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Replication of the 30-kilobase genome of SARS-CoV-2,
responsible for COVID-19, is a key step in the coronavirus
life cycle that requires a set of virally encoded nonstructural
proteins such as the highly conserved Nsp13 helicase. However,
the features that contribute to catalytic properties of Nsp13 are
not well established. Here, we biochemically characterized the
purified recombinant SARS-CoV-2 Nsp13 helicase protein,
focusing on its catalytic functions, nucleic acid substrate
specificity, nucleotide/metal cofactor requirements, and
displacement of proteins from RNA molecules proposed to be
important for its proofreading role during coronavirus repli-
cation. We determined that Nsp13 preferentially interacts with
single-stranded DNA compared with single-stranded RNA to
unwind a partial duplex helicase substrate. We present evi-
dence for functional cooperativity as a function of Nsp13
concentration, which suggests that oligomerization is impor-
tant for optimal activity. In addition, under single-turnover
conditions, Nsp13 unwound partial duplex RNA substrates of
increasing double-stranded regions (16–30 base pairs) with
similar efficiency, suggesting the enzyme unwinds processively
in this range. We also show Nsp13-catalyzed RNA unwinding is
abolished by a site-specific neutralizing linkage in the sugar–
phosphate backbone, demonstrating continuity in the
helicase-translocating strand is essential for unwinding the
partial duplex substrate. Taken together, we demonstrate for
the first time that coronavirus helicase Nsp13 disrupts a high-
affinity RNA–protein interaction in a unidirectional and ATP-
dependent manner. Furthermore, sensitivity of Nsp13 catalytic
functions to Mg2+ concentration suggests a regulatory mecha-
nism for ATP hydrolysis, duplex unwinding, and RNA protein
remodeling, processes implicated in SARS-CoV-2 replication
and proofreading.

The COVID-19 pandemic caused by the novel severe acute
respiratory syndrome (SARS)-coronavirus (CoV)-2 has
necessitated prompt action by biomedical researchers to study
essential steps in the coronavirus life cycle and characterize the
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molecular interactions and biochemical functions of the
structural and nonstructural protein (Nsp)s encoded by the
SARS-CoV-2 genome. Among the key players in SARS-CoV-2
replication is the virally encoded RNA helicase Nsp13. Nsp13,
in complex with the Nsp12 RNA-dependent RNA polymerase,
processivity factors (Nsp7, Nsp8), and proofreading exonu-
clease (Nsp14), presumably coordinates with host cell factors
in a still not well understood mechanism to replicate the
coronavirus RNA genome (1–3). Structural studies of the
SARS-CoV-2 replication complex suggest the dimeric form of
Nsp13 helicase exists at the leading edge of a multiprotein
complex (Nsp7-8-12-14) with template-primer RNA poised to
conduct nascent RNA synthesis (1). Multiple studies have
addressed structural properties of the Nsp13 helicase in the
context of the SARS-CoV-2 replication–transcription complex
(RTC) (1–5) or in isolation (6). However, mechanistic details
of Nsp13’s catalytic functions in SARS-CoV-2 coronavirus
replication, or its proofreading activity in which Nsp13 is
implicated, are lacking.

Recombinant Nsp13 helicases encoded by the sequence-
related MERS-CoV (7), SARS-CoV-1 (8–14), and SARS-
CoV-2 (6, 15, 16) genomes, all expressed in bacterial sys-
tems, have been biochemically characterized. Nsp13 helicases
from SARS-CoV and SARS-CoV-2 differ by just one amino
acid at residue 570 (isoleucine in SARS-CoV and valine in
SARS-CoV-2) (17). An alignment of Nsp13 from SARS BJ01
and Bat SARS-like coronavirus shows over 99% similarity as
well (18). Nsp13 has a low mutation rate with only 23 muta-
tions observed in a sample of 439 SARS-CoV-2 viral strains
(18). A BLASTp alignment of the MERS (QKF93417.1) and
SARS-CoV-2 (YP_009725308.1) Nsp13 amino acid sequences
revealed 85% positives and 72% identities over 590 amino acids
indicating significant sequence conservation.

Purified recombinant SARS-CoV-1 Nsp13 was shown to be
active as a DNA helicase (13) or RNA helicase (9) on a partial
duplex substrate with a 5ʹ single-strand (ss) overhang, but not
a 3ʹ ss overhang. These results suggest a 5ʹ to 3ʹ directionality
of unwinding via its unidirectional translocation on the partial
duplex with the 5ʹ ss overhang, where the helicase loads. Re-
combinant SARS-CoV-1 Nsp13 helicase was reported to
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unwind double-stranded (ds) DNA and dsRNA substrates with
similar efficiency (8, 9), whereas a more recent study found
that a recombinant SARS-CoV-1 Nsp13 helicase domain
fragment displayed strong preferential unwinding of a 5ʹ
ssDNA-tailed DNA duplex substrate compared with a 5ʹ
ssRNA-tailed RNA duplex substrate (10). Consistent with the
latter findings, Mickolajczyk et al. (15) provided kinetic evi-
dence from bulk measurements using a recombinant SARS-
CoV-2 Nsp13 protein that a 5ʹ ss-tailed duplex (18-bp) con-
sisting entirely of DNA in both strands was unwound with an
�2- to 3-fold greater rate than the same sequence substrate
consisting entirely of RNA in both strands.

In the current work, we have undertaken a biochemical
analysis of a purified recombinant SARS-CoV-2 Nsp13 heli-
case expressed using a baculovirus–insect cell system, which
provides fitting surroundings for posttranslational modifica-
tions of eukaryotic expressed proteins (19). During viral
infection, SARS-CoV-2 proteins are posttranslationally modi-
fied, suggesting regulatory mechanisms (20). Nsp13 directly
binds to Tank-binding kinase 1 (TBK1) and regulates its
activation (21), but whether Nsp13 is phosphorylated by TBK1
has not been examined. Nsp13 also interacts with the deubi-
quitinating enzyme USP13, which is proposed to stabilize
Nsp13 via its deubiquitylation (22). Such reports suggest that
Nsp13 posttranslational modifications in the eukaryotic host
are relevant to its stability and function.

Here, we focus on Nsp13’s catalytic activity and nucleic acid
substrate specificity. These studies provide new insights into
the molecular functions of SARS-CoV-2 Nsp13 by clarifying
the critical substrate element dictating nucleic acid preference
and the requirements governing the delicate balance of
nucleotide:metal cofactor ratio for RNA helicase activity. Our
studies demonstrate a novel RNA–protein remodeling function
of Nsp13 not previously reported for coronavirus helicases that
is relevant to the proposed role of Nsp13 in the SARS-CoV-2
proofreading mechanism.
Results

Nsp13 RNA helicase activity characterization under multiple-
turnover conditions

To generate recombinant SARS-CoV-2 Nsp13 protein
(hereafter referred to as Nsp13), the Nsp13 coding sequence
was synthesized with an additional sequence and inserted into
pFastBac HTB vector creating pFastBac-HTB-Nsp13-FLAG
containing a sequence coding for an N-terminal cleavable
6xHis tag and a C-terminal FLAG tag. This allowed for puri-
fication of full-length product and allowed for the removal of
the 6xHis tag. pFastBac-HTB-Nsp13-FLAG was transformed
into DH10Bac competent cells to generate baculovirus DNA,
which was transfected and amplified in Sf9 insect cells to
generate high-titer baculovirus. We infected Hi5 insect cells
with the high-titer Nsp13 baculovirus and harvested cells. Cell
pellets were stored at −80 �C, thawed on ice and lysed,
centrifuged and lysate filtered before loading onto a 1-ml
HisTrap HP column. The column was washed, and the pro-
tein was eluted off the HisTrap HP column with 400 mM
2 J. Biol. Chem. (2023) 299(3) 102980
imidazole. The eluted protein was then dialyzed to remove
imidazole, and TEV protease was added to remove the N-
terminal 6xHis tag. Following removal of 6xHis tag, the sample
was bound to anti-FLAG M2 affinity beads. The beads were
washed, and protein was eluted twice using 3× FLAG peptide.
Both eluted fractions were collected by gravity flow, pooled
and dialyzed against Storage Buffer, and stored at −80 �C. See
Experimental procedures for details.

To begin characterizing the purified recombinant Nsp13
(Fig. 1A), we first tested its nucleoside triphosphate (NTP)
dependence for unwinding a short 13-base pair (bp) RNA
forked duplex substrate resembling the structure of a partial
duplex RNA molecule during unwinding. Reaction conditions
were similar to those used for the SARS-CoV-1 Nsp13 helicase
(13). At an Nsp13 concentration of 5.2 nM, unwinding of
greater than 75% of the RNA forked duplex substrate
(0.25 nM) was achieved during the 15-min incubation in the
presence of all ribo- and deoxyribonucleotides except GTP and
dGTP, which displayed 60% ± 9 and 34% ± 10, respectively
(Fig. 1B). The omission of NTP showed little to no Nsp13
helicase activity on the 13-bp RNA forked duplex substrate.

To address if the observed catalytic RNA helicase activity
was intrinsic to the purified recombinant Nsp13 protein, we
expressed and purified an engineered Walker A box (motif I)
Nsp13-K288R, in which the invariant lysine of the ATPase
domain was replaced with an arginine, in the same way as the
nonmutated recombinant Nsp13 protein. Nsp13-K288R was
devoid of any detectable helicase activity and displayed no
measurable ATPase activity (Fig. S1). These results indicate
that the observed catalytic activities of nonmutated Nsp13 are
intrinsic to the recombinant helicase enzyme overexpressed
and purified from insect cells.

