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COVID-19: A Rapidly Evolving Disease

Almost two years on from the start 
of the COVID-19 pandemic, there 
have been more than 240 million 
confirmed cases of the disease and 
almost 5 million deaths linked to 
COVID-19 worldwide. According to the 
World Health Organization, COVID-19 
remains a rapidly evolving disease that 
continues to push healthcare systems 
beyond their current capacities in most 
countries across the globe. 

As the SARS-CoV-2 virus continues to 
circulate, more variants will continue 
to emerge. To date, four variants have 
been designated specific variants of 
concern, all of which are even more 
transmissible than the ancestral strain 
of SARS-CoV-2. Currently, a further five 
variants of interest are being closely 
monitored and evaluated. Alongside the 
implementation of a global vaccination 
effort, the development of effective 
antiviral treatments targeting SARS-
CoV-2 is a primary focus in the global 
effort to curb the COVID-19 pandemic.

Using a Nucleotide Analogue to Jam 
the RNA Synthesis Mechanism

SARS-CoV-2 is a newly emerged 
member of the family of coronaviruses. 
Coronaviruses are enveloped, which 
means they contain an outermost layer 
that protects their genetic material 
when travelling between host cells. 
SARS-CoV-2 is also a single-stranded 
ribonucleic acid (RNA) virus. RNA is a 
multifunctional molecule that, among 
other capabilities, works to convert 
genetic information into proteins. 

The key RNA synthesising engine of the 
replication-transcription machinery 
encoded in the genomes of all RNA 
viruses, including SARS-CoV-2, is the 
RNA-dependent RNA polymerase (RdRp) 
enzyme. 

Remdesivir (RDV) is the only Food 
and Drug Administration approved 
drug available so far for the treatment 
of COVID-19. Nucleosides are 
structural subunits of nucleic acids, 
and nucleoside analogues resemble 
naturally occurring nucleosides to form 
an important class of antiviral agents. 
RDV is one example of an antiviral 

compound that was designed to 
function as a nucleotide analogue, and 
it can be phosphorylated to closely 
resemble adenosine triphosphate (ATP), 
the ubiquitous molecule that carries 
energy within cells. 

RDV was originally developed as an 
antiviral treatment for the Ebola virus 
and infections by other coronaviruses, 
such as Middle East respiratory 
syndrome and the severe acute 
respiratory syndrome coronaviruses 
known as MERS-CoV and SARS-CoV. 
Critically, RDV works by interfering with 
viral genome replication and directly 
competing with substrates of the viral 
RdRp. But how is this achieved? 

REMDESIVIR: HALTING THE 
VIRAL REPLICATION OF 
SARS-CoV-2

The design of effective antivirals is a key priority in the global effort 
to curb the pandemic caused by the novel coronavirus SARS-CoV-2. 
The FDA-approved drug Remdesivir (RDV) acts by interfering with 
the SARS-CoV-2 viral replication mechanism. Dr Jin Yu and her team 
from the University of California, Irvine, conducted a computational 
study to elucidate how the RNA-dependent RNA polymerase (RdRp), 
responsible for SARS-CoV-2 genomic replication, is inhibited by RDV. 
Excitingly, they showed that RDV binds tightly to RdRp, stabilising a 
closed conformation of the active site for successful incorporation to 
effectively halt viral replication.
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Dr Jin Yu from the University of California, Irvine, and her 
colleagues conducted an elegant computational study to better 
understand how the nucleotide analogue drug remdesivir (RDV-
TP) binds and inserts to the SARS-CoV-2 RdRp active site, in 
competition with the natural nucleotide substrate ATP. 

In order to achieve this, the team first constructed atomic 
structural models, based on the high-resolution structures 
determined recently for SARS-CoV-2 RdRp. The study, published 
in September 2021 in Molecular Systems Design & Engineering 
by the Royal Society of Chemistry (and featured on the back 
cover of the issue), shows that RDV is first metabolised into 
its active form, an adenosine analogue, to interfere with 
SARS-Cov-2 RdRp. The researchers showed that once in 
the active site, RDV forms base stacking with RNA template 
nucleotide and then binds tightly to the enzyme, so that it can 
be incorporated into the synthesising RNA chain and later on, 
hinder the RNA synthesis functions of the SARS-CoV-2 RdRp, 
effectively halting the mechanism of viral replication.

