 

s−1 in the presence of RTP (Figure 2B).

In addition, using the same experimental approach, we assessed whether Pol γ is capable of 

incorporating RTP into a nascent DNA strand. To this end, we examined products generated 

by Pol γ Exo− in the presence of RTP, or dATP as the incorporation reference, at a single 

nucleotide resolution (Figure 2C). We observed no primer extension by Pol γ Exo− in 

the presence of RTP, while the primer was efficiently extended in the presence of dATP. 

This indicates that Pol γ does not incorporate RTP into a nascent DNA strand, which 

corroborates previous reports (9,21). Considering these results, there is no reason to assume 

that the inhibitory effect of RTP is contingent on the sequence of the template DNA strand. 

To evaluate this, we examined the ability of Pol γ to extend a primer over a DNA template 

that contained no thymidylate residues, in the presence and absence of RTP. Indeed, we 

observed that RTP inhibited DNA synthesis even in the absence of thymidylate residues in 

the DNA template (Supplementary Figure 1C). This indicates that the inhibition of Pol γ 
activity by RTP is not sequence specific.

Our observations indicate that there are significant differences between the effect of RTP 

and rNTPs on Pol γ activity. In particular, RTP is not incorporated into a nascent DNA 

strand by Pol γ, and yet it enhances its exonucleolytic activity, whereas rNTPs have been 

demonstrated to be incorporated into a nascent strand by Pol γ and are hardly excised 

(27,28). To evaluate these differences in our experimental conditions, we examined DNA 

products generated by the wild-type or the Exo− Pol γ in the presence of ATP, or dATP as a 

reference, at a single nucleotide resolution (Figure 2D). Consistent with the previous reports, 

we observed that both the wild-type and the Exo− variants of Pol γ extended the primer in 

the presence of ATP efficiently (Figure 2D lanes 3, 4). Notably, we observed no impact of 

ATP on the exonucleolytic activity of Pol γ (Figure 2D lanes 1, 3). Furthermore, we tested 
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the effect of GTP on the primer exonucleolysis. GTP is a mismatch for the first nucleotide 

to be incorporated and for the last six nucleotides of the primer (−1 to −6), which prevents 

‘refilling’ of the excision products by Pol γ (Supplementary Figure 2B). As opposed to RTP, 

the rate of primer excision by Pol γ in the presence of GTP decreased to 0.006 s−1 (Figure 

2B). Together, these results confirm the significant differences between the effect of RTP 

and rNTPs on Pol γ activity.

3.3. Structural analysis suggests the 1’-CN group of RTP triggers conformational 
changes that lead to the increased exonucleolytic activity of Pol γ.

To gain insight into how RTP could interfere with DNA synthesis and stimulate the 

exonucleolytic activity of Pol γ, we compared the available crystal structures of Pol γ in a 

ternary complex (36), and the cryo-electron microscopy structure of the SARS-CoV-2 RdRp 

(the NSP12/8/7 complex) associated with RTP and a primer-template RNA (38). Analyses 

of the palm subdomain of the catalytic subunits Pol γα and NSP12 demonstrated a striking 

structural similarity (Supplementary Figure 3A). Amino acid sequence alignment indicated 

that the similar architecture of the palm is formed partially by the conserved polymerase 

motifs A and C (Supplementary Figure 3B). We used such similarity to align the structure of 

both enzymes (Supplementary Figure 3C) and model RTP into the catalytic site of Pol γα. 

Notably, RTP accommodates into the catalytic site without any apparent impediment, in a 

conformation that would favor nucleotide incorporation (Supplementary Figure 4). However, 

we speculate that Pol γα residue E895, and perhaps also Y951 and Y955, known to be 

essential for recognition of the correct incoming nucleotide (45–47), may be able to sense 

the 2’-OH of the RTP sugar moiety and prevent phosphodiester bond formation (Figure 3B). 

However, this sensor mechanism is apparently not fully efficient against rNTP incorporation 

in vitro, as we here and others have shown (Figure 2D, (27)). Although NSP12 D623 

appears to be analogous to Pol γα E895, its positioning in the catalytic site of the viral 

enzyme suggests it facilitates RTP (and rNTPs) incorporation (38). In addition, NSP12 does 

not have residues analogous to Pol γα Y951 and Y955 (38).

