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Abstract 
 
The SARS 2 (Covid 19) helicase nsp13 plays a critically important  role in the replication of the 
Corona virus by unwinding double-stranded RNA (and DNA) with a 5’ 3’ strand polarity.  Here 
we explored the impact of single, structurally defined covalent DNA lesions on the helicase 
activity of nsp13 in aqueous solutions,  The objectives were to derive mechanistic insights into 
the relationships between the structures of DNA lesions, the DNA distortions that they 
engender, and the inhibition of helicase activity. The lesions included two bulky stereoisomeric 
N2-guanine adducts derived from the reactions of benzo[a]pyrene diol epoxide with DNA.  The 
trans-adduct assumes a minor groove conformation, while the cis-product adopts a base-
displaced intercalated conformation. The non-bulky DNA lesions included the intra-strand cross-
linked thymine dimers, the cis-syn-cyclobutane pyrimidine dimer, and the pyrimidine (6−4) 
pyrimidone photoproduct. All four lesions strongly inhibit the helicase activity of nsp13,  The UV 
photolesions feature a 2 - 5-fold smaller inhibition of the nsp13 unwinding activity than the bulky 
DNA adducts, and the kinetics of these two pairs of DNA lesions are also different.  The 
connections between the structural features of these four DNA lesions and their impact on 
nsp13 unwinding efficiencies are discussed.  
 
Introduction 
 

The lifecycle of the SARS-CoV-2 virus and its replication in infected human host cells 
depends critically on its mechanism of replication. The nsp13 helicase belongs to the NSF1 
superfamily of helicases that plays a critical role in the replication of the virus by first unwinding 
double-stranded RNA to provide a single-stranded template for the transcription of the viral 
genome. The reduction of functional helicase activities by small molecule inhibitors has been 
considered for potential cancer therapy applications.1, 2 More recently, the COVID19 pandemic 
stimulated significant interest in the design of new inhibitors3-5 for suppressing the SARS-Cov-2 
helicase unwinding activities and the replication of the virus.6  

The nsp13 helicase unwinds unmodified double-stranded RNA6, 7  or DNA6-10  with a 5’ 3’ 
translocation polarity by an ATP-driven mechanism. The helicase can be inhibited either by blocking 
ATP hydrolysis,7 or by inhibiting the unwinding of the nsp13 helicase without necessarily affecting  
the ATPase activity.10-15  The latter approach has received more attention than the direct inhibition of 
the unwinding mechanism.4, 16-18  

The impact of non-covalent binding of various small molecules on the unwinding of double-
stranded DNA by various helicases has been studied.19 However, connections between helicase 
unwinding efficiencies and the molecular structures of the non-covalent DNA complexes are difficult 
to establish; furthermore, the potential formation of structurally different complexes cannot be 
excluded. Thus, the impact of single, covalent, and structurally defined DNA lesions on unwinding 
activities could provide useful insights into helicase umwinding structure-function relationships.19, 20 
However, this approach has received much less attention, and thus remains an understudied area 
in this field.  

In this communication, we summarize preliminary results that indicate that the UV cross-linked 
thymine dimer photolesions, the cyclobutane pyrimidine thymine dimer (CPD) and the pyrimidine 
(6−4) pyrimidone photoproduct, 6-4)PP (Fig. 1), and the bulky polycyclic aromatic DNA adducts 
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(Fig. 2), diminish unwinding of double-stranded DNA with variable efficiencies. The two bulky 
DNA adducts (Fig. 1) were derived from the cis- 
or trans-addition of the exocyclic 
amino group of guanine to the C10 atom of the 
aromatic diol epoxide derivative (+)-7R,8S)-
dihydroxy-(9S,10R)-epoxy-7,8,9,10 tetra-
hydrobenzo[a]pyrene ((+)-anti-B[a]PDE).21, 22 The 
UV photolesions, the cyclobutane pyrimidine 
dimer (CPD) and the pyrimidine(6−4)pyrimidone 
photoproducts, were generated by UV light, and 
separated and purified by HPLC methods.23 The 
structural features of the two stereoisomeric 
B[a]PDE-N2-dG adducts positioned in double-
stranded DNA duplexes have been established by 
high-resolution NMR methods (Fig. 2). The trans 
adduct is positioned externally in the minor groove 
of DNA oriented towards the 5’-direction of the 
modified strand.22 The stereoisomeric cis adduct 
is intercalated, and the modified guanine residue 
is displaced into the minor groove, while its 
partner cytosine is displaced into the major 
groove21 (Fig. 2). Analysis of high resolution NMR 
data, indicates that Watson-Crick base pairing is 
absent at the (6-4)PP crosslinked TT step and at 
the  adjacent base pair on the 3’-side,  and that 
the DNA duplex is bent by a rigid 440 bend.24  By 
contrast, hydrogen bonding at the TT CPD dimer 
is maintained with a much smaller bend in the 
duplex of only ~90 .25   

 
Methods. 
 
The oligonucleotide substrate used in the unwinding assays is shown below: 
 

5'-GCTTGCATGCCTGCAGGTCGACTCTAGAGGATCCATCXCTACCTACGAGG-BHQ2 
                                                                      3'-TCTCCTAGGTAGCGATGGATGCTCC-Cy3 
 
The 3’-ends of the top, 5’---> 3’ helicase translocation strands, were labeled with the BHQ2 
fluorescence quencher, while the 5’-end of the bottom strand contained the fluorescent Cy3 dye 
opposite BHQ2. The top strand contained 25 base pairs in the double-stranded region, and 25 
nucleotides in the single-stranded overhang. The DNA lesions are denoted by X.  In the double-
stranded DNA substrates, the fluorescence emission of Cy3 (λmax=564 nm) was generated by 
excitation with a green diode laser (515 nm). In the case of the fully double-stranded DNA 
sequence, the fluorescence of Cy3 is fully quenched by BHQ2 in the opposite strand. The 
unwinding of the double-stranded DNA substrates induced by the nsp13 helicase dissociates 
the two strands, and the fluorescence of Cy3 is not quenched. The kinetics of unwinding were 
thus determined by monitoring the Cy3 fluorescence intensity at 564 nm.26  
 At the 5 nM DNA concentration employed in these experiments, the re-association rate of 
the two separated strands was negligible on the time scale of the experiment.  Prior to the 
unwinding experiments, the DNA substrates were pre-equilibrated with the nsp13 protein (60 

 

Fig. 2.  Stereochemical features and confor- 
mations of B[a]PDE-N2-dG adducts.  

 

 

 

Fig.1. (A) Structures of CPD, and (B) (6 - 
4)PP.  
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nM),  and the unwinding reactions were initiated by mixing this solution with aliquots of the 
unwinding buffer that contained ATP. All experiments were conducted at 25 0C.   
 
Unwinding phenomena. 
 

Typical unwinding results are depicted in Fig. 2.  All four DNA lesions were subjected to  
identical experimental conditions (DNA and protein concentrations, etc.)   In general, the 

unwinding kinetics follow the classic 
exponential kinetics: 
                             
    F(t) = Fburst + Fo[1 – exp(-kobst)]    
 

This equation features a burst of 
unwinding (Fburst) that is associated with the 
rapid unwinding induced by pre-existing non-
covalent helicase-DNA duplexes.  The slower 
phase is  due to subsequent complex 
formation and unwinding kinetics. Burst 
kinetics are indeed observed in the case of 
unmodified DNA (Fig. 3), but the burst is 
absent in the case of DNA containing any of 
the four DNA lesions (Fig. 4). The DNA 
lesions inhibit the burst activity, while the 
rates of unwinding depend on the nature of 
the DNA lesions and are ~ 20-100  times 
slower than in the case of unmodified DNA 
(Fig. 5).  It is well established that the 
formation of oligomeric nsp13 complexes is 
necessary for successful unwinding activity,8  
but it is not yet clear whether the DNA 
lesions inhibit the formation of productive 
oligomeric nsp13 complexes, or whether 
such complexes are formed but are 
unproductive in the presence of DNA 
lesions.  

 The differences in unwinding rates 
between the cis- and trans- BPDE-dG 
adducts suggest that the minor groove trans 
adduct22 is a lesser obstacle to unwinding 
than the intercalated base-displaced cis 
adduct.21 The trans adduct is characterized 
by intact base pairing at the site of the 
modified guanine and an almost normal 
backbone, while in the case of the cis-

adduct the backbone is more distorted around the lesion site and the modified guanine is 
completely displaced from the interior of the duplex.22 In the case of the trans-adduct , the 
modified guanine residue remains hydrogen bonded to its partner strand residue C in the 
complementary strand, and the bulky aromatic ring system is located in the minor groove  
pointing towards the 5’-end of the modified strand.22 For successful unwinding to occur, the 
translocating strand must pass through a narrow channel formed by three of the five major 

 

Fig. 3.  Unwinding of unmodified DNA by nsp13 
(top). DNA lesions are shown on the bottom 
(same color scheme as in Fig. 4)  

 

         
      

 

Fig. 4.  Impact of DNA lesions on the unwinding of  
double-stranded DNA by the nsp13 helicase.   
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domains of nsp13.27  However, the bypass 
of the  bulky DNA lesions is only 2 - 5  
times slower than the rates of unwinding of 
the ‘non-bulky thymine dimers CPD and (6-
4)PP.   

These results suggest that the 
intrastrand cross-linked DNA lesions CPD 
and (6-4)PP , although ‘non-bulky’, also 
strongly inhibit the unwinding of DNA 
catalyzed by nsp13.  The CPD thymine 
dimer features two covalent cross-links 
rather than only one in (6-4)PP, but is 
overall less distorting than the (6-4)PP 
lesion.24, 25  The latter features a strong kink 
at the site of the lesion and a greater loss of 
base pairing than CPD, all of which is 
consistent with its moderately slower 
unwinding rate relative to CPD (Fig.  4).  

  Finally, the unwinding kinetics of the  UV photolesions and the bulky B[a]PDE-N2-dG 
adducts are qualitatively different (Fig. 4).   In the case of the UV lesions, the yields of 
unwinding products level off after reaching yields of 25 – 35%, while the rate of formation of 
products continues linearly up to yields of at least 25 -35% in the case of the  B[a]PDE-N2-dG 
adducts.  Ongoing and future studies are focused on detailed analyses of the effects of nsp13 
concentrations and oligomerization on binding equilibria and unwinding kinetics. These studies 
will include structurally different,  bulky DNA lesions, and oxidatively derived guanine lesions28 
that feature only one damaged nucleotide in the translocated strand rather than the two 
adjacent, intrastrand crosslinked  thymine bases in CPD and (6-4)PP.   
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