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Nspl stalls DNA polymerase a at
DNA hairpins

Andrey G. Baranovskiy, Lucia M. Morstadt, Nigar D. Babayeva & Tahir H. Tahirov™*

The human primosome, a four-subunit complex of DNA primase and DNA polymerase alpha (Pola),
plays a critical role in DNA replication by initiating RNA and DNA synthesis on both chromosome
strands. A recent study has shown that a major virulence factor in the SARS-CoV-2 infection, Nspl
(non-structural protein 1), forms a stable complex with Pola but does not affect primosome activity.
Here we show that Nsp1l inhibits DNA synthesis across inverted repeats prone to hairpin formation.
Analysis of current structural data revealed the overlapping binding sites for Nsp1 and the winged
helix-turn-helix domain of RPA (WHTH) on Pola, pointing to a potential competition between them.
Comparison of the inhibitory effect of Nsp1 and wHTH on DNA hairpin bypass by Pola showed an
eightfold lower IC,, value for Nsp1 (1 pM). This study provides valuable insight into the mechanism of
inhibition of human DNA replication by Nsp1 during a SARS-CoV-2 infection.

The SARS-CoV-2 coronavirus is the causative agent of the COVID-19 (Coronavirus disease-2019) pandemic,
which had a devastating impact on public health and the global economy. SARS-CoV-2 dysregulates the immune
inflammatory response and is characterized by organ dysfunction, high levels of cytokines, and lymphopenia'.
Nsp1 is a major virulence factor for SARS, which plays an important role in the suppression of the innate immune
response®’. Nsp1 mainly targets the Type 1 interferon (IFN-1) signaling pathway, which activates hundreds of
genes responsible for the antiviral response’. Nspl inhibits phosphorylation of STAT1, a signal transcription
protein, which forms a heterodimer with STAT2 and associates with the regulatory factor IRF9, resulting in
formation of the IFN-stimulated gene factor 3°.

In addition, Nsp1 inhibits the IFN-1 response by blocking the expression of host proteins in different ways.
Nspl interacts with the nuclear pore complex and inhibits the export of nuclear mRNA into the cytoplasm®”.
Nsp1 also facilitates the degradation of host mRNA by recruiting cellular nucleases®. Also, Nsp1 binds near the
mRNA entry channel of the 40S ribosome subunit and inhibits the initiation of translation!®!!. At the same time,
structural features of viral RNAs allow them to escape Nsp1-mediated degradation and inhibition of translation.

The SARS-CoV-2 protein interaction map, published in 2020, shows that the human primosome is a potential
target for Nsp1!2. Intriguingly, among all DNA replication factors, only the primosome, the hetero-tetrameric
complex of primase and DNA polymerase a (Pola), is targeted by SARS-CoV-2. The cryoEM structure of the
complex of human primosome with a small globular domain of Nspl revealed that Nspl interacts with an
exonuclease domain of Pola'®. Nsp1 docked away from the active site and the DNA-binding cleft of Pola and
showed no effect on its DNA polymerase activity.

The primosome initiates synthesis of every DNA strand by making the chimeric RNA-DNA primers required
for loading the main DNA replicases'*!°. During self-regulated intramolecular primosome reactions, primase
synthesizes de novo the RNA primer, which is then extended by Pola with deoxyribonucleotides. Pola belongs
to the B-family of DNA polymerases and contains catalytic and accessory subunits. The catalytic domain of
human Pola (Pola ., residues 335-1244) adopts the universal “right-hand” DNA polymerase fold containing
the following domains: N-terminal, exonuclease, “palm”, “thumb’, and “fingers”'¢. The exonuclease domain does
not possess a 3’-exonuclease activity and plays a structural role.