The main structural difference between RTP and ATP reside in the presence of the cyano 

substituent bound covalently to the C1’ of the RTP sugar moiety (Figure 3A). Our analysis 

suggests that when RTP is positioned in the pol catalytic site of Pol γ, the 1’-CN is in 

close proximity to the side chains of R853 and Q1102 (and perhaps N1098) (Figure 3C). 

These residues are critical for sensing the primer-template DNA in the minor groove, as well 

as the complementarity of the incoming nucleotide (36). It has been suggested that Pol γ 
uses an energetic coupling network for communication between the pol and exo domains 

(48). The distortion of the double helix that occurs upon a mismatch is sensed by R853, 

N1098 and Q1102, triggering cooperative allosteric changes in the enzyme that lead to the 

repositing of the 3’-end of the nascent DNA strand in the exo catalytic site, which is about 

35 Å distant from the pol catalytic site. Our structural predictions suggest that, although 

RTP is not incorporated into DNA by Pol γ, its simple presence in the pol catalytic site 

may simulate this cooperative primer-template mismatch response, due to the impact of 

the 1’-CN substituent on R853, Q1102 and/or N1098. 3’−5’ exonucleolysis is then elicited 

for the removal of nucleotides from the 3’-end of the nascent DNA strand, explaining the 

results of our biochemical assays showing increased exonucleolytic activity by Pol γ in 
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the presence of RTP, and the lack thereof in the presence of ribonucleotides (Figure 2B, 

Supplementary Figure 2).

3.4. The inhibitory effect of RTP on DNA synthesis by Pol γ is persistent.

To better understand the inhibitory effect of RTP on DNA synthesis by Pol γ, we examined 

whether the RTP-inhibited Pol γ is able to resume DNA synthesis upon addition of excess 

dNTPs, to a level that promotes DNA synthesis (see Supplementary Figure 5) and renders 

the remaining RTP no longer inhibitory (see Figure 1B). To this end, we preincubated Pol γ 
with the DNA substrate, in the presence or absence of RTP, and DNA synthesis was initiated 

by the addition of excess dNTPs. We found that the presence of RTP in the preincubation 

step resulted in an over 80% reduction in the abundance of the full-length DNA product 

(data not shown). In this experimental approach, however, the primer extension may be 

obstructed by its excision during the preincubation step, which, as we showed, is stimulated 

in the presence of RTP. Therefore, we also performed a similar experiment, in which Pol γ 
was either preincubated with RTP and then added to the reaction mixture containing DNA 

substrate and excess dNTPs, or preincubated alone and then added to the reaction mixture 

containing DNA substrate, RTP, and excess dNTPs. In this case as well, we observed that 

preincubation with RTP resulted in about 80% reduction in the product abundance (Figure 

4A). To compare the inhibitory effect of RTP with that of rNTPs, we performed the same 

experiment using ATP instead of RTP. We observed that preincubation with ATP inhibited 

DNA synthesis to a similar extent as RTP (Figure 4A). In addition, we tested the effect of 

preincubation with dATP and observed no significant effect on the DNA synthesis efficiency 

(Figure 4A). These results indicate that once bound, both RTP and rNTPs remain associated 

with the enzyme for an extended time, inhibiting DNA synthesis even in the presence of 

high dNTPs concentration.

To investigate this further, we performed a staged primer extension assay, in which Pol 

γ was initially incubated with an unlabeled “primary” DNA substrate in the presence or 

absence of RTP, ATP, or dATP. Next, an excess of dNTPs was added to the reaction together 

with a labeled “secondary” DNA substrate (Figure 4B). In this approach, the DNA product 

detection depends on the capacity of Pol γ to ‘recover’ from the RTP or ATP-induced 

inhibition on one DNA substrate and to reinitiate DNA synthesis on a new DNA substrate, 

which is favored by the addition of excess dNTPs in the second stage. Preincubation of Pol 

γ with the primary DNA substrate (in the absence of RTP, ATP, or dATP) had no significant 

impact on its ability to generate a product over the secondary DNA substrate (compare the 

control and “-” lanes in Figure 4B). The presence of ATP in the preincubation stage resulted 

in a modest reduction of the final product abundance, by ~20%. In contrast, the presence of 

RTP in the preincubation stage resulted in a dramatic reduction of the product abundance, by 

over 80%. The presence of dATP in the preincubation step had no significant impact on the 

product abundance. This indicates that, in contrast to ribo- and deoxyribonucleotides, once 

bound, the inhibitory effect of RTP on the DNA synthesis activity of Pol γ is persistent.
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3.5. Remdesivir has no apparent deleterious effect on the maintenance and integrity of 
the mitochondrial genome.