The Advantages of In Silico Investigations Over In Vitro 
Enzyme Assays

In their 2021 study, Dr Yu and her team simulated the insertion 
of triphosphate from RDV-TP into the SARS-CoV-2 RdRp active 
site. The team employed a high-performance computing 
approach that enabled them to develop a computational 
microscope to explore the active site of the RNA polymerase. 
The technique allowed Dr Yu and her team to reveal how 
natural nucleotides and nucleotide analogue drug candidates 
incorporate into the RNA chain during viral replication. 

The rationale for simulating the nucleotide analogue binding 
and insertion, rather than monitoring the activity of RdRp in 
vitro, in the presence of RDV, is that the synthesis of the active 
nucleotide analogue compound requires considerable time 
and cannot zoom into molecular dynamics details, to some 
extent hindering rapid experimental testing. In silico modelling 
and simulation make it comparatively straightforward to 
provide insights on the structural and energetics details of the 
RdRp directed nucleotide incorporation in viral RNA synthesis. 
Combined with experimental studies, the computational 
investigations are expected to reveal the physical mechanisms 
of viral RdRp function, providing the basis for future 
collaborative efforts on developing drug therapeutics for the 
treatment of COVID-19.

During the RNA chain elongation process of replication 
or transcription, a nucleotide binds to the active site of 
the polymerase (or nearby), subject to initial screening by 
selectivity of the polymerase and then by collaborative 
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Reproduced with kind permission from the Royal Society of Chemistry.

proofreading mechanisms. RdRp recruits ribonucleotides 
one at a time to the active site and adds the nucleotide to 
the growing RNA chain. Dr Yu and her colleagues highlighted 
a complex network of subtle local interactions of amino 
acids that facilitate the binding and insertion of RDV onto the 
active site of the viral RdRp. RDV-TP, the nucleotide analogue, 
disguises itself as a similar ATP substrate for the synthesis of 
RNA, successfully evading the initial screening, and later, the 
proofreading step in the RdRp active site. 

In fact, the researchers even suggest that the binding and 
insertion of RDV-TP to the active site of SARS-CoV-2 RdRp can 
be favoured over that of the natural substrate ATP. The team 
showed that the RDV-TP initial binding is favoured by forming 
base stacking with the template RNA nucleotide, and then 
the RDV-TP insertion is further facilitated and stabilised by 
hydrogen bonding and salt-bridge interactions between the 
nucleotide analogue and specific residues around the RdRp 
active site. Following the successful RDV-TP insertion and 
incorporation to the viral RNA chain, several nucleotides can be 
additionally added to the growing RNA chain until termination 
happens. This is consistent with previous studies that showed 
that RDV inhibits the Ebola virus and MERS coronavirus via a 
delayed chain termination mechanism.

Future Developments

The focus of Dr Yu’s research is aimed at better understanding 
the biophysics and biochemistry of living systems obtained 
through a wide spectrum of molecular modelling and 
simulation techniques. Dr Yu and her team have access to the 
world’s most powerful high-performance computing resources, 
the Summit supercomputer from the Oak Ridge National 
Lab Leadership Computing Facility, that supports COVID-19 
research through the COVID-19 High Performance Computing 
Consortium. This consortium brings together industry, 
academic and federal agency experts to conduct extensive 
research in areas like bioinformatics, epidemiology, and 
molecular modelling to develop strategies to address the threat 
posed by COVID-19.

The ongoing interdisciplinary studies at the Yu laboratory 
offer high promise in the development of effective antivirals 
for the treatment of COVID-19 as well as other diseases. The 
team’s planned in silico studies will further clarify the physical 
mechanism of action of RDV and similar analogues and pave 
the way for the development of additional antiviral compounds 
and inhibitors of SARS-CoV-2 RdRp. The team also plans to 
look further into the RNA synthesis mechanisms in SARS-CoV-2, 
probing for potential drug resistance of the fast-evolving RNA 
virus. 
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