We next set out to test Nsp13 for unwinding partial duplex
RNA substrates with increased lengths of ds regions as a
function of protein concentration under multiple-turnover
conditions. An example from a typical experiment with the
13-bp RNA forked duplex substrate is shown in Figure 1C.
Both the 13-bp and 16-bp RNA substrates were unwound by
Nsp13 to a very similar extent with 12% unwound at 1.3 nM
and 36% unwound at 2.6 nM helicase concentration (Fig. 1D).
For both the 13-bp and 16-bp substrates, a plateau of
approximately 80 to 85% substrate unwound was achieved at
10.4 nM Nsp13. In contrast, there was a marked reduction in
unwinding of the 19-bp and 22-bp RNA forked duplex sub-
strates throughout the same Nsp13 protein titration range. At
1.3 nM Nsp13, only 3% of the 19-bp substrate was unwound, a
4-fold decrease compared with the 13-bp and 16-bp substrates.
Although greater unwinding of the 19-bp partial duplex was
observed with increasing Nsp13 concentrations, helicase ac-
tivity was significantly reduced throughout the enzyme titra-
tion compared with the substrates only 3-bp or 6-bp shorter.
The effect of duplex length on Nsp13 helicase activity was even
more dramatic for the 22-bp RNA duplex substrate. For
example, there was an approximately 8-fold reduction in
substrate unwound for the 22-bp partial duplex compared with
the 13-bp or 16-bp substrates at an Nsp13 concentration of
2.6 nM. Even at the highest Nsp13 concentration tested
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Figure 1. Biochemical analysis of RNA helicase activity by purified recombinant Nsp13 protein as a function of nucleotide and duplex length.
A, purified recombinant Nsp13 protein (5000 ng) after final dialysis (see Experimental procedures), resolved by SDS-PAGE and detected by Coomassie
staining. B, nucleoside triphosphate requirements for Nsp13 helicase activity. Nsp13 (2.6 nM) was incubated with a partial duplex (13-bp) RNA substrate
(0.25 nM) and the indicated nucleotide (2 mM) and 5 mM Mg2+ for 15 min at 37 �C. Reaction products were analyzed by native polyacrylamide gel
electrophoresis and quantified as described under Experimental procedures. C and D, Nsp13 helicase activity as a function of protein concentration under
multiple-turnover conditions. C, representative native polyacrylamide gel analysis of products from Nsp13 reaction mixtures with a 13-bp RNA partial duplex
substrate conducted in the presence of 2 mM ATP and 5 mM Mg2+ for 15 min at 37 �C. Filled triangle represents heat-denatured RNA substrate control. D,
quantitative assessment of Nsp13 helicase activity as a function of protein concentration on increasing-length duplex RNA substrates, as indicated. Data
represent the average of at least three independent experiments with standard deviations (SD) indicated by error bars.

Biochemical characterization of SARS-CoV-2 Nsp13 helicase
(15.6 nM), there was a significant reduction in the percentage
of 22-bp partial duplex substrate unwound compared with the
other RNA substrates tested.

Based on the results, we conclude that Nsp13 catalyzes only
limited unwinding as a function of increasing RNA duplex
length, even over a relatively narrow range of base pair tract
lengths (13–22 bp), under the reaction conditions tested.
Nsp13-catalyzed unwinding of the partial duplex RNA sub-
strates displayed a sigmoidal character as a function of enzyme
concentration (Fig. 1D), as indicated by the Hill coefficients
(Table 1), suggesting functional cooperativity among Nsp13
molecules.
Table 1
Hill coefficients of selected sigmoidal curves fit to Nsp13 unwinding
of RNA and DNA substrates

RNA forked duplex length (bp)

Hill coefficient (h)

h R2

13 2.6 0.97
16 2.6 0.99
19 2.2 1
22 2.0 0.98

Hill coefficient (h) and correlation coefficient (R2) values are shown for the best fit curves
of the multi-turnover helicase assays described in Experimental procedures under 5 mM
MgCl2 reaction conditions. Values were determined in GraphPad Prism using nonlinear
regression and the “Specific binding with Hill slope” equation.
ATP and Mg2+ concentrations for Nsp13 helicase activity

Previously, ATP concentration was determined to be an
important factor for optimal helicase activity by recombinant
SARS-CoV-1 Nsp13 (10). With the exception of a single study
conducted using a fixed concentration of ATP (5 mM) (16),
the importance of divalent cation concentration for Nsp13
helicase activity has not been examined. Given the essentiality
of the divalent metal ion cofactor for ATP hydrolysis and
helicase activity, we assessed if the concentration of ATP, as
well as Mg2+, affected Nsp13 RNA helicase activity. Given that
1 mM Mg2+ represents a physiological concentration in the
cytosol of mammalian cells (23, 24), we examined Nsp13 un-
winding as a function of ATP concentration with 1 mM Mg2+

present in the reaction mixtures. As shown in Figure 2A,
Nsp13 RNA helicase activity was dependent on ATP concen-
tration with an optimum of 1 to 2 mM ATP. A steep decline of
Nsp13 RNA helicase activity was observed at an ATP con-
centration of 3 mM and greater.

Based on these results, we performed a Mg2+ titration using
a fixed 2 mM ATP concentration. Under these conditions, the
optimal Mg2+ concentration was determined to be 1 to 2 mM,
with a steep 4-fold decrease at 3 mM Mg2+ and a 27-fold
decrease at 4 mM Mg2+ (Fig. 2B), consistent with a previous
observation that a recombinant Nsp13 with a maltose-binding
protein tag expressed and purified from Escherichia coli
J. Biol. Chem. (2023) 299(3) 102980 3
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Figure 2. Nsp13 helicase activity as a function of ATP and Mg2+ concentration. A, quantitative assessment of helicase activity by Nsp13 (0.325 nM) as a
function of ATP concentration at 1 mM MgCl2. B, quantitative assessment of helicase activity by Nsp13 (0.325 nM) as a function of MgCl2 concentration at
2 mM ATP. C, quantitative assessment of helicase activity by Nsp13 (0.325 nM) at the indicated ATP concentration in the presence of 1 mM MgCl2 or 5 mM
MgCl2. D, quantitative assessment of helicase activity by Nsp13 (0.325 nM) as a function of ATP-MgCl2, fixed at a 1:1 molar ratio. All experiments were
performed using a partial duplex 13-bp RNA substrate (0.25 nM) incubated with Nsp13 for 15 min at 37 �C. E, single-turnover kinetic analysis of Nsp13
helicase (0.1625 nM) as a function of RNA duplex length using reaction conditions of 2 mM ATP and 1 mMMgCl2. Quantitative assessment of Nsp13 helicase
activity is shown. F, single-turnover kinetic analysis of reaction mixtures containing Nsp13 (0.1625 nM) and the 30-bp partial duplex RNA substrate (0.25 nM)
using 2 mM ATP and either 1 mM MgCl2 or 5 mM MgCl2 incubated at 37 �C for the indicated time points.
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displayed much lower RNA helicase activity under conditions
of 8 mM Mg2+ and 5 mM ATP (16). Importantly, our findings
demonstrate that Nsp13 helicase is very sensitive to even a
3 mM Mg2+ concentration under the reaction conditions
tested, establishing that optimal dsRNA unwinding activity is
achieved at 1 to 2 mM Mg2+ paired with 2 mM ATP.

We reasoned that the observed strong inhibition of Nsp13
helicase activity by the higher Mg2+ concentrations might
reflect an imbalance of the Mg2+:ATP ratio, favoring excess free
Mg2+ that was inhibitory to Nsp13’s catalytic activity. As ex-
pected from our results in Figure 2, A and B, 5 mM Mg2+

greatly inhibited Nsp13 helicase activity when either 1 mM
ATP or 2 mM ATP was present in the reaction mixture
(Fig. 2C). However, at 5 mM ATP, inhibition of Nsp13 helicase
activity by 5 mM Mg2+ was suppressed (Fig. 2C), supporting
the conclusion that free Mg2+ impairs Nsp13 helicase activity.
Furthermore, we tested increasing concentrations of ATP:Mg2+

at a fixed 1:1 ratio for their effect on Nsp13-catalyzed un-
winding. As shown in Figure 2D, Nsp13 helicase activity was
inhibited as the equimolar concentration of ATP:Mg2+

increased, especially above 5 mM, suggesting that excess
ATP:Mg2+ complex was inhibitory to Nsp13 helicase activity.

Having determined optimal Mg2+ and ATP concentrations
for SARS-CoV-2 Nsp13 RNA helicase activity using the 13-bp
4 J. Biol. Chem. (2023) 299(3) 102980
partial duplex RNA substrate, we set out to test if Nsp13 might
be better able to unwind partial duplex RNA substrates of
increasing lengths under more stringent single-turnover con-
ditions that do not afford the opportunity for multiple binding
events by Nsp13 molecules that either failed to stably bind
during the preincubation phase or dissociated during the in-
cubation with ATP. In control experiments, preincubation of
increasing dT200 concentrations followed by the addition of
radiolabeled 30-bp RNA partial duplex substrate allowed us to
determine that 100 nM dT200 completely inhibited Nsp13
helicase activity (Fig. S2). The single-turnover conditions were
achieved by the co-addition of 100 nM dT200 with ATP to
serve as an Nsp13 protein trap. Using a substoichiometric ratio
of Nsp13 (0.1625 nM) compared with the indicated RNA
partial duplex substrate (0.25 nM) under single-turnover re-
action conditions, an initial lag phase of 30 to 60 s was
observed followed by a kinetic increase in RNA duplex un-
winding for all substrate duplex lengths (16- to 22-bp) until an
apparent plateau was approached by 60 to 90 min (Fig. 2E).
Although there was a trend for an inverse relationship between
RNA duplex length and amplitude, the ability of Nsp13 to
unwind partial duplex RNA substrates of increasing ds regions
with comparable efficiency suggests the enzyme displays
similar processivity in this RNA duplex range. Consistent with
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this, we observed that the 30-bp RNA partial duplex substrate
was unwound with similar efficiency as the other RNA partial
duplex substrates (Fig. 2F). In contrast to the reaction condi-
tions using 1 mM Mg2+, only a very small percent of the 30-bp
RNA substrate was unwound by Nsp13 in reaction mixtures
containing 5 mM Mg2+ throughout the 90-min time course.
(Fig. 2F).
Strand-specific inhibition of Nsp13 helicase by an RNA
backbone modification

Given the lack of mechanistic information pertaining to the
substrate preference of Nsp13, we sought to examine if its
interactions with the ss tails of the forked duplex RNA sub-
strate were important for its ability to unwind the adjacent ds
region. Therefore, we tested Nsp13 on a series of forked
duplex substrates in which a synthetic 18-atom poly(hexa)
ethylene glycol (PEG) linkage of neutral charge that spans 3
RNA nucleotides (25) replaced the sugar–phosphate backbone
and was positioned three nucleotides prior to the ss:ds junc-
tion in either the top or bottom RNA strands of the forked
duplex substrate (Fig. 3A). Some helicases require sugar–
phosphate backbone continuity in the ss tail to effectively
load and unwind the duplex component of the substrate (25,
26), whereas E. coli Rep helicase tolerates backbone disruption
(27), suggesting unique mechanisms of loading and initiation
of duplex unwinding.