Our structural analysis suggests that the cyano substituent of remdesivir may impact the 

R853 and Q1102 residues once bound in the Pol γ active site (Figure 3C). Alanine 

substitution of Q1102 impedes the polymerase activity of Pol γ in vitro and results in 

early developmental arrest in flies (49). No cases of Q1102 mutations in humans have been 

reported to date (50), which suggests that changes to this residue may be lethal. Mutations 

of the R853 residue result in the accumulation of mitochondrial DNA deletions and have 

been linked with the development of Parkinson’s and Alpers diseases (51,52). Conversely, 

treatment with antiviral nucleosides, which affect Pol γ activity, often leads to accumulation 

of mtDNA deletions, commonly the deletion of a 4977 bp segment, spanning from 8471 

to 13447 nt (53,54). Prompted by these reports, we tested whether remdesivir may be 

deleterious to the mitochondrial genome in proliferating human cells in culture. For this 

purpose, we used primary human (neonatal) dermal fibroblasts (HDFs). Fibroblasts have 

been demonstrated to be a suitable model for the assessment of mitochondrial performance 

and the integrity of the genome (55–58). Cells were grown for three days, after which 

the media was supplemented with remdesivir nucleoside (GS-441524; 0, 1, 5, 10, 25, 

or 50 μM) and cells were grown for an additional seven days before collection. First, 

we examined mtDNA copy number in the treated and untreated cells by quantitative real

time PCR and found it to be marginally but statistically significantly elevated in all the 

remdesivir nucleoside-treated cultures (Figure 5A). We also tested the effect of remdesivir 

prodrug (GS-5734) on mtDNA copy number in a skeletal muscle fibroblast cell line, 

rhabdomyosarcoma RC13. The cells were grown for 15 days in the presence of 0, 1, and 

2 μM remdesivir, but we observed no significant differences in mtDNA content between 

them (Supplementary Figure 6). Next, to assess the effect of remdesivir on the integrity of 

the mitochondrial genome, we tested the presence of the common deletion in the remdesivir 

nucleoside-treated HDFs, by nested PCR. However, we detected no common deletions in 

any of the samples analyzed (Figure 5B).

4. DISCUSSION

The COVID-19 pandemic generated an immediate need for effective antivirals, of which 

remdesivir was the first approved by the FDA for emergency use. Given that mtDNA 

synthesis deficiency and related mitochondrial toxicity are common side effects of therapies 

engaging antiviral nucleoside analogues (16,17,19,59), we sought to determine the effect 

of RTP on the activity of Pol γ and the maintenance of the mitochondrial genome in 

proliferating cells. Considering that previous reports on the subject were either performed 

by, or tied to the manufacturer of Veklury®, Gilead Sciences (9,10,21), to our knowledge 

this report is the first independent assessment of the effects of RTP on Pol γ.

We demonstrated here that RTP has an inhibitory effect on the DNA synthesis activity 

of Pol γ. This effect, however, occurs when the concentration of RTP exceeds that of 

dNTPs (Figure 1B). In the treatment of COVID-19, administration of the first 200 mg 

dose of remdesivir results in plasma Cmax ≅ 9 μM. Remdesivir is rapidly (T1/2 ≅ 1h) 

converted to the more stable remdesivir nucleoside monophosphate (plasma T1/2 ≅ 24h), 
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which can be phosphorylated inside the cells to the active triphosphate form. The estimated 

plasma concentration of the monophosphate on the first day of treatment is Cmax ≅ 0.5 

μM, and is maintained at approximately this level through the five days of treatment (3). 

This concentration is significantly lower than the intracellular concentration of total dNTPs, 

which depending on the cell cycle phase and cell type, ranges from ~5 to >50 μM (35,60). 

