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Abstract: The SARS-CoV-2 non-structural protein 14 (nsp14), known 

as exoribonuclease is encoded from the large polyprotein of viral 

genome and is a major constituent of the transcription replication 

complex (TRC) machinery of the viral RNA synthesis. This protein is 

highly conserved among the coronaviruses and is a potential target 

for the development of a therapeutic drug. Here, we report the SARS-

CoV-2 nsp14 expression, show its structural characterization, and ss-

RNA exonuclease activity through vibrational and electronic 

spectroscopies. The deconvolution of amide-I band in the FTIR 

spectrum of the protein revealed a composition of 35% α-helix and 

25% β-sheets. The binding between protein and RNA is evidenced 

from the spectral changes in the amide-I region of the nsp14, showing 

protein conformational changes during the binding process. A value 

of 20.60 ± 3.81 mol L-1 of the binding constant (KD) is obtained for 

nsp14/RNA complex. The findings reported here can motivate further 

studies to develop structural models for better understanding the 

mechanism of exonuclease enzymes for correcting the viral genome 

and can help in the development of drugs against SARS-CoV-2.  

After outbreak of second severe acute respiratory syndrome 
coronavirus (SARS-CoV-2), much molecular level information has 
been published providing the detailed structural analysis of 
SARS-CoV-2 genome, which is almost similar to SARS-CoV with 
few differences in the accessary proteins.[1] SARS-CoV-2 genome 
is a positive-strand RNA of approximately 30 Kb, the largest of all 
known coronaviruses recognized so far.[2,3] The replication fidelity 
rate of most of the coronaviruses, including SARS-CoV-2, 
typically ranges from 10-6 to 10-7,[4] which is about 10-2 to 10-3 order 
of magnitude more accurate as compared to other RNA viruses.[5] 
Such a high-fidelity rate of SARS-CoVs genome is maintained 
because of the exonuclease activity of the non-structural protein 
14 (nsp14) of these viruses, which acts as a proofreading site in 
the transcription replication complex (TRC).[6] This enzyme avoids 
the occurrence of any error in the viral RNA during the synthesis 
process, thus keeps the replication cycle highly accurate.[7] The 
structure of SARS-CoV-2 nsp14 protein is composed of two 
functional domains: exonuclease (ExoN) domain and N-7 
methyltransferase (N7-MTase) domain.[8] Each domain has 
distinct function, which is functionally independent and structurally 
dependent on each other. While the ExoN domain is responsible 
for the proofreading of the newly synthesized RNA, the N7-MTase 
domain plays a major role in the messenger RNA (mRNA) 
capping. The specific arrangement of secondary structure 
elements makes the ExoN domain similar to the structure of other 

exonucleases of DEDDh superfamily e.g., DNA polymerase I and 
III from Escherichia coli (E. coli).[9] The DEDDh exonucleases 
follow a similar mechanism of catalysis, assisted  by two metal 
ions and one water molecule to remove the misincorporated 
nucleotides.[10] The ExoN domain of nsp14 has been reported to 
exhibit an exonuclease activity from 3´ to 5´ direction of nucleic 
acids, functioning as proofreading site by excising nucleoside 
monophosphate.[11] The ExoN activity of nsp14 is orchestrated by 
five conserved active sites residues that are arranged over three 
canonical motifs.[12] The exonuclease activity of nsp14 from 
SARS-CoV was first reported in vitro through biochemical 
analysis using different synthetic RNA strands as substrates.[13] 
Since then, several studies have been reported revealing that 
disrupting the activity of ExoN domain of nsp14 through 
inactivation or mutagenesis of active sites residues decreases the 
replication fidelity of the CoVs.[7,14] Therefore, investigating the 
nsp14 as a target for the drug development seems to be an 
effective strategy against the current Covid-19 pandemic and any 
future similar outbreaks. Previous studies on SARS-CoV and 
SARS-CoV-2 nsp14 and their interactions with RNA substrates 
have been limited only to biochemical analysis, such as gel-
electrophoresis,[4,7] which requires complex sampling procedure, 
labelling, and expensive detection methods.  

Fourier Transform Infrared (FTIR) spectroscopy on the 
other hand is a fast, simple and label-free technique, and has a 
great potential in analyzing the biological samples, particularly the 
proteins and the nucleic acids,[15,16] because of the vibrational 
signatures of these molecules and has been extensively exploited 
for taking a detailed information of these molecules and their 
interaction. Most importantly, the binding of the proteins with the 
DNA/RNA occurs via the electrostatic interaction between the 
polypeptide chain and the phosphate backbone of the nucleic 
acids,[17,18] which could be observed from the changes in the 
vibrational modes characteristic to these structures. Therefore, 
the IR spectroscopy provides useful insights into the proteins and 
oligonucleotides structures, being a suitable alternative for 
characterization of SARS-CoV-2 nsp14 protein and investigation 
of its molecular interaction with the RNA substrates for better 
understanding the mechanism behind this process. 

Here, we report the SARS-CoV-2 nsp14 expression and 
purification protocol[19] (Supporting information, S-1 and S-2) and 
provide the spectroscopic data on the structural analysis of nsp14 
in the isolated form and its interaction with RNA substrate in 
aqueous solution. As a further support to the traditional 
biochemical characterization of the nsp14/RNA complex 
formation in vitro and in the drug development process, we 
propose a new micro-FTIR spectroscopy assay that provides
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Figure 1. Micro-FTIR spectroscopy of nsp14, RNA, and nsp14/RNA complex: 
(a) micro-FTIR spectra of nsp14 (▬) and RNA (▬) films immobilized on Au-
coated glass substrate, (b) micro-FTIR spectra of nsp14 (▬), RNA (▬), and 
nsp14/RNA complex (▬) films immobilized on Au-coated glass substrate  (the 
FTIR spectra shown in panel (a) are of the dialyzed samples solution, whereas 
the spectra recorded in panel (b) are of buffered samples solution), (c) 
deconvoluted amide-I band of nsp14 for obtaining secondary structure elements 
of protein, and (d) deconvoluted amide-I band of nsp14/RNA complex for 
obtaining secondary structure elements of the protein. The red lines in panels 
(c) and (d) represent the sum of the fits from all individual contributions. 

 
fundamental understanding of the major important biomolecular 
interaction process. For this, we report the structural analysis of 
SARS-CoV-2 nsp14 protein and RNA through multiplexed micro-
FTIR spectroscopy. Additionally, we show the interaction of 
protein with the RNA under physiological conditions and support 
our results by calculating the binding constant (KD) of the 
nsp14/RNA complex formation through UV-Vis spectroscopy.  
  FTIR spectroscopy has shown an important role in the 
determination of protein secondary structure, protein 
conformational analysis, and structural characterization of nucleic 
acids. Particularly in the mid-infrared (MIR) region (i.e., from 4000 
to 700 cm-1) of the IR spectrum, both proteins and nucleic acids 
exhibit well-defined IR bands due to the presence of defining 
features present in the structures of these molecules, such as 
amide-I and amide-II bands of proteins and phosphate backbone 
bands of nucleic acids.[20] As micro-FTIR spectroscopy enables 
the data collection from minute amount of sample (~2 µL) 
supported on gold coated glass mirror with enhanced sensitivity, 
we used this technique for analyzing our samples. A small amount 
(2 µL) of the nsp14 and RNA sample solutions were drop-cast on 
a gold-coated glass substrate and dried at room temperature for 
about 30 minutes, resulting in the formation of thin films (see 
supporting information S-4 and Figure S2 for further details). 

Micro-FTIR spectroscopic measurements were performed 
by averaging 256 spectra, which were collected from 4096 
different points of the probing sample with a spatial resolution of 
2.5 µm. Figure 1a shows the micro-FTIR spectra of nsp14 and 
RNA exhibiting the characteristic vibrational bands of protein and 
nucleic acids (for the detail assignment of the bands observed in 
the FTIR spectra, see Table S1, Table S2). For the nsp14, the 
main bands are observed at 1665 and 1550 cm-1, which are the 
principle vibrational modes of the protein structure and are 
assigned as amide-I and amide-II bands, respectively. The third 
most important band is attributed to amide-III, which is observed 
at 1245 cm-1. Besides, the other bands observed at 1448, 1320, 
and 1080 cm-1 correspond to the CH deformation, CH2 wagging, 
and C-C stretching vibrational modes, respectively. On the other 
hand, in the RNA spectrum, the main vibrational modes, 1710, 
1645, 1600, and 1480 cm-1 correspond to the C=O stretching,  
C=C stretching mode of uracil, C=N stretching mode of adenine, 
and C-H deformation mode, respectively.[18,21] Similarly, the 
fingerprint vibrational modes of oligonucleotide (i.e., symmetric 
and asymmetric stretching modes of PO2-) were observed at 1240 
and 1080 cm-1, respectively. The chemical images are obtained 

by the integration of the amide-I band and phosphate backbone 
band in the micro-FTIR spectra for nsp14 and RNA, respectively, 
showing the distribution of these spectral bands and hence of the 
samples along the probed areas of the sample films (Supporting 
information, S-5).  

Next, we show the interaction between nsp14 and RNA 
through measurement of micro-FTIR spectra, recorded for nsp14, 
RNA, and nsp14/RNA complex (Figure 1b). Evidence for 
complexation comes from the changes observed in the spectral 
bands of protein after interaction with RNA. The change is more 
pronounced in the amide-I (highlighted), where this band shifts to 
a lower wavenumber from 1640 to 1630 cm-1. The amide-I being 
a hybrid band of C=O and C-N groups stretching, which are the 
main components of the protein polypeptide chain, the results 
suggest that the molecular interaction between the exonuclease 
and RNA substrate occurs via hydrogen bonding from the 
polypeptide matrix. Besides, these spectral changes also propose 
a change in the protein conformation after complexation. Further 
insight into the nsp14-RNA interaction comes from the protein 
conformational analysis before and after complexation. For this 
the nsp14 secondary structure elements were obtained by the 
deconvolution of amide-I band (i.e., from 1700 to 1610 cm-1 ) 
according to the second derivative method[22] and the bands were 
assigned as reported elsewhere.[23] The results showed that 
nsp14 is composed of 35%  α-helix and 25% β-sheets (Figure 1c), 
which is consistent to the protein crystal structure data.[8] The 
comparison of the secondary structure elements obtained from 
the deconvolution of amide-I with that from protein data bank 
(PDB) is shown in Table S3. However, some alteration in 
secondary structure elements of protein was noticed after the 
nsp14/RNA complex formation (Figure 1d). A major change (from 
25% to 33%) was observed in β-sheets, with an associated 
decrease in the random coils (from 27% to 19%), suggesting a 
partial unfolding of protein during the binding and proof-reading 
process. These results show that the protein undergoes structural 
change to form the active catalytic site before it interacts with the 
RNA for the removal of mismatched nucleotides.  

The UV-Vis absorption spectra of free RNA, nsp14, and 
nsp14/RNA complex are shown in Figure 2a. The absorption 
spectra of nsp14 and RNA show the characteristic absorption 
bands at approximately 280 and 260 nm, corresponding to π – π* 
transition of aromatic amino acids residues (Trp and Tyr) and  
guanine nucleobases, respectively. However, the spectrum of 
nsp14-RNA exhibits combined features from both protein and 
RNA, particularly the newly developed band at 230 nm 
(highlighted), corresponding to transition from peptide group of 
main chain. The nsp14/RNA binding constant was calculated 
through UV-Vis absorption spectroscopy by measuring the 
absorption of the complexes formed from the different protein 
concentration and constant oligonucleotide concentration (Figure 
2b and supporting information S6). For this an experimental plot 
was constructed by using the Benesi-Hildebrand method, as 
described by the following Equation:[24] 
 

 

After rearrangement and replacing Cligand by Cprotein we obtained 
the following Equation: 

 

A value of 20.60 ± 3.81 mol L-1 of the KD was obtained for 
nsp14/RNA complex by linear fitting the experimental data to 
equation 2 (Figure 2c), which is considerably lower than the 
values previously reported for the RNA complexes with other 
proteins[18]. The low value of KD of nsp14/RNA complex is 
attributed to the lower activity of nsp14 due to the absence of 
nsp10 protein, which improves the activity of nsp14 by several 
folds by acting as co-factor of nsp14.[25] 
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Figure 2. UV-Vis absorption spectroscopy of nsp14, RNA, and nsp14/RNA 

complex: (a) UV-Vis spectra of nsp14 (▬), RNA (▬), and nsp14/RNA complex 

(▬), (b) UV-Vis spectra of nsp14-/RNA complexes with constant RNA and 

varying protein concentration, and (c) Benesi-Hildebrand plot for the binding 

constant (KD) determination of nsp14/RNA complex. The absorbance was 

measured in triplicate for each protein/RNA complex. 

 
 

In summary, we have provided the SARS-CoV-2 non-
structural nsp14 expression protocol and a structural 
spectroscopic characterization toward nsp 14 and RNA binding. 
Weak binding and spectroscopic signature of SARS-CoV-2 nsp14 
protein interaction with RNA are presented. For better 
understanding the genome editing process, it is important to 
biochemically characterize this protein in the presence and 
absence of RNA substrates. Some studies are reported in the 
literature,[4,5,26] providing the detailed structural information of 
nsp14 and its exonuclease activity. They are related to traditional 
biochemical analysis showing no efforts for understanding the 
mechanism of the binding and proofreading process. In another 
way, here we adopt an approach by using micro-FTIR 
spectroscopy, an easy-to-handle characterization and 
investigation tool of biological molecules to study nsp14 and its 
exonuclease activity in the presence of RNA substrate. The 
excessively large genome of coronaviruses puts a burden on 
these viruses because the viral genome can incur errors during 
the replication process. Therefore, it is necessary for the 
coronaviruses to develop a mechanism to guarantee the error-
free progeny. The SARS-CoV and SARS-CoV-2 nsp14 protein is 
believed to involve in the proof-reading of the nascent RNA, 
because of its structural similarities to other exonucleases, such 
as DNA polymerase.  

By using micro-FTIR spectroscopy protocol, we have shown 
the basic structural components of both nsp14 and RNA 
molecules and changes in the protein conformation upon binding 
to RNA. The secondary structure elements obtained via the 
deconvolution of the amide-I band are in close agreement to the 
protein crystal structure data. The spectral changes observed in 
the micro-FTIR spectrum of nsp14/RNA complex as compared to 
individual spectra, revealed that protein undergoes structural 
changes upon binding to RNA. UV-Vis spectroscopy showed the 
defining absorption bands of both nsp14 and RNA and 
appearance of extra bands in their binary complex, conforming 
that the interaction occurs through the polypeptide chain. Based 
on the results obtained from micro-FTIR and UV-Vis spectroscopy, 
it is inferred that protein undergoes conformational change upon 
RNA binding, which is considered as an important process for the 
catalytic activity of protein. Though a detailed mechanism of the 
catalytic process of nsp14 for removing the uncorrected 
nucleobases from the viral genome during the replication process 
still to be developed, our study can provide a fundamental step in 
this direction. 
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