As shown in Figure 3B, we observed that Nsp13 helicase was
profoundly sensitive to the PEG modification in the trans-
locating strand (using the 1 mM Mg2+ condition), whereas
little to no effect was observed by the nontranslocating strand
linker. Only �25% of the RNA substrate with the translocating
strand PEG was detected at the highest concentration of
Nsp13 tested (1.95 nM), whereas approximately 90% of the
control (unmodified) substrate was unwound at 0.5 nM Nsp13.
Like the effect exerted by the top strand PEG, strong inhibition
of Nsp13 helicase activity was observed for the substrate in
which the PEG was placed in both the top and bottom strands
of the forked duplex RNA substrate. Similarly, the trans-
locating PEG in the forked duplex RNA substrate strongly
inhibited Nsp13 helicase activity in which reaction mixtures
contained 5 mM Mg2+ (Fig. S3). These results suggest that a
sugar–phosphate backbone modification in the preexisting 5ʹ
ssRNA arm impairs Nsp13’s ability to efficiently unwind the
adjacent RNA duplex, providing insight into the apparent basis
for the 5ʹ ss tail loading requirement of Nsp13 on forked
duplex substrates with only 1 ss overhang (13).

It is plausible that the PEG modification may interfere with
Nsp13 binding to the forked duplex RNA substrate. To
address this issue, we performed helicase assays that enable us
to assess sequestration of Nsp13 by the RNA forked duplex
harboring the PEG in the top or bottom ss arm. Nsp13 was
preincubated with increasing concentrations of the unlabeled
version of forked duplex RNA in the presence of ATP, fol-
lowed by the addition of a radiolabeled tracker substrate and
further incubation. Reactions were then quenched and
analyzed by native gel electrophoresis to score unwinding of
the tracker substrate. As shown in Figure 3, C and D, Nsp13
helicase activity was comparably sensitive to inhibition of
unwinding the tracker substrate by preincubation with the
RNA forked duplex containing a PEG linker in the top strand
or bottom strand. These results suggest that despite the strong
inhibition of Nsp13 helicase activity by the presence of the
PEG linker in the top strand, Nsp13 was not preferentially
sequestered by the linker compared with the PEG in the bot-
tom strand.
Strand-specific interaction of Nsp13 dictates its ability to load
and unwind forked duplex substrates

The importance of backbone continuity in the ssRNA
segment of the forked duplex substrate that Nsp13 helicase is
presumed to load prompted us to ask if the identity of the
strand (RNA versus DNA) played a role in its substrate spec-
ificity. To address this, we tested Nsp13 for unwinding a series
of forked duplex substrates very similar to those used for the
PEG backbone-modified substrates, only they did not harbor a
site-specific modification but rather consisted of a top and/or
bottom strand that was either RNA or DNA (Fig. 4A). The
forked duplex substrates containing a DNA top strand were
unwound with significantly greater efficiency than those sub-
strates consisting of an RNA top strand throughout the Nsp13
titration except at the highest helicase concentrations where
unwinding reached a plateau of 90% substrate unwound
(Fig. 4B). Nsp13 unwound a greater percentage of the DNA
(top)/RNA (bottom) substrate (melting temperature (Tm) =
36.2 �C) compared with RNA (top)/DNA (bottom) substrate
(Tm = 36.8 �C), suggesting that a difference in duplex stability
is unlikely to contribute to the observed difference in duplex
unwinding for the two substrates. At very low Nsp13 con-
centrations (15.2 pM, 7.59 pM, 3.79 pM), Nsp13 unwound a
significantly greater percentage of the DNA–DNA substrate
compared with the DNA (top)/RNA (bottom) hybrid, sug-
gesting that Nsp13 interactions with the nontranslocating
strand may contribute to unwinding efficiency. Unwinding of
the forked duplex RNA, RNA/DNA, or DNA/RNA substrates
by Nsp13 displayed a sigmoidal character as a function of
enzyme concentration (Fig. 4B), indicated by the Hill co-
efficients (Table S1). These results, like those shown in
Figure 1D and Table 1, suggest functional cooperativity among
Nsp13 molecules. Beyond these observations, the results
demonstrate that Nsp13 strongly prefers to unwind forked
duplex substrates in which the top strand is composed of
DNA. Results from experiments with the same substrates us-
ing reaction mixtures that contained 5 mM Mg2+ as opposed
to 1 mM Mg2+ also demonstrate that forked duplex substrates
with a 5ʹ ssDNA arm were preferentially unwound (Fig. S4).
However, we did observe that, at the high Mg2+ concentration,
the forked duplex with RNA in the top and bottom strands was
unwound least efficiently.

In order to determine if the more efficient unwinding of
DNA versus RNA forked substrates by Nsp13 was due to
having a higher binding affinity for DNA substrates, we per-
formed electrophoretic mobility shift assays using Nsp13 with
J. Biol. Chem. (2023) 299(3) 102980 5
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Figure 3. Strand-specific effect of backbone discontinuity on Nsp13 helicase activity. A, depiction of the partial duplex RNA substrates with a pol-
yglycol linker (PEG) in the top or bottom strand. B, quantitative assessment of Nsp13 helicase activity from a 15-min incubation at 37 �C with 1 mM MgCl2
and 2 mM ATP as a function of protein concentration on the backbone-modified substrates (0.25 nM) shown in (A). Data represent the average of at least
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DNA and RNA forked duplex substrates (Fig. 4, C and D). At
the same titration of enzyme concentrations, Nsp13 was able
to bind with significantly greater efficiency on the DNA sub-
strates than the RNA (Fig. 4E). At the highest concentrations,
the percent substrate bound for DNA reached a plateau of
approximately 90% for both the no nucleotide and the ATP
analog adenosine 5’-O-(3-thio)triphosphate (ATPγS) condi-
tions. However, at lower concentrations there was a difference
between the DNA substrate nucleotide conditions. For
example, at 3.2 nM, the no nucleotide condition had approx-
imately 95% substrate bound compared with around 70%
bound in the ATPγS condition. In comparison, the RNA
substrate only approached but never achieved a plateau of
substrate bound around 55% in the absence of nucleotide and
31% in the presence of ATPγS. The apparent dissociation
constant (Kd) was determined for each reaction condition. In
the absence of nucleotide, the Kd was 1.1 ± 0.2 and 13.2 ± 3 for
DNA and RNA, respectively, and in the presence of ATPγS,
2.6 ± 0.6 and 38.9 ± 11 (Table 2). These results demonstrate
that Nsp13 strongly prefers binding to DNA rather than RNA
forked substrates.

RNA/DNA chemistry of the 5ʹ tail is a critical substrate feature
for Nsp13 helicase activity

While our findings demonstrated Nsp13’s preferential un-
winding of forked duplex substrates harboring a DNA trans-
locating strand, they did not specify whether it is the DNA in
the 5ʹ ss tail or the duplex region of the top strand that
conferred preferential Nsp13 helicase activity. To address this
question, two chimeric DNA/RNA oligonucleotides were
prepared and used for designated helicase substrates: i) a 5ʹ
ssDNA tail followed by a ssRNA segment annealed to a bottom
(complementary) sequence within the duplex region; ii) a 5ʹ
ssRNA tail followed by a ssDNA segment annealed to a bottom
(complementary) sequence with the duplex region. In both
cases, these chimeric oligonucleotides were annealed to a
nonchimeric bottom (complementary) ssDNA to generate two
forked duplexes (theoretical Tm values of 34.8 �C and 36.8 �C,
respectively) from which Nsp13 helicase activity could be
accessed. The results from these experiments are shown in
Figure 5. The forked duplex containing a 5ʹ ssDNA tail fol-
lowed by ssRNA was unwound with significantly greater effi-
ciency than its counterpart, consisting of a 5ʹ ssRNA tail
followed by ssDNA, throughout the Nsp13 protein titration.
At an Nsp13 concentration of 0.03 nM, there was little to no
detectable unwinding of the chimeric substrate with a ssRNA
50 tail, whereas nearly 25% of the chimeric substrate with a
ssDNA 50 tail was unwound. At 0.06 nM Nsp13, only 5% of the
substrate with a ssRNA 50 tail was unwound, whereas nearly
50% of the chimeric substrate with a ssDNA 50 tail was
unwound.
three independent experiments with SD indicated by error bars. C, represent
reaction mixtures designed to assess sequestration by RNA partial duplex mo
Nsp13 was preincubated with the specified RNA partial duplex molecules in
radiolabeled forked duplex tracker substrate as described in Experimental pro
quantitative assessment of Nsp13 helicase activity as a function of the indicate
bottom strands.
These results demonstrate that Nsp13 preferentially un-
winds a forked duplex substrate with a 5ʹ ssDNA tail as
opposed to a 5ʹ ssRNA tail, irrespective of the RNA/DNA
chemistry of the top strand’s duplex region. Thus, the specific
RNA/DNA identity of the top strand 5ʹ ss tail is the critical
feature of a forked duplex substrate that determines Nsp13’s
efficiency of unwinding forked duplex substrates of differing
constitution.