Hence, according to our observations, remdesivir in the COVID-19 treatment regimen is 

unlikely to impede mtDNA synthesis. In agreement with this, we found no deleterious 

changes to the mitochondrial genome integrity and maintenance in remdesivir-treated cells 

(Figure 5, Supplementary Figure 6), which is consistent with the recent report by Gilead 

Sciences (21). Notably, the dependance of the inhibitory effect on the ratio to dNTPs 

resembles the effect of rNTPs, which also inhibit the synthetic activity of Pol γ only when 

in excess over dNTPs (35). The effect of rNTPs was proposed to be the cause of mtDNA 

instability reported in patients that suffer from defects in the mitochondrial dNTP supply, 

such as mutations in thymidine kinase 2 or deoxyguanosine kinase (28,35,61,62). Therefore, 

by analogy, patients with defects in mitochondrial dNTP supply may be more susceptible to 

deleterious effects of RTP, which warrants further studies.

Somewhat concerning are our results indicating that the inhibition of the DNA synthesis 

activity of Pol γ by RTP is rarely reverted by excess dNTPs (Figure 4A). This essentially 

implies that at a low RTP to dNTPs ratio, Pol γ inhibition events are still likely to occur 

but are just too infrequent to be detected in our experimental conditions. The intracellular 

half-life of RTP is relatively long (T1/2 ≅ 40h (3)), thus the probability of its interference 

in mtDNA synthesis is considerable. Furthermore, the results of the staged primer extension 

assays (Figure 4B) suggest that, once bound, the inhibitory effect of RTP on the synthetic 

activity of Pol γ is particularly persistent. RTP inhibits the synthetic activity of Pol γ on 

the strand at which the inhibition first occurred to an extent comparable with ATP (Figure 

4A). However, while after the inhibition by ATP, Pol γ can restart synthesis on a new DNA 

substrate relatively efficiently (with a reduction of only ~20% compared to control, Figure 

4B), the inhibition by RTP renders Pol γ virtually incapable of restarting DNA synthesis 

on a new DNA substrate (reduction of >80% compared to control, Figure 4B). In our 

opinion, this difference results from the inability of Pol γ to incorporate RTP (Figure 2C), 

which otherwise would enable the enzyme to leave the ‘problematic molecule behind’ and 

reinitiate the synthesis on a new DNA substrate, as appears to be the case here for ATP. 

Instead, RTP remains associated with the enzyme blocking its activity in the next rounds 

of the DNA substrate turn over. Alternatively, the persistent inhibitory effect of RTP could 

result from the inability of the affected Pol γ to dissociate from the primary DNA substrate. 

However, we find this unlikely because we observed no change in the quantity of DNA 

substrate hydrolyzed by Pol γ in our exonuclease assays (Figure 2B), which implies that 

substrate turnover is not affected (i.e., not reduced) in the presence of RTP.

Despite the concerning in vitro observations, we found no direct evidence for defects in the 

integrity of mtDNA in remdesivir nucleoside-treated fibroblasts (Figure 5B). It is possible 

that sporadic inhibition of mtDNA synthesis by RTP is mitigated in vivo by mitochondrial 

DNA replication rescue mechanisms. In fact, it has recently been demonstrated that stalling 

of Pol γ upon incorporation of chain-terminators can be rescued by a restart mechanism 

that entails advantageous repriming by PrimPol (63). Notably, the loss of PrimPol function 
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has been recently associated with the development of mitochondrial toxicity in response 

to tenofovir in an HIV+ patient and in cultured cells (64). Similar to remdesivir, tenofovir 

is an antiviral nucleoside, which inhibits Pol γ relatively weakly. Its exacerbated toxicity 

in the absence of PrimPol has been attributed to the loss of capacity for the fork rescue 

during mtDNA replication (64). It is possible that the same rescue mechanism alleviates the 

inhibition of mtDNA synthesis in response to RTP. Further studies on the effects of RTP in 

the context of PrimPol deficiency would help to address this possibility.