Recently we have shown that RPA, a single-strand DNA-binding protein, is critical for the human primosome
and Pola during DNA synthesis across inverted repeats'”. RPA is composed of three subunits: RPA70, RPA32,
and RPA14, and contains four DNA-binding domains, resulting in a high affinity to DNA!®1°. The C-terminus
of RPA32 contains the flexible wHTH domain (residues 178-270, including the linker), which interacts with
different DNA-dependent enzymes including Pola?*-22,

We recently reported the cryo-EM structure of the RPAcore/Pola.,/DNA complex, which uncovered the
flexible mode of RPA-Pola interaction where the wHTH domain plays a critical role!'’. According to biochemical
studies, this domain is essential for RPA-Pola cooperation and DNA synthesis across hairpins'’. Strikingly,
superposition of RPAcore/Pola,,/DNA and Nsp1/primosome complexes revealed overlapping binding sites on
Pola for wHTH and Nspl (Fig. 1). This finding points to a potential role of Nsp1 in the disruption of the RPA-
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Pola interaction, resulting in the primosome stalling at DNA hairpins. To evaluate this hypothesis, we compared
the wHTH-Pola and Nspl-Pola interaction interfaces and conducted biochemical studies demonstrating the
inhibitory effect of Nsp1 on hairpin bypass by the RPA/Pola, ., complex. Inhibitory assays have shown that Nsp1
forms a more stable complex with Pola than the wHTH domain does, which is consistent with the analysis of the
corresponding interaction interfaces.

Results and discussion

Comparison of interaction interfaces between Pola and Nspl, and between Pola and the wHTH-domain of
RPA, indicates that the contact area is larger in the Nsp1/Pola complex (Fig. 2). There are five potential H-bonds
between Pola and the wHTH-domain, with involvement of Glu610, Thr617, Arg616, His658, and Lys661 of Pola
and Ser250, Asn251, Tyr256, Thr258, and Val259 of RPA (Fig. 2A). At the Nspl-Pola interface, there are eight
potential H-bonds, with contribution from Pola residues Lys599, Ala613, Thr614, Arg616, Thr617, Lys628, and
Lys655 and Nspl residues Arg24, Asp33, Glu41, His45, Aspn48, and Gly49 (Fig. 2B). Of note, Asp33 of Nspl
may form salt bridges with Arg616 and Lys655 of Pola. The side chains of two Pola residues, Arg616 and Thr617,
participate in H-bonding with both Nsp1 and the wHTH-domain. Three wHTH residues, Tyr256, Thr258, and
Thr267, are involved in hydrophobic interactions with Pola (amino acids Thr617, Gly620, Phe621, and Ala624)
(Fig. 2C). The same Pola residues interact with Nsp1, with the addition of Ala613 (Fig. 2D). The hydrophobic
Pola-binding interface of Nspl is formed by six residues: Leu27, Val28, His45, Thr50, Pro109, and Vall11.

As we showed previously'’, the nine base-pair (bp) hairpin stalls Pola,p,, which requires RPA for efficient
hairpin bypass (Supplementary Fig. S1 and Fig. 3, lanes 1-3). Intriguingly, addition of Nsp1 significantly inhibits
DNA synthesis across the hairpin by the RPA/Pola., complex (Fig. 3, lanes 4-6). Replacement of the conserved
residue Val28 with aspartate, a mutation known to disrupt the Nsp1/Pola complex!?, almost completely recovered
the hairpin bypass (Fig. 3, lanes 7-9). These results indicate that the inhibitory effect of Nsp1 on DNA synthesis
across inverted repeats is mediated by its specific interaction with Pola.

The wHTH domain also inhibits hairpin bypass but with a lower efficiency (Fig. 3, lanes 10-12). We compared
the inhibitory effect of Nspl and wHTH on hairpin bypass by the RPA/Pola,, complex (Fig. 4). The obtained
IC,, values (1.03 £0.04 uM for Nsp1 and 8.14+0.38 uM for wHTH) are consistent with structural data showing
more contacts at the Nsp1-Pola interface (Fig. 2). These data indicate that Nspl efficiently competes with RPA
for interaction with Pola. The effect of Nsp1 on hairpin bypass by the RPA/Pola complex is therefore similar to
deletion of the wHTH domain'”.

Pola localizes both in the nucleus and in the cytoplasm?*2?%, Nspl1 is a cytoplasmic protein!2. A small fraction
of Nspl was detected in the nucleus of Vero cells 9 h post-infection?. The nuclear localization of Nspl was
also observed in plasmid-transfected cells®!>2°. It is possible that Nsp1 binds to Pola in the cytoplasm, and the
complex then migrates to the nucleus. The findings of this study allow us to speculate that Nsp1 has the potential
to inhibit synthesis of the telomeric C-strand by the CST/primosome complex because the wHTH2 domain of
CST binds Pola at the same site as the wHTH domain of RPA (Supplementary Fig. $2)!%%7.

Fig. 1. Nspl and the wHTH domain of RPA have overlapping docking sites on Pola. Nsp1, wHTH, and Pola
in the complexes with Nsp1 and wHTH are represented as cartoons and colored green, cyan, gray, and salmon,
respectively. The coordinates of Nsp1/primosome and RPAcore/Pola.,/DNA complexes were used for figure
preparation (pdb codes 7opl and 9mj5, respectively). Two complexes were superposed using the Pola region
612-661 involved in interaction. PyMol Molecular Graphics System (version 1.8, Schrédinger, LLC) was used
for alignment and figure preparation.
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Fig. 2. Nspl has a larger interaction interface with Pola than the wHTH domain of RPA. (A) and (B), analysis
of potential hydrogen bonds at the wHTH-Pola and Nsp1-Pola interfaces, respectively. Nsp1, wHTH, and
Pola are represented as cartoons and colored green, cyan, and salmon, respectively. H-bonds are depicted as
dark-blue dashed lines. A position of the Lys599 side-chain was adjusted for optimal H-bond formation with
Gly49 (C) and (D), analysis of potential hydrophobic contacts at the wHTH-Pola and Nsp1-Pola interfaces,
respectively. Pola is represented as a surface. Pola residues, involved in hydrophobic interactions with Nsp1

or wHTH, are shown as sticks and colored salmon. Nsp1l and wHTH are represented as ribbon and colored
green and cyan, respectively. Their residues, involved in hydrophobic interactions with Pola, are shown as
sticks. PyMol Molecular Graphics System and the coordinates of Nsp1/primosome and RPAcore/Pola,.,/DNA
complexes were used for figure preparation (pdb codes 7opl and 9mj5, respectively).

A deficiency in the catalytic subunits of primase and Pola causes the X chromosome-linked reticulate
pigmentary disorder (XLPRD), which is characterized by persistent inflammation, the activation of type I
interferon signaling, and recurrent lung infections?®%. It was proposed that a reduced level of cytosolic RNA/
DNA hybrids triggers this disease, but the molecular mechanism is not well understood?. On the other hand,
inhibited host DNA replication, mediated by Pola deficiency or inhibition of Pola activity, may cause damage to
genomic DNA and the accumulation of replication fork-derived DNA in the cytoplasm, which then stimulates
the production of IFN-1 and pro-inflammatory cytokines through the cGAS-STING pathway>*3!. Interestingly,
an abnormal level of cytokines is a hallmark of severe forms of COVID-19, where a dysregulated inflammatory
response primarily affects the lungs'. The possibility exists that Nsp1 contributes to the development of such
symptoms through the inhibition of host DNA replication. In addition, Nsp1 may affect the proliferation of T-
and B-lymphocytes and therefore suppress the adaptive immune response against SARS-CoV-2.

Materials and methods

Human RPA and the Pola catalytic domain were obtained as previously described!”. The expression vector
PMCSG53 encoding for the globular domain of Nspl SARS-CoV-2 (residues 13-127) with an N-terminal His-
tag followed by the Tev-cleavage site was obtained from Addgene (catalog # 167,256) and described in®. The
Nspl variant bearing a point mutation V28D was generated by site-directed mutagenesis. The pASHSUL-1
vector for expression of the wHTH domain was made by inserting the coding sequence for the RPA32 residues
178-270 downstream of the sequence encoding for the His-Sumo tag®’. Nspl and wHTH were expressed in
the Escherichia coli strain BL21 (DE3) at 16 °C for 15 h following induction with 0.05% a-lactose and 0.3 pg/ml
anhydrotetracyclin, respectively. Nsp1 and its V28D variant were purified to near-homogeneity (Supplementary
Fig. S3) in two chromatographic steps using Ni-IDA column (Bio-Rad) and Q HiTrap (Cytiva) columns. After
the first step, the His-tag was removed by Tev protease during overnight incubation at 4 °C. The wHTH domain
of RPA was purified in a similar way, with a His-Sumo tag being digested by dtUD1 protease®* and removed from
the sample by passing through a HisTrap column (Cytiva). The purified proteins were dialyzed against buffer
containing 20 mM Tris-Hepes, pH 7.8, 150 mM NacCl, 2% glycerol, and 1 mM TCEP, concentrated to ~1 mM,
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Fig. 3. Nspl inhibits DNA synthesis across a 9-bp hairpin by the RPA/Pola complex. The DNA synthesis
activity of Pola in extension of a 16-mer DNA primer with a Cy5-fluorophore attached to the 5'-end was tested
in a 10 pl reaction containing 0.25 uM template:primer, 20 nM Pola, 0.7 uM RPA, and 25 uM dNTPs; 8 uM
Nsp1 or 40 pM wHTH were added as indicated on the figure. Lane 13 is a control incubation in the absence of
proteins. The star denotes the pause site at the beginning of a hairpin located 15 nucleotides from the 3’-end

of the primer. Reactions were incubated at 35 °C, and the products were resolved by 20% Urea-PAGE and
visualized by imaging on Typhoon FLA 9500. The substrate schematic is shown at the top.

and frozen in 10 pl aliquots. Protein concentrations were estimated by measuring the absorbance at 280 nm and
using the extinction coefficients calculated with ProtParam®.

DNA synthesis activity of Pola was tested in 10 pul reactions containing 0.25 pM template:primer, 20 nM
Pola, 0.7 uM RPA, 25 uM dNTPs, and the buffer: 30 mM Tris-Hepes, pH 7.8, 120 mM KCl, 30 mM NaCl, 1%
glycerol, 1.5 mM TCEP, 5 mM MgCl,, and 0.2 mg/ml BSA. Nsp1 and wHTH were added to the reactions as
indicated in the figure legends. The 16-mer DNA primer contains a Cy5 fluorophore attached to its 5'-end. The
73-mer template 5'-AATGATGAAGATATCTGGTCGCTCCATTCT GGAGCGACCTCTTAATCTAAGCACT
CGCTATGTTTTCAAGTTT is prone to formation of a 9-bp hairpin (bases contributing to the hairpin stem
are shown in italics; the primer annealing site is underlined). Reactions were incubated for the indicated time
points at 35 °C and stopped by mixing with equal volume of stopper solution containing 90% v/v formamide,
50 mM EDTA, pH 8, and 0.02% Bromophenol blue, heated at 95 °C for 1 min, and resolved by 20% Urea-PAGE.
Reaction products were visualized by imaging on Typhoon FLA 9500 (Cytiva) and quantified by Image], version
1.54 (NIH). Experiments were repeated three times.
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Fig. 4. Comparison of the inhibitory effect of Nspl and wHTH on hairpin bypass by RPA/Pola. (A) and (B),
representative gels showing titration of DNA-synthetic activity by Nspl and wHTH, respectively. The star
denotes the pause site at the beginning of a hairpin. The bands above the arrow were counted as products

of hairpin bypass. Reactions were incubated for 1 min at 35 °C, and the products were resolved by 20%
Urea-PAGE and visualized by imaging on Typhoon FLA 9500. Original images of the gels are presented in
Supplementary Fig. $4. (C) and (D), the mean value of the percent of hairpin bypass is plotted against Nsp1
and wHTH concentrations, respectively. Error bars denote the standard deviation. The IC values were
calculated from three independent experiments using GraphPad Prism.

Data availability

Data is provided within the manuscript or supplementary information file.
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