The demonstrated preference of Nsp13 to unwind forked
duplex substrates flanked by a translocating single strand of
DNA composition suggested to us that the enzyme preferen-
tially interacts with ssDNA compared with ssRNA to allow the
enzyme’s more efficient loading. To address this further, we
determined the concentration of ss nucleic acid effector to
achieve one-half maximal velocity for ATPase activity (Keff)
(Table 3). The Keff values for ssRNA and ssDNA were 117 ±
64 nM and 12.8 ± 6.4 nM, respectively, with a p value < 0.05.
The 9-fold greater Keff value for ssRNA compared with ssDNA
suggests that Nsp13 more favorably interacts with ssDNA than
with ssRNA. However, the Vmax is 1.4-fold greater for ssRNA
compared with ssDNA (p value < 0.05), suggesting that at a
saturating concentration of polynucleotide effector Nsp13
efficiently hydrolyzes ATP in the presence of ssRNA or
ssDNA.

Nsp13’s significantly reduced Keff for ssDNA compared with
ssRNA prompted us to determine the kcat for ATPase activity
using a subsaturating concentration (31 nM) of ssRNA or
ssDNA (Table 4). The 3.7-fold greater kcat for Nsp13 ATP
hydrolysis in the presence of ssDNA versus ssRNA (p value <
0.05) upheld the results from the Keff experiments. The lower
Keff for ssDNA and greater kcat for ATP hydrolysis at a sub-
saturating effector concentration of ssDNA compared with
ssRNA suggests that Nsp13 preferentially interacts with
ssDNA compared with ssRNA. However, the difference in kcat
values for ATP hydrolysis using the ssDNA versus ssRNA
effector could be overcome by a saturating polynucleotide
effector concentration of 1000 nM, consistent with the Vmax

determinations.

Nsp13 disrupts the high-affinity interaction of streptavidin
bound to a biotinylated RNA molecule in a unidirectional
manner

To further characterize the catalytic functions of Nsp13, we
examined the enzyme’s ability to use its motor ATPase func-
tion to translocate and displace streptavidin from a biotin
moiety covalently linked to either the 5ʹ end or 3ʹ end of a 39-
mer ribonucleotide tract (Table S3) (0.25 nM final concen-
tration in reaction mixture). The biotin–streptavidin complex
with an apparent dissociation constant (Kd) of 10

−14 M (28)
and diameter of a streptavidin tetramer, �45 Å (29), represents
a surrogate for a very-high-affinity protein–RNA interaction
ative native polyacrylamide gel analyses of reactions products from Nsp13
lecules containing the PEG linker in the top or bottom strand, as indicated.
the presence of 2 mM ATP and 1 mM Mg2+ followed by the addition of a
cedures. Filled triangle represents heat-denatured RNA substrate control. D,
d concentration of the competitor RNA partial duplex with PEG in the top or
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Table 2
Kd values for Nsp13 binding to RNA and DNA

Nucleotide condition Kd (DNA) Kd (RNA)

No nucleotide 1.1 ± 0.2 13.2 ± 3
ATPγS 2.6 ± 0.6 38.9 ± 11

Kd values were calculated from at least three independent electrophoretic mobility shift
assay experiments in which Nsp13 (0.2–21.5 nM) was incubated with the 16-bp DNA
or RNA forked substrates (0.25 nM) for 15 min at RT as described in Experimental
procedures. All experiments were performed using 1 mM MgCl2 in the presence or
absence of 2 mM ATPγS.

Biochemical characterization of SARS-CoV-2 Nsp13 helicase
positioned at a defined location on the substrate. As a function
of Nsp13 concentration, an increased percentage of the
streptavidin was displaced from biotin covalently linked to the
3ʹ end of the 39-mer (Fig. 6A), whereas Nsp13 failed to displace
streptavidin from biotin attached to the 5ʹ end of the same
RNA oligonucleotide throughout the entire helicase protein
titration, up to 6.4 nM Nsp13 (Fig. 6B). Even at a relatively low
Nsp13 concentration of 0.3 nM, just exceeding the substrate
concentration of 0.25 nM, 30% streptavidin displacement from
the 3ʹ end biotin was achieved (Fig. 6C). The ability of Nsp13
to displace streptavidin bound to biotin conjugated to the 3ʹ
end but not the 5ʹ end of the ssRNA suggests that Nsp13 does
not disrupt the streptavidin–biotin interaction nonspecifically
but rather in a manner that is consistent with 5ʹ to 3ʹ trans-
location on the ssRNA molecule, consistent with its blockage
by a PEG linker in a strand-specific manner (this study).

We further tested Nsp13’s preferential displacement of
streptavidin bound to 3ʹ biotinylated substrates by conducting
multi-turnover kinetic assays on the same 39-mer ribonucleo-
tide tract and its deoxyribonucleotide version (0.25 nM)
(Table S3). The reactions contained a single concentration of
Nsp13 (1.6 nM) and streptavidin (0.75 nM), and were
quenched at time points from 1 to 16 min. The experimental
data, shown in Figure S5, demonstrated that Nsp13 preferen-
tially displaces streptavidin bound to 30 biotinylated ssDNA
compared with ssRNA. Displacement of streptavidin from the
ssDNA substrate was significantly greater than from ssRNA at
all time points. Moreover, the extent of streptavidin displace-
ment reached �90% for ssDNA compared with �50% for
ssRNA at the 16 min time point (Fig. S5). These data com-
plement our results from helicase assays in which Nsp13
preferentially unwound partial duplex DNA substrates
compared with RNA substrates.

Nsp13’s ability to displace streptavidin from the
3ʹ-Biotinylated RNA substrate and catalyze ATP hydrolysis is
regulated by Mg2+ concentration

The ability of Nsp13 to translocate unidirectionally in a
manner dependent on nucleoside triphosphate hydrolysis to
displace the streptavidin bound to the RNA substrate
prompted us to ask if Mg2+ concentration modulates Nsp13
protein displacement activity, as it did for duplex RNA un-
winding. As shown in Figure 7, A–C, Nsp13-catalyzed
concentrations of Nsp13 were incubated with the specified forked duplex su
(2 mM). E, quantitative assessment of Nsp13 binding to DNA (C) and RNA (D).
SD indicated by error bars.
streptavidin displacement was dramatically greater at
1 mM Mg2+ compared with 5 mM Mg2+ throughout the
Nsp13 protein titration. For example, at 1 mM Mg2+ nearly
70% of the streptavidin-bound biotinylated RNA was disrupted
by 1.6 nM Nsp13, whereas only 1 to 2% streptavidin
displacement was observed in reaction mixtures containing
5 mMMg2+. These results suggest that Mg2+ regulates Nsp13’s
ability to displace streptavidin bound to the RNA molecule.

The increased Nsp13-catalyzed streptavidin displacement
and RNA helicase activity in the presence of 1 mM Mg2+

compared with 5 mM Mg2+ prompted us to determine the ef-
fect of Mg2+ on the enzyme’s ATPase activity. Using an ATP
concentration of 1 mM, we determined that the kcat values for
Nsp13 ATPase activity in the presence of ssRNA using
1 mM Mg2+ or 5 mM Mg2+ were 1282 s−1 and 337 s−1,
respectively (Table 5). The 4-fold reduction in Nsp13 ATPase
activity in the presence of 5 mM Mg2+ compared with
1 mM Mg2+ suggests that the compromised streptavidin
displacement and helicase activity at the elevated divalent cation
concentration reflects a reduced ability to hydrolyze ATP.

The inhibition of Nsp13 ATPase activity by free Mg2+ may
be mediated by an allosteric effect on the enzyme, or a func-
tion strength in the reaction mixture. To address the specificity
of Mg2+ inhibition, we tested other divalent cations (Mn2+,
Ca2+, Co2+) for their ability to substitute for Mg2+ in the Nsp13
ATPase reaction with the 60-nt RNA effector and 1 mM ATP
present. We observed very low to no Nsp13 ATPase activity in
the presence of CaCl2 or CoCl2 at 1, 2, or 5 mM metal ion
concentrations, whereas MnCl2 partially fulfilled the metal
requirement but still a 2-fold or greater reduction in Nsp13
ATP hydrolysis, depending on the MnCl2 concentration
(Fig. S6A). Next, we tested mixtures of Mg2+ (1 mM) with
Mn2+, Ca2+, or Co2+ at concentrations of 1 mM or 4 mM with
RNA effector and 1 mM ATP present, as before. Here we
observed a significant reduction in Nsp13 ATPase activity by
all three metals (Mn2+, Ca2+, or Co2+) at 1 mM concentration,
and an even greater reduction at 4 mM (Fig. S6B). These re-
sults suggest that, while excess free Mg2+ exerts inhibition of
Nsp13 ATPase activity, the effect is much greater for the other
three metals, in a quantitative manner that was dependent on
the identity of the divalent cation. Thus, the inhibition of
Nsp13 ATPase activity was not specific to Mg2+. Lastly, we
sought to address if the Mg2+ inhibition of Nsp13 ATPase
activity would persist even when the RNA effector was absent
from the reaction mixture. We observed that there was no
inhibition of Nsp13 ATPase activity, even at 10 mM MgCl2,
suggesting that the mechanism of inhibition was mediated in
an RNA-dependent manner (Fig. S6C). It is plausible that
excess free Mg2+ interferes with Nsp13’s favorable interaction
with the RNA effector, disallowing the conformational change
in the enzyme most favorable for ATP hydrolysis.