The only effect of RTP on mitochondrial DNA maintenance that we observed was a modest 

increase in mtDNA copy number in proliferating fibroblasts (Figure 5A). An increase 

in mtDNA copy number was also earlier observed in HepG2 cells treated with 10 μM 

remdesivir for 10 days (21). Upregulation of mtDNA replication is often triggered by 

mitochondrial deficiencies (65,66), therefore, it is possible that this is elicited in remdesivir 

nucleoside-treated cells to compensate for incidental delays in mtDNA replication. On 

the other hand, it seems from previous studies that the extent of the toxicity of antiviral 

nucleosides is related to their capacity to inhibit exonucleolysis by Pol γ (19,67). Hence, 

the increase in Pol γ exonucleolysis upon RTP binding may simply not be deleterious 

to the mitochondrial genome in vivo. In fact, an increase in the exonuclease activity 

over polymerase activity in DNA polymerases, including Pol γ, often has an anti-mutator 

effect (68,69). Of interest, it has been demonstrated that compound heterozygote flies that 

express polymerase-deficient Pol γ from one allele and exonuclease-deficient Pol γ from the 

other allele, are viable and apparently normal, while homozygotes expressing the deficient 

variants of Pol γ arrest at the larval stage of development (49). This indicates that the Pol 

γ variants, although incapable of maintaining mtDNA separately, together can complement 

individual deficiencies and promote sufficient mtDNA synthesis to sustain development. In 

the context of our study, this suggests that the increase in exonucleolytic activity, at the 

expense of polymerase activity, in the fraction of Pol γ molecules bound by RTP may be 

compensated by the remaining unaffected molecules, and overall have no effect on mtDNA 

maintenance in vivo.

Our structural analysis suggests that the cyano substituent of RTP positions against the 

side chains of the R853 and Q1102 residues of Pol γ (Figure 3C). The 1’-CN substituent 

is relatively large and forms a negative dipole at its nitrogen terminus, which is likely 

to affect the spatial conformation of amino acid side chains in its close proximity. The 

R853 and Q1102 residues play a critical role in the positioning of the primer-template in 

the active site of Pol γ and recognition of the incoming nucleotide (36,52). Thus, their 

steric distortion may have profound consequences on the activity of Pol γ. R853 facilitates 

coordination of the incoming nucleotide and the −1 base pair site of the primer template 

(36), which precedes phosphodiester bond formation. Substitution of R853 with glutamine 

results in a radical loss of polymerase activity (70). Given the similar, polar character of the 

cyano group, the effect of its positioning against R853 may resemble that of the glutamine 

substitution, which in turn could explain the loss of the polymerase activity of Pol γ upon 

RTP binding. Interference with the R853 side chain could also explain why in contrast to 

rNTPs, RTP is not incorporated into the nascent DNA strand. However, given that R853 

facilitates steps prior to the phosphodiester bond formation, the distortion of R853 side chain 

is unlikely to explain the increase in the exonucleolytic activity. Somewhat in agreement 
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with this, it has been demonstrated that alanine substitution of the homologous R668 residue 

in DNA polymerase I of E. coli (pol I) does not alter the exonucleolytic activity of the 

enzyme, despite the loss of polymerase activity (71).

The effect of RTP on the exonucleolytic activity of Pol γ can, however, be explained by 

an interaction of its cyano group with the Q1102 residue. In vitro, its alanine substitution 

results in an increase in exonuclease activity with concomitant reduction of the polymerase 

activity of Pol γ (49), which is strikingly similar to the effect of RTP. Of interest, the Q1102 

residue corresponds to the Q849 of pol I, which alanine substitution imparts an anti-mutator 

effect on DNA replication (72). Induction of the anti-mutator effect by the positioning of the 

cyano group against the Q1102 side chain could explain the lack of deleterious effects of 

remdesivir in vivo reported in this and other studies (21). On the other hand, homozygous 

flies that express Pol γ variants corresponding to the Q1102A substitution in the human 

enzyme fail to synthesize mtDNA efficiently and arrest at the larval stage of development, 

while heterozygotes develop normally (49). This indicates that disturbing the Q1102 residue 

is in fact deleterious to mtDNA maintenance, which, however, can be compensated by 

concomitant expression of wild-type molecules. By analogy, RTP is not deleterious in vivo 

likely because its effect is limited to a fraction of Pol γ molecules (due to high intracellular 

level of dNTPs) and can be compensated by unaffected molecules. Notably, in vitro, the 

polymerase deficiency of the Q1102A variant of Pol γ is relatively modest and detected 

only during processive DNA synthesis (the mini-circle assay) (49). This contrasts with our 

observation that pre-bound RTP impedes the synthesis over a short 29 nt template (Figure 

1B). Therefore, overall, our results seem to be more consistent with a synergistic effect 

of the cyano group on both the R853 and Q1102 residues, rather than on any of them 

individually.

The inhibitory effect of RTP on DNA synthesis by Pol γ is exonuclease activity-dependent, 

as the Exo− variant of Pol γ is unaffected by RTP (Figure 1C), which is similar to the 

effect of rNTPs (35). Although certain predictions have been made (52), the mechanism 

of the primer partitioning between the pol and exo active sites of Pol γ remains unknown. 

More recently, Sowers et al. (48) have proposed that primer partitioning by Pol γ may occur 

via long-range intramolecular connectivity that takes place through a diffuse cooperative 

network involving non-adjacent amino acid residues. This may be invoked to explain the 

mechanistic basis of the dependency we report here, as R853 and Q1102 appear to be 

important parts of a region of Pol γ that is locally perturbed upon binding by different 

antiviral inhibitors. This perturbation supposedly spreads, strongly affecting the residues 

around the exo active site of the enzyme (48). Such hypothesis can also explain how alanine 

substitutions of the conserved residues S719, Y720 and W721 in the thumb subdomain 

of Drosophila Pol γ (S799, F800 and W801 in the human enzyme) completely abolish 

pol activity and at the same time increase exonucleolysis three-fold (73). In addition, it is 

known that the transfer of the primer end between the two active sites occurs during a single 

binding event (44). This intramolecular transfer occurs continuously during processive DNA 

synthesis, which actually limits the motor function of Pol γ (74). Studies on other DNA 

polymerases indicated that transfer of the primer end between the two active sites depends 

on the presence of magnesium ions in each of the sites. In the absence of magnesium ions 

in the exo site, the primer remains in the pol site (75). The mutations in the Pol γ Exo− 
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(D198A and E200A) variant used in this study disable binding of the magnesium ions 

in the exo site, which suggests that the transfer of the primer end to the exo site in this 

variant may not occur and the primer remains in the pol site as the enzyme operates. In 

agreement with this, Pol γ Exo− exhibits greater motor power than the wild-type enzyme, 

which is reflected in its capacity for a relatively robust strand-displacement synthesis (which 

is otherwise negligible) (74,76). The lack of the intramolecular primer shuttling in Pol γ 
Exo− explains well the lack of inhibitory effect of rNTPs on its DNA synthesis activity; i.e., 

Pol γ Exo− does not back track upon incorporation of rNTP and thus does not stall (35). 

However, because Pol γ does not incorporate RTP (Figure 2 C), the explanation of its effect 

is not straight forward. Perhaps in the case of Exo−, the lack of the primer end partitioning 

and the resulting increase of the motor power enforces the dissociation of RTP from the 

pol active site enabling continuation of synthesis. Clearly, more studies on the subject are 

needed to understand the phenomenon of the exonuclease-dependent inhibition of Pol γ by 

RTP and rNTPs.

Our findings may seem to contradict previous reports, which suggested no adverse effects of 

RTP on the activity of Pol γ (9,10,21). However, our in vitro experiments were conducted 

under conditions different than previously, including the concentration of dNTPs, RTP and 

Pol γ used. Hence, our results are hardly comparable and not necessarily contradictive, 

especially given that we similarly did not observe any deleterious effects in vivo (21). On 

the other hand, our study identifies that the ratio to dNTPs, rather than the independent 

concentration of RTP, is the factor determining Pol γ inhibition, and this stands in contrast to 

the previous studies, which identified the IC50 of RTP for Pol γ to be >200 μM in an assay 

including ~6μM total dNTPs (9,10). The IC50 values in those studies were estimated by a 

nucleotide incorporation assay, which, to our understanding, was carried out for 60 minutes 

to assure the consumption of <10% of the radiolabeled substrate (9,10). Per our estimation, 

this corresponds to the incorporation of <1000 nts per one Pol γ holoenzyme throughout 

60 minutes, thus <0.3 nt*s−1. This is from 20 to 150-fold lower than the incorporation 

rates reported for the wild-type Pol γ (77,78). Therefore, we find it very likely that dNTPs 

“run out” during this 1h incubation time, allowing the exonucleolytic activity of Pol γ to 

efficiently take place, skewing the results. We also noted that the assays were performed 

such that Pol γ and RTP were preincubated prior to the initiation of the reaction by the 

addition of dNTPs and Mg2+ (10). This resembles our experiments in which we showed 

that preincubation of Pol γ with RTP inhibits mtDNA synthesis despite the later addition 

of excess dNTPs (Figure 4A). Therefore, it is possible that in the reported experiments the 

synthetic activity of Pol γ was generally low due to pre-binding of RTP. Alternatively, the 

differences may result from the Pol γ preparation.

5. CONCLUSION

In conclusion, our study is largely in agreement with previous reports indicating that the 

potential for deleterious effects of remdesivir on the maintenance of mtDNA, resulting in 

mitochondrial toxicity, is generally low. However, our in vitro data does raise concerns 

about the function of Pol γ under conditions prone to dNTP levels fluctuation, during 

SARS-CoV-2 infection, which to our knowledge has yet to be studied in detail. The fact 

that mitochondrial function is affected in SARS-CoV-2-infected human monocytes, with 

Ciesielska et al. Page 14

Mitochondrion. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



elevated levels of mitochondrial reactive oxygen species being produced (79), provides 

strong evidence that Pol γ and mtDNA maintenance may be under conditions much more 

stringent than those that we and others have tested. Further studies are certainly needed to 

assure that the safety of remdesivir treatment against COVID-19 applies to the various cell 

types in the human body and to the abundant genetic backgrounds of the human population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. RTP inhibits DNA synthesis by Pol γ in vitro.
The primer extension assay was performed as described under “Materials and Methods”, 

using a fluorescently-labeled primer-template (15/44) DNA substrate (A), and the wild-type 

(B) or the exonuclease-deficient (C) variant of Pol γ. The reactions were carried out in the 

presence of 0.8 mM dNTPs (0.2 mM each) and increasing concentrations of RTP: 0 (−), 0.2 

(<) or 2 (>) mM, at 37°C for 20 minutes. The bold arrow in panel B indicates a product of 

exonucleolytic activity of the wild-type Pol γ (see also Supplementary Figure 1B). The gel 

images are representative of two independent analyses.
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Figure 2. RTP stimulates the exonucleolytic activity of Pol γ.
A) The effects of RTP on the polymerase and exonuclease activities of Pol γ were analyzed 

by primer extension assay as described under “Materials and Methods”. We compared the 

products of polymerization and/or exonucleolysis (labeled on the left) generated by the 

wild-type Pol γ in the presence or absence of 0.5 mM dNTPs, RTP, dGTP, or a combination 

of 0.5 mM RTP and 0.5 mM dGTP (as indicated), for 10 minutes at 37°C. B) The primer 

exonucleolysis time course experiment was performed as described under “Materials and 

Methods”. The reactions were carried out using the wild-type Pol γ, alone (open circles), 

or in the presence of 0.5 mM RTP (closed circles), or 0.5 mM GTP (closed diamonds). The 

percent of hydrolysis represents the relative abundance of exonucleolysis products generated 

at the indicated time intervals (see also Supplementary Figure 2). Data points represent the 

mean of two experiments (+/− SD). Exonucleolysis rates were calculated from the slopes of 

linear regression fitted to the initial data points (straight lines), divided by the concentration 

of the enzyme in the reaction. C) The ability of Pol γ to incorporate RTP into a nascent 

DNA strand was inferred from the ability of Pol γ Exo− to extend the primer in the presence 

of 0.5 mM RTP (lane 3). As a control, the assay was performed in the absence of RTP (lane 

1), or in the presence of 0.5 mM dATP as the incorporation reference (lane 2). Note that 

adenosine is the first nucleoside to be incorporated into the nascent strand (see Figure 1 

A). D) To test how ribonucleotides affect the activity of Pol γ, the primer extension assay 

was carried out using the wild-type or Exo− Pol γ variant (as indicated), in the presence or 
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absence of 0.5 mM ATP (lanes 1,3,4). For the incorporation reference, the assay was carried 

out in the presence of 0.5 mM dATP (lane 2).
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Figure 3. The cyano group (1’CN) of RTP may be sensed by Pol γ fidelity residues R853, N1098 
and Q1102, triggering exonucleolysis.
A) Structures of RTP and ATP. B) Possible sensing of the 2’ hydroxyl group (2’OH) of 

RTP by Pol γ residues E895, Y951 and Y955 in the pol catalytic site. C) Left panels, 

the 1’CN of RTP positions in close proximity to R853, N1098 and Q1102, simulating 

a distorted conformation of the primer-template similar to a nucleotide mismatch. Right 

panels, modeling of ATP in the pol catalytic site would not simulate a similar distortion. The 

catalytic Mg2+ ions are represented as green spheres
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Figure 4. The inhibitory effect of RTP on the DNA synthesis activity of Pol γ is persistent.
A) The inhibitory effect of RTP and ATP on DNA synthesis by Pol γ cannot be reversed 

by excess nucleotides. The primer extension assay was performed as described under 

“Materials and Methods”, using the wild-type Pol γ, 0.5 mM RTP, ATP, or dATP, and 

10 mM (total) dNTPs. Pol γ was preincubated for 5 minutes at room temperature, in 

the presence (+) or absence (−) of RTP, ATP, or dATP (as indicated). The premix was 

then added to the reaction mixture containing excess dNTPs, as well as RTP, ATP, or 

dATP if these were absent in the preincubation step (−). The abundance of the full-length 

products was normalized to reactions performed in the absence of RTP or ATP in the 

preincubation step (−) and the means of two experiments (+/− SD) were presented on a 

graph (bottom panel). B) The capacity of Pol γ to ‘recover’ after inhibition by RTP or 

ATP and reinitiate DNA synthesis on a new DNA substrate was tested by a staged primer 

extension assay, as described under “Materials and Methods”. Briefly, the wild-type Pol γ 
was initially incubated in the reaction mixture containing an unlabeled DNA substrate, in the 

presence (+) or absence (−) of 0.5 mM RTP, ATP, or dATP (as indicated) at 37°C. After 10 

minutes, four-fold excess of a second, fluorescently-labeled DNA substrate was added to the 

reaction mixture together with 2 mM dNTPs, and the incubation continued for the next 20 

minutes. As the control for the maximal DNA synthesis efficiency (ctrl), we performed the 

reaction in the absence of the primary unlabeled substrate and RTP, ATP, or dATP, with no 

preincubation step, for 20 minutes at 37°C (essentially an uninhibited primer extension over 

the labeled DNA substrate). The abundance of the full-length products was normalized to 
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reactions performed in the absence of RTP, ATP, or dATP (−) and the means of at least three 

experiments (+/− SD) were presented on a graph (bottom panel).
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Figure 5. Human neonatal dermal fibroblasts exhibit increased mtDNA copy number and no 
presence of the common deletion upon remdesivir nucleoside treatment.
Fibroblasts were cultured for three days after which remdesivir nucleoside (GS-441524) was 

added to the media to the indicated final concentration. Cells were collected after seven 

days of treatment. A) Total DNA was isolated and the relative mtDNA copy number was 

analyzed by Q-RT-PCR, as described under “Materials and Methods”. The data represent 

means of triplicates of two biological repeats, normalized to untreated cells (+/− SD). The 

statistical analysis was done by one-way ANOVA test followed by post-hoc Dunnett’s 

comparison of the remdesivir nucleoside-treated cells to the untreated cells, in GraphPad 

Prism. ****P<0.0001, ***P<0.001. B) The presence of the common deletion in mtDNA 

(mtDNA4977) in cells treated with the indicated concentration of remdesivir nucleoside was 

tested by nested PCR, as described in the “Materials and Methods”. The presence of mtDNA 

was confirmed by amplification of the 12S mitochondrial gene (12S). For the positive 

control of the common deletion induction, fibroblasts were treated with 50 μM ethidium 
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bromide (EtBr) as described in the “Materials and Methods”. The presence of the common 

deletion in the PCR product was confirmed by sequencing.
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