The reduction of Nsp13 ATPase activity by excess Mg2+

prompted us to determine the effect of the metal ion on the
bstrate (0.25 nM) for 15-min incubation at RT with no nucleotide or ATPγS
Data represent the average of at least three independent experiments with
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Figure 5. RNA/DNA chimeric substrates reveal that the chemistry of the
preexisting 5 ʹ́ single-stranded tail of the top strand is the key deter-
minant for Nsp13 helicase activity on forked duplex substrates.
A, depiction of the partial duplex substrates harboring chimeric RNA/DNA
nucleotides in the 5ʹ tail of the top strand. B, quantitative assessment of
Nsp13 helicase activity from a 15-min incubation at 37 �C with 1 mM Mg2+

and 2 mM ATP as a function of protein concentration on the nucleic acid
substrates (0.25 nM) shown in (A). Data represent the average of at least
three independent experiments with SD indicated by error bars.

Table 4
Turnover rate constants (kcat) for Nsp13-catalyzed ATP hydrolysis as
a function of polynucleotide effector

[Effector] (nM) ssRNA kcat (sec
−1) ssDNA kcat (sec

−1)

31 311 ± 88 1145 ± 207
1000 1526 ± 234 1245 ± 33.3

kcat values are based on average of three independent experiments as a function of
stated 60-nt-length effector concentrations. All experiments were performed using
1 mM ATP, 1 mM MgCl2, 0.05 nM Nsp13, for a 10-min time course at 37 �C.

Biochemical characterization of SARS-CoV-2 Nsp13 helicase
enzyme’s ability to bind RNA. As shown in Figure 8, increasing
concentrations of Mg2+ inhibited Nsp13 binding to the RNA
forked duplex; at the highest Mg2+ concentration tested
(10 mM), there was a �70% reduction in binding compared to
the omission of Mg2+. We also tested the effect of Mg2+ on
Nsp13 binding to DNA (Fig. S7). Here, we only observed
modest reduction of Nsp13 binding, even at the highest con-
centration of 10 mM Mg2+.

Nsp13-catalyzed streptavidin displacement is ATP dependent

It was reported that the RNA helicase eukaryotic initiation
factor 4A (eIF4A) (30) and the replicative CMG DNA helicase
(31) hydrolyze the ATP analogue ATPγS, which in turn can
fuel unwinding of duplex RNA and DNA, respectively. This is
a rather unusual property of helicases, as a number of previ-
ously characterized helicase proteins, including UvrD (32) and
Rep (33), are devoid of detectable unwinding activity in the
presence of ATPγS. To address the nucleotide requirements
for Nsp13-catalyzed streptavidin displacement and RNA heli-
case activity, we tested Nsp13 to perform the two catalytic
activities in the presence of ATP, the poorly hydrolyzable ATP
analogue ATPγS, the nonhydrolyzable ATP analogue adenyl-
imidodiphosphate (AMP-PNP), ADP, or the omission of
nucleotide altogether. The results from the streptavidin
displacement experiments with the 3ʹ-biotinylated RNA sub-
strate demonstrate that only ATP, but not ATPγS, AMP-PNP,
or ADP, suffice to support Nsp13-catalyzed disruption of the
Table 3
Keff and Vmax parameters for Nsp13-catalyzed ATP hydrolysis

Parameter ssRNA ssDNA

Keff (nM) 117 ± 64 12.8 ± 6.4
Vmax (nM ATP*sec−1) 134 ± 20 97.6 ± 14

Keff and Vmax values were calculated from at least three independent experiments with
a range of 60-nt-length effector concentrations (4–1000 nM). All experiments were
performed using 1 mM ATP, 1 mMMgCl2, 0.05 nM Nsp13, for a 12.5-min time course
at 37 �C.
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RNA–protein complex (Fig. 9, A and B). Similarly, only ATP,
but not ATPγS, AMP-PNP, or ADP, fueled Nsp13 helicase
activity on the 16-bp RNA forked duplex substrate (Fig. 9, C
and D). These results suggest that a threshold of chemical
energy provided by an efficiently hydrolyzable nucleoside
triphosphate (e.g., ATP) is required to disrupt the high-affinity
streptavidin–ssRNA complex or unwind duplex RNA.
Discussion

In this work, we found that recombinant SARS-CoV-2
Nsp13, purified from eukaryotic cells, unwound a partial
duplex substrate with a 5ʹ ssDNA tail with the greatest effi-
ciency, irrespective if the opposite strand is DNA or RNA.
Thus, the critical element in substrate preference of SARS-
CoV-2 Nsp13 is the chemical nature of the translocating sin-
gle strand, i.e., DNA versus RNA. Nsp13’s preference for
ssDNA compared with ssRNA for helicase loading was verified
by our experiments with chimeric RNA–DNA or DNA–RNA
oligonucleotides. We also confirmed Nsp13 preferentially
displaces streptavidin bound to biotinylated ssDNA than
ssRNA through our multi-turnover streptavidin kinetics as-
says. Moreover, the ATPase measurements to determine Keff

or kcat also demonstrated a preferential interaction of Nsp13
with ssDNA compared with ssRNA at subsaturating concen-
trations of polynucleotide effector, which was upheld by Nsp13
electrophoretic mobility shift assay using DNA versus RNA
forked duplex substrates.

For comparison of Nsp13 catalytic activities expressed in
and purified from bacterial systems (7, 10, 34) with insect cells
(current study), data for SARS-CoV-1, -2, and MERS Nsp13
proteins are listed in Table S2. It is difficult to conclude dif-
ferences in specific catalytic activities given that the substrates
and reaction conditions, as well as enzyme to substrate ratios,
were distinct.

Altogether, the combined results demonstrating preferential
interaction of Nsp13 with ssDNA compared with ssRNA
combined with the demonstrated Nsp13 translocation direc-
tionality 5ʹ to 3ʹ help to explain the apparent substrate speci-
ficity for unwinding. In the absence of binding of Nsp13
specifically to the fork structure, the more efficient unwinding
of a forked duplex substrate composed of two RNA strands
compared with a substrate in which the top strand is RNA and
the bottom strand is DNA can be rationalized because Nsp13
would preferentially bind to the DNA bottom strand and
engage in nonproductive translocation away from the junction
of the partial duplex substrate. In contrast, Nsp13 would not
bind preferentially to the bottom strand of the forked duplex
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Figure 6. Nsp13 disrupts the high-affinity interaction of streptavidin bound to biotinylated RNA in a unidirectional manner. A, streptavidin
displacement as a function of Nsp13 concentration under multi-turnover conditions. Representative polyacrylamide gel analysis of Nsp13 enzyme titration
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were initiated by the addition of 1 μM biotin immediately followed by the indicated Nsp13 concentration. C, quantitative assessment of Nsp13-catalyzed
streptavidin displacement. Data represent the average of three independent experiments with SD indicated by error bars.

Biochemical characterization of SARS-CoV-2 Nsp13 helicase
substrate consisting entirely of two RNA strands annealed to
each other; consequently, the substrate would not be predis-
posed to nonproductive translocation by Nsp13. This work
helps to clarify previous conflicting reports on the nucleic acid
substrate specificity of Nsp13 (as described previously) and
further characterizes the enzyme’s preferential interaction with
A
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Figure 7. Nsp13-catalyzed streptavidin displacement as a function of M
titration in streptavidin displacement reactions incubated for 15 min at 37 �C u
of 2 mM ATP and 1 mM MgCl2 (A) or 5 mM MgCl2 (B). Biotinylated oligonucl
reactions were initiated by the addition of 1 μM biotin immediately followed b
catalyzed streptavidin displacement. Data represent the average of three inde
a DNA 5ʹ tail on the top strand in the helicase substrate. Like
Nsp13, the well-characterized hepatitis C virus NS3 helicase
protein also preferentially unwinds duplex DNA compared
with duplex RNA substrates (35).

The substrate preference of Nsp13 to unwind duplex
nucleic acid substrates with a loading/translocating ssDNA
gCl2 concentration. Representative polyacrylamide gel analysis of Nsp13
sing 39-mer RNA substrate (0.25 nM) with a 3ʹ biotin moiety in the presence
eotide was preincubated with 3 nM streptavidin monomer for 10 min and
y the indicated Nsp13 concentration. C, quantitative assessment of Nsp13-
pendent experiments with SD indicated by error bars.
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Table 5
Turnover rate constants (kcat) for Nsp13-catalyzed ATP hydrolysis as
a function of MgCl2 concentration

MgCl2 concentration kcat (sec
−1)

1 mM 1382 ± 189
5 mM 337 ± 69

kcat values are based on average of three independent experiments as a function of
stated MgCl2 concentrations. All experiments were performed using 1 mM ATP,
31 nM ssRNA 60-nt effector, 0.05 nM Nsp13, for a 10-min time course at 37 �C.

Biochemical characterization of SARS-CoV-2 Nsp13 helicase
tract may bear relevance in vivo. The cytosolic accumulation of
polynucleic acids extruded from the nucleus triggers the
cGAS-STING pathway, which is implicated in chronic
inflammation (36); presumably, Nsp13’s preferential interac-
tion with the cytosolic DNA molecules may modulate the in-
flammatory response. Experimental evidence suggests a role of
Nsp13 to modulate type 1 interferon production by targeting
TBK1 for degradation (37); however, whether the nucleic acid
interaction properties of Nsp13 are implicated remains to be
determined.

Nsp13’s substrate specificity dictated by the chemical nature
of the 5ʹ ss overhang suggests that the loading/translocation
properties of Nsp13 strongly influence the enzymatic efficiency
for unwinding the adjacent duplex. We further examined this
issue for Nsp13-catalyzed unwinding of the dsRNA forked
duplexes by assessing Nsp13 helicase activity on substrates
that contained a backbone disruption (PEG) in either the 5ʹ
ssRNA or 3ʹ ssRNA arm. Here, we observed strong inhibition
of Nsp13 helicase when the PEG linker was positioned in the 5ʹ
ssRNA overhang, i.e., the strand the helicase is presumed to
translocate, immediately adjacent to the duplex. These results
suggest that Nsp13 unwinds duplex RNA by a mechanism in
which it is sensitive to the top strand sugar–phosphate back-
bone integrity.

Very recently, several conformational states of Nsp13 in the
SARS-CoV-2 RTC with ss template RNA were solved by cryo-
EM, providing evidence that the nsp13 “thumbs”-engaged
protomer makes extensive hydrogen bonds and ionic in-
teractions with the RNA phosphate backbone (4). These
findings are consistent with ours, which show for the first time
NE 0 1 2 3 4 5 6 8MgCl2 (mM)   

A

Nsp13-RNA Complex

16 bp

Figure 8. Effect of MgCl2 on Nsp13’s binding to the RNA substrate. Nsp
(0.25 nM) for 15 min at RT. A, binding mixtures were assessed by electrophor
titative analysis is shown. Data represent the average of three independent e
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in a functional manner that Nsp13 helicase activity is strongly
sensitive to a local neutralizing disruption of the sugar–
phosphate backbone in the helicase translocating strand.

Previously, optical tweezers single-molecule measurements
showed that an external constant force applied to a 180-bp
RNA hairpin substrate activated Nsp13 helicase activity (15),
suggesting that Nsp13 may operate (to some degree) via a
passive unwinding mechanism in which thermal fraying of the
duplex at the helicase entry point, favored by the force appli-
cation, enables Nsp13 to capture the exposed ss nucleotides.
The ability of the 5ʹ ss-positioned PEG linker to impede Nsp13
translocation and helicase activity would interfere with either
passive or active mechanisms of unwinding because in either
model Nsp13 would be unable to destabilize nucleic acid
duplex ahead of the translocating enzyme. Reaction conditions
with low Mg2+ allowed some detectable unwinding of the RNA
forked duplex substrate with the 5ʹ PEG linker at higher Nsp13
concentrations; however, the potency of inhibition by the 5ʹ
PEG was still quite strong at lower Nsp13 concentrations,
suggesting that reduced Mg2+ did not dramatically alter
Nsp13’s loading mechanism. The unique properties of Nsp13’s
substrate loading may be important for its role during coro-
navirus replication or proofreading (see below).

Unwinding processivity is an important parameter of a
helicase, leading us to investigate the ability of SARS-CoV-2
Nsp13 to unwind dsRNA substrates with increasing duplex
lengths under multiple-turnover or single-turnover conditions.
Initially, we performed helicase assays with partial duplex RNA
substrates characterized by ds regions increasing by 3-bp in-
crements from 13- to 22-bp under reaction mixture conditions
(2 mM ATP, 5 mM Mg2+) similar to those used for the
characterization of SARS-CoV-1 Nsp13 (13). Results from
multiple-turnover experiments with increasing Nsp13 con-
centrations showed a marked decrease in the amount of sub-
strate unwound as the duplex length was increased from 16-bp
to 19-bp, and an even further reduction in percent substrate
unwound by increasing the duplex length to 22-bp, suggesting
that Nsp13 helicase is very sensitive to duplex RNA length
under the reaction conditions tested.
10

BB

13 (12.8 nM) was incubated with the 16-bp RNA forked duplex substrate
etic mobility shift assay, as described in Experimental procedures. B, quan-
xperiments with SD indicated by error bars.
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Figure 9. Chemical energy requirements for Nsp13 to disrupt a high-affinity RNA–protein interaction compared with RNA helicase activity.
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displacement (C) or RNA helicase activity (D) represent the average of three independent experiments with SD indicated by error bars.

Biochemical characterization of SARS-CoV-2 Nsp13 helicase
Given that the replicated SARS-CoV-2 genome of 29,800-bp
is the longest in the coronavirus family (38) and replication is
essential in the coronavirus life cycle, we were struck by
Nsp13’s sensitivity to duplex length dependence for RNA
helicase activity, albeit under in vitro reaction conditions.
Nsp13 interacts with other proteins of the coronavirus RTC
(1, 3), and the rate of SARS-CoV-1 Nsp13 helicase activity is
enhanced modestly 1.5-fold (11) or 2-fold (8) by the RNA-
dependent RNA polymerase Nsp12. Therefore, we reasoned
that the reaction conditions used for Nsp13 helicase assays
could be optimized. Given the importance of nucleoside
triphosphate as the chemical energy source and its essential
cofactor Mg2+, we focused on these two components. Previ-
ously, bulk biochemical studies of SARS-CoV-2 Nsp13 had
used 2 mM ATP and 5 mM Mg2+ (15). Because the estimated
in vivo concentration of Mg2+ (1 mM) is much lower, we
examined this issue carefully. From a series of biochemical
experiments, we determined that optimal Nsp13 helicase ac-
tivity was detected at a Mg2+ concentration of 1 mM and ATP
concentration of 2 mM. The optimized ATP and Mg2+
concentrations exerted a substantial impact on Nsp13’s ability
to unwind conventional partial duplex RNA substrates. This
was demonstrated when we examined Nsp13’s activity on a 30-
bp partial duplex substrate, which was very poorly unwound by
Nsp13 using the original reaction conditions of 5 mMMg2+. In
stark contrast, in the presence of 1 mM Mg2+ 70% of the RNA
partial duplex substrate was unwound by Nsp13 under single-
turnover conditions. Further studies will be required to
determine how Nsp13 helicase processivity relates to its role(s)
in SARS-CoV-2 genome transactions. It is tempting to spec-
ulate that the RNA secondary structure of the coronavirus
genome would be resolved by Nsp13 helicase to allow smooth
polynucleotide synthesis by the SARS-CoV-2 RTC during
replication/transcription. The calculated median base-pairing
distance in a recently proposed SARS-CoV-2 consensus
model is 25 nt (39), suggesting that the apparent processivity
of Nsp13 helicase acting alone may be sufficient to resolve at
least some of the intramolecular stem–loop structures.

The role of protein oligomerization in unwinding efficiency
has been a topic of interest, as some RNA helicases are known
J. Biol. Chem. (2023) 299(3) 102980 13



Biochemical characterization of SARS-CoV-2 Nsp13 helicase
to multimerize, which increases their specific activity (40). For
example, Putnam et al. (41) observed that Ded1p showed a
sigmoidal functional RNA helicase activity under pre-steady-
state and steady-state conditions, providing evidence for the
importance of oligomerization for optimal unwinding. We also
observed that Nsp13 displayed sigmoidal behavior for helicase
activity, suggesting functional cooperativity. In previously
published work, chemical cross-linking of a bacterially
expressed and purified recombinant SARS-CoV Nsp13 protein
followed by SDS-PAGE analysis demonstrated that a small
fraction could oligomerize to the dimeric and trimeric forms
(12). Functional analysis of the higher-order oligomers was not
performed; however, it was observed that longer ssDNA tracts
in the partial duplex DNA substrate allowed enhanced Nsp13
helicase activity, leaving the authors to suggest functional
cooperativity between monomers. More recently, cryo-EM was
used to determine the structure of a SARS-CoV-2 mini-RTC
(3). It was determined that two Nsp13 protomers reside within
the complex and interact with each other via the conserved 1B
domain in the helicase core. Site-directed mutagenesis of the
Nsp13-2 protomer resulting in a T216A replacement signifi-
cantly impaired the interaction of Nsp13 protomers with each
other and the mini RTC helicase activity on a partial duplex
DNA substrate, suggesting that the physical interaction of both
Nsp13 protomers within the mini RTC is important for
optimal unwinding. Our findings that purified recombinant
Nsp13 displayed cooperativity for helicase activity as a func-
tion of enzyme concentration, as determined by Hill plot
analysis, prompts further studies to determine the importance
of these observations in the SARS-CoV-2 life cycle and nucleic
acid processing in the infected host cell.

Having determined that Nsp13 helicase activity was
enhanced under reaction conditions of low Mg2+, we sought to
address if this preference held for Nsp13’s other catalytic
functions. First, we examined streptavidin displacement from
the 3ʹ-biotin position on the RNA substrate, which provides an
indication of Nsp13 ssRNA translocation because the enzyme
completely fails to displace streptavidin from the 5ʹ end.
Moreover, RNA translocation is a prerequisite for Nsp13
helicase activity. The dramatic activation of Nsp13 streptavidin
displacement at 1 mM Mg2+ compared with 5 mM Mg2+

suggests that the divalent cation concentration regulates
Nsp13 RNA helicase activity by improving its RNA trans-
location activity. Second, we examined Nsp13 ATPase activity
because the chemical energy derived from ATP hydrolysis
fuels RNA translocation as well as helicase unwinding. We
found that the rate of ATP hydrolysis by Nsp13 is significantly
greater (4-fold) under the optimal conditions for unwinding,
i.e., 1 mM Mg2+. Thus, Nsp13’s ATP hydrolysis, which drives
translocation and duplex RNA unwinding activity, is regulated
by Mg2+ concentration in the reaction mixture. The reduced
ability of Nsp13 to bind the RNA substrate (or the DNA
substrate) at greater Mg2+ concentrations is a probable
contributing factor to its reduced catalytic functions.

While it is tempting to speculate that Nsp13 follows a
general principle in which free Mg2+ inhibits helicase-
catalyzed unwinding of ds nucleic acid substrates, as is the
14 J. Biol. Chem. (2023) 299(3) 102980
case for hepatitis C virus (HCV) NS3 RNA helicase (42) or
E. coli RecQ DNA helicase (43), inhibition of helicase-
catalyzed unwinding by excess Mg2+ relative to ATP is not
always observed (44), suggesting unique helicase-specific ef-
fects. In the case of E. coli RecQ, it was suggested there is a
requirement for Mg2+ and ATP to be bound to the enzyme as a
complex (43), but this concept was not experimentally
addressed. For HCV NS3, analyses of steady-state rates of
DNA unwinding at various ATP and Mg2+ concentrations,
combined with a scheme for the analysis of dissociation con-
stants, suggested a model in which either free Mg2+ or free
ATP binds to HCV helicase and competes with the binding of
the ATP–Mg2+ complex, the entity that actually fuels enzy-
matic duplex strand separation by the helicase (42). Following
this model, we determined experimentally from ATP and
MgCl2 titrations that nearly equimolar concentrations of ATP
and Mg2+ are required for optimal Nsp13 RNA helicase ac-
tivity. A contributing factor for the sensitivity of Nsp13 heli-
case to excess Mg2+ may be the increased ionic strength of the
reaction mixture, which would be predicted to alter the elec-
trostatic interaction of the helicase to the RNA substrate (40).

Structural and biochemical studies indicate that ligand-
induced changes in the conformation of a given helicase may
be caused in part by Mg2+ coordination, which is linked to
DNA activation of the ATPase cycle (45, 46). Recently, X-ray
crystal structures of SARS-CoV-2 Nsp13 in multiple
nucleotide-bound and conformational states were determined
(6). It was revealed that the Mg2+ exists in an octahedral co-
ordination, contacting both the β and γ phosphates of the
bound AMP-PNP, as well as the side chain of Ser289 residing
immediately adjacent to the invariant Lys288 of the Walker A
box (motif I) that interacts with oxygen atoms of the α and γ
phosphates. The Nsp13-bound Mg2+ interacts as well with
three nearby water molecules that are also contacted by the
conserved Asp374 and Glu375 of the Walker B box (motif II)
implicated in ATP hydrolysis via facilitation of hydroxyl
nucleophilic attack. Presumably, free Mg2+ cripples the coor-
dination of nucleic acid binding to Nsp13-catalyzed ATPase
activity, which in turn negatively affects duplex strand sepa-
ration. Consistent with this, we observe that the rate of ATP
hydrolysis by Nsp13 is compromised by the excess Mg2+

condition. Given the heightened interest in small molecule
inhibitors of Nsp13 for the development of antiviral drugs
(47–50), it is plausible that incorporation of the Mg2+-binding
site into the ATP-binding and hydrolysis site might improve
drug specificity. Knowledge-based pharmacophore and solvent
mapping strategies suggest a ranking in which a site proximal
to the ATP-binding site of Nsp13 and within 3.5 Å of the
catalytic Mg2+-binding site is optimal for virtual screening by
molecular docking of small molecules that directly interfere
with Nsp13 ATP hydrolysis (47). Nonetheless, specificity for
inhibition of Nsp13’s ATPase activity by small molecules
without interference in the catalytic functions of host ATPases
and helicases could pose a challenge.

One of the advances in this study is the demonstration that
Nsp13 can efficiently disrupt RNA–protein interactions in a
unidirectional manner. ATPγS, often viewed as a poorly
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hydrolyzable analogue of the naturally occurring ATP, failed to
support Nsp13-catalyzed streptavidin displacement. The
inability of ATPγS, ADP, or AMP-PNP to support Nsp13
streptavidin displacement suggests that nucleotide binding by
Nsp13 is not sufficient for protein–RNA disruption, despite
evidence from structural studies of a conformational change in
Nsp13 induced by AMP-PNP binding (6, 11). Like protein
displacement from RNA, ATPγS did not support Nsp13 heli-
case activity on the 16-bp RNA partial duplex, indicating that
the chemical energy of nucleoside hydrolysis is required to fuel
duplex unwinding as well as protein remodeling on an RNA
molecule.

Based largely on structural studies (1, 2, 5), it is proposed
that Nsp13 may use its ATPase-driven RNA translocase ac-
tivity to push the coronavirus RNA-dependent RNA poly-
merase (Nsp12) complex backward on its template RNA when
a 3ʹ terminal mismatch is inadvertently incorporated during
coronavirus replication so that the proofreading nuclease
(Nsp14) can remove the nascently synthesized nucleotide to
ensure polymerase fidelity. In this scenario, Nsp13 with its 5ʹ to
3ʹ directionality of translocation would move on the same RNA
strand that serves as a template for the Nsp12 RNA-dependent
RNA polymerase, only in the opposite direction of the
advancing polymerase to push it backward. In our current
study, we provide biochemical evidence that Nsp13 requires
backbone continuity on the 5ʹ tail of the top strand for un-
winding of the adjacent RNA duplex and can efficiently disrupt
a very strong protein–RNA complex in an ATP hydrolysis–
dependent manner. We note that the recent characterization
of Nsp13 helicase conformational structures in the
replication–transcription complex suggests that a swivel of the
Nsp13 1B domain by an allosteric mechanism transitions the
Nsp13 “thumbs” protomer from helicase active to helicase
inactive, which may be relevant to a switch between RNA
synthesis and backtracking (4); however, how this regulation
takes place is still poorly understood. RNA structural elements
(e.g., 3ʹ -terminal mismatch and sugar–phosphate backbone
integrity) and interactions with other protein factors are likely
to influence Nsp13 enzymology and steric access to push
backward the RNA-dependent RNA polymerase complex to
enable proofreading or template switching during subgenomic
transcription.
Experimental procedures

Plasmid construction

The SARS-CoV-2 coding sequence displays some codon
bias (51), which potentially reduces recombinant protein
expression in eukaryotic systems. Therefore, to generate re-
combinant SARS-CoV-2 Nsp13 protein (hereafter referred to
as Nsp13), the Nsp13 coding sequence was synthesized as a
fragment with codon optimization (Fig. S8) for insect cell
expression. pFastBac-HTB-Nsp13-FLAG was created by
inserting a DNA fragment containing the Nsp13 open reading
frame with a 5ʹ-flanking BamHI restriction site and 3ʹ-flanking
FLAG tag and XhoI restriction site (Genewiz) into the
pFastBac-HTB plasmid (Thermo Fisher). This allowed for
purification of full-length product and the removal of the
6xHis tag, which was shown to significantly reduce SARS-
CoV-1 Nsp13 helicase activity (8).

The codon AAG coding for the invariant lysine residue
K288 in the Walker A box (Motif I) of the Nsp13 helicase was
mutated to AGG (arginine) through site-directed mutagenesis
of the pFastBac HTB-Nsp13-FLAG plasmid to generate the
recombinant Nsp13-K288R protein. Baculovirus expressing
Nsp13-K288R was created, and the protein was purified and
stored using the same conditions as the nonmutated Nsp13.
Recombinant Nsp13 protein expression and purification

pFastBac-HTB-Nsp13-FLAG was transformed into
DH10Bac competent cells (Thermo Fisher) to generate bacu-
lovirus DNA containing the Nsp13 coding sequence. Baculo-
virus DNA was transfected into 2 x 106 Spodoptera frugiperda
Sf9 insect cells, grown in Grace’s Insect Cell Medium sup-
plemented with 10% fetal bovine serum and penn/strep, using
six-well dishes to generate baculovirus. This baculovirus in
turn was used to infect 2 × 107 Sf9 insect cells to generate
high-titer baculovirus.

Hi5 insect cells (Thermo Fisher), grown in ExpressFive SFM
Medium supplemented with L-glutamine and penn/strep,
were infected with the high-titer baculovirus derived from
pFastBac-HTB-Nsp13-FLAG plasmid. Forty-eight hours post
infection, the baculovirus-infected Hi5 insect cells were har-
vested by centrifugation at 500g for 8 min in 250-ml conical-
bottom centrifuge tubes (Nalgene). Cells were washed with
35 ml 1× PBS, transferred to 50-ml conical tubes (Falcon), and
centrifuged again at 500g for 5 min. Cells were washed again
with 1× PBS containing protease inhibitor (Roche) and
centrifuged once more at 500g for 5 min. Cell pellets were
stored at −80 �C until used for extraction and recombinant
protein purification by sequential affinity chromatography
(Fig. S9).

Briefly, cell pellets representing 2 × 108 infected Hi5 insect
cells were thawed on ice and resuspended in 20 ml Lysis Buffer
(50 mM Tris-HCl [pH 7.4], 500 mM NaCl, 0.5% NP40, 10%
glycerol, 5 mM β-mercaptoethanol (BME), and protease in-
hibitor without EDTA). The cells were lysed for 45 min at 4 �C
with gentle rotation. The cell lysate was centrifuged at 48,380g
for 10 min at 4 �C, and the supernatant was filtered through a
0.45-micron PVDF filter (Millipore). The clarified supernatant
was applied to a 1-ml HisTrap HP column pre-equilibrated in
Buffer TN (50 mM Tris-HCl [pH 7.4], 500 mM NaCl, 10%
glycerol, and 5 mM BME) with 10 mM imidazole and protease
inhibitor without EDTA. The column was washed with 5 ml
each of Buffer TN with 10 mM, 20 mM, and 40 mM imidazole
and protease inhibitor without EDTA. The protein was eluted
off the HisTrap HP column with 5 ml of Buffer TN with
400 mM imidazole. The eluted protein was then dialyzed into
Buffer TN with no imidazole using an Amicon 30K centrifugal
filter. Protein concentration was estimated with Pierce 660 nm
protein assay kit (Thermo Fisher). TEV protease, 1 μg, was
added for every 25 μg of protein, and the protein was cleaved
overnight at 4 �C with gentle rotation. Following cleavage of
J. Biol. Chem. (2023) 299(3) 102980 15
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the protein with TEV protease, the sample was dialyzed into
NETN Buffer (50 mM Tris-HCl [pH 7.4], 500 mM NaCl, 0.5%
NP40, 1 mM EDTA) added to 500 μl pre-equilibrated anti-
FLAG M2 affinity beads and rotated for 2 h at 4 �C. The beads
were washed twice with NETN Buffer. Protein was eluted from
the beads by adding 500 μl Storage Buffer (100 mM Tris-HCl
[pH 8.0], 100 mM NaCl, 10% glycerol, 5 mM BME) with 3×
FLAG peptide (250 μg), incubating for 1 h with rotation at 4 �C
and pouring the beads into a small column. Gravity was used
to collect the elution. This step was repeated, and the fractions
from both 3× FLAG elutions were pooled and dialyzed against
Storage Buffer using another Amicon 30K centrifugal filter,
followed by storage at −80 �C. Protein concentration was
estimated, and samples from each step of the purification and
the final protein sample were analyzed by electrophoresis us-
ing a Bis-Tris 4 to 12% gradient polyacrylamide gel followed by
Coomassie staining. Purity of the recombinant Nsp13 protein
was determined to be at least 90% homogeneous (Fig. 1A).

Preparation of nucleic acid substrates

The oligonucleotides used to prepare the partial duplex
substrates used in this study are shown (Table S3). To prepare
RNA, DNA, DNA–RNA hybrid, and poly(hexa)ethylene glycol
(PEG) forked substrates, 10 pmol of ss RNA/DNA was incu-
bated at 37 �C for 40 min in T4 Polynucleotide Kinase (PNK)
buffer (70 mM Tris-HCl [pH 7.6], 10 mM MgCl2, 5 mM
dithiothreitol [DTT], 30 μCi γ-32P-ATP, and PNK) (New En-
gland Biolabs) in a 20-μl reaction mixture. PNK was heat-
inactivated for 20 min at 75 �C. Excess γ-32P-ATP was
removed by centrifugation of the sample in a G25 spin column
(Cytiva). Top (complementary) strand, 25 pmol, was added to
the radiolabeled ss RNA/DNA, and the final volume was
brought up to 50 μl with ddH2O. Substrates were annealed by
heating at 95 �C for 5 min followed by cooling to room tem-
perature (RT) overnight. Substrates were stored at 4 �C.

Theoretical Tm values of selected partial duplex DNA, RNA,
or DNA/RNA hybrid substrates were determined using the
calculator https://penchovsky.atwebpages.com/TMres.php
(52). These Tm values take into account duplex DNA con-
centration and monovalent cation concentration.

Multiple-turnover helicase assays

Nsp13 (indicated in monomer concentration throughout)
was incubated with RNA partial duplex substrates ranging in
duplex length from 13-bp to 22-bp. The 20-μl reaction mix-
tures contained 0.25 nM partial RNA substrate, 20 mM Hepes-
KOH (pH 7.5), 20 mM NaCl, 1 mM DTT, 100 μg/ml bovine
serum albumin (BSA), 5 nM unlabeled oligonucleotide (same
sequence as radiolabeled oligonucleotide), and the indicated
concentration of ATP (unless specified otherwise) and MgCl2,
as noted in the figure legends. Reactions were initiated by the
addition of Nsp13 and incubated at 37 �C for 15 min unless
specified otherwise. Reaction mixtures were quenched with the
addition of 20 μl 2× Stop buffer (18 mM EDTA, 0.6% SDS, 25%
glycerol, 0.04% xylene cyanol, 0.04% bromophenol blue). Re-
action products were resolved on native 12% polyacrylamide
16 J. Biol. Chem. (2023) 299(3) 102980
gels electrophoresed at 200 V for 2 h at RT. Gels were exposed
to a phosphorimager screen and scanned with a Typhoon FLA
9500 imager. ImageQuantTL software was utilized for
quantification of gel images. All experiments with DNA,
DNA–RNA hybrid, and PEG-modified substrates followed this
general procedure used for the RNA forked duplex substrates.

For Hill plot analysis to assess the sigmoidal nature of the
multiple-turnover helicase data as a function of Nsp13 con-
centration, the Hill equation (53) was applied to helicase ac-
tivity rather than ligand binding. Hill slopes (Hill coefficients)
and R2 values (correlation coefficients) were determined by
entering mean and standard deviation data values into
GraphPad Prism software and utilizing the nonlinear regres-
sion option “Specific binding (unwinding) with Hill slope”
described by the equation:

Bmax

 
Xh�

Kd
hþXh

�
!

where
Bmax is the maximum specific binding (unwinding)

achievable;
Kd is the concentration of enzyme that achieves ½ maximal

binding (unwinding);
X is the concentration of enzyme;
h is the Hill slope (coefficient).

PEG sequestration helicase assays

For helicase sequestration experiments, Nsp13 (0.078 nM)
was preincubated for 8 min at 37 �C in 20-uL reaction mix-
tures containing 2 mM ATP, 20 mM Hepes-KOH (pH 7.5),
20 mM NaCl, 1 mM DTT, 100 μg/ml BSA, 5 nM unlabeled
oligonucleotide (same sequence as radiolabeled oligonucleo-
tide), 1 mM MgCl2, and the indicated amounts of unlabeled
partial duplex competitor RNA substrates containing the PEG
linker in either the top or bottom strand. Subsequently, 5 fmol
of radiolabeled 19-bp forked duplex tracker substrate was
added to the mixture and incubated for an additional 10 min at
37 �C. The helicase reactions were quenched and resolved on
12% polyacrylamide gels and visualized as described under
“Multiple-turnover helicase assays.”

Single-turnover kinetic helicase assays

The specified concentration of Nsp13 (see figure legends)
was preincubated with 0.25 nM RNA partial duplex containing
the specified number of base pairs (13–30) for 5 min at RT in
20 mM Hepes-KOH (pH 7.5), 20 mM NaCl, 1 mM DTT,
100 μg/ml BSA, and the indicated concentration of MgCl2, as
noted in the figure legends. Reactions were initiated by the
addition of 2 mM ATP, 5 nM unlabeled oligonucleotide (same
as radiolabeled oligonucleotide), and 100 nM dT200 protein
trap. The reaction mixture was incubated at 37 �C with 20-μl
aliquots removed every 30 s for 2.5 min. A separate cocktail
was made for no enzyme control and heat-denatured substrate
control. Each aliquot was quenched by the addition of 20 μl 2×
Stop buffer, as described above. Reaction products were

https://penchovsky.atwebpages.com/TMres.php
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resolved by native gel electrophoresis and analyzed as
described in the multi-turnover helicase assay section. The
intermediate band is a secondary structure formed by the
radiolabeled strand not considered in quantitative helicase
assessment.

Streptavidin displacement assays

The streptavidin displacement reaction mixtures (20 μl)
contained the indicated radiolabeled RNA (and/or DNA, for
multi-turnover kinetic assays) substrate (0.25 nM) with a
strategically positioned biotin covalently attached to the
oligonucleotide (see Table S3; 5ʹ end: biotin linked to thymi-
dine base; 3ʹ end: biotin linked to 30 hydroxyl), 2 mM ATP,
20 mM Hepes-KOH (pH 7.5), 20 mM NaCl, 1 mM DTT,
100 mg/ml BSA, and 1 ml RNase inhibitor (20 U of Invitrogen
SUPERase-In or 40 U of Promega RNasin Plus) and the indi-
cated concentration of MgCl2, as noted in the figure legends.
RNA substrate was preincubated with 3 nM streptavidin
monomer (Invitrogen) for 10 min at 37 �C. Reactions were
then initiated by adding 1 mM biotin (Pierce) followed by
Nsp13 and incubated at 37 �C for 15 min. Reactions were
quenched with the addition of 20 ml of 2× Strep Displacement
Stop buffer (18 mM EDTA, 25% glycerol, 0.04% xylene cyanol,
0.04% bromophenol blue). For multi-turnover kinetic assays,
the streptavidin and Nsp13 concentrations were 1.6 nM and
0.75 nM, respectively. Reactions were quenched at 1, 2, 4, 8,
12, and 16 min time points. Products were resolved on non-
denaturing 12% (19:1 acrylamide/bisacrylamide) poly-
acrylamide gels electrophoresed at 200 V for 2 h at RT. A
PhosphorImager (Typhoon FLA 9500 imager) was used for
detection, and as above, the ImageQuantTL software (GE
Healthcare) was used for quantitation of the reaction products.

ATPase assays

For experiments to determine kcat, ATPase reactions (45 μl)
contained 20 mM Hepes-KOH (pH 7.5), 20 mM NaCl, 1 mM
DTT, 100 μg/ml BSA, 60-nucleotide ssDNA or ssRNA effector
(1 μM), a trace amount of γ-32P-ATP (�2 nM) mixed with
1 mM cold ATP, and either 1 mM or 5 mM MgCl2 as speci-
fied. The reactions were initiated with the addition of Nsp13
protein and incubated at 37 �C for a total of 10 min with 5 μl
samples removed every 2.5 min, including one sample
removed immediately after the addition of Nsp13 before the
incubation period. Samples were quenched in ATPase STOP
solution (33.3 mM EDTA, 6.7 mM ATP, 6.7 mM ADP, the last
two to visualize ATP and ADP on the thin layer chromatog-
raphy [TLC]) and spotted on PEI cellulose TLC sheets (10 cm
x 20 cm). The solvent (1 M formic acid, 0.8 mM LiCl) was
allowed to migrate up to 1 cm from the top of the sheet, and
the sheet was exposed to a phosphoimager screen for 0.5 to 1 h
and scanned. ImageQuant TL software was used to quantitate
hydrolyzed ATP. Less than 10% of the ATP substrate was
consumed in the reaction over the entire time course of the
experiment. The kcat values were expressed as the mean of at
least three independent determinations with standard devia-
tion. ATPase assays to determine Keff were similar to those for
assays to determine kcat with a few exceptions. ATPase assay
reactions (15 μl) contained the same buffer components,
including 2 mM ATP and 1 mM MgCl2, but with increasing
effector concentrations (4–1000 nM) of ssRNA or ssDNA
effector. Reactions were again initiated by the addition of
Nsp13 (0.05 nM) and incubated for 12 min at 37 �C. Samples
(5 μl) were removed at 0 and 12 min and quenched by the
addition of STOP solution and resolved as described above.
The Keff values were expressed as the mean of at least three
independent determinations with standard deviation.
Electrophoretic mobility shift assay

Nsp13 (indicated in monomer concentration throughout)
was incubated with DNA or RNA 16-bp forked duplex sub-
strate. The 20-μl reaction mixtures contained 0.25 nM DNA or
RNA 16-bp forked substrate, 20 mM Hepes-KOH (pH 7.5),
20 mMNaCl, 1 mM DTT, 100 μg/ml BSA, 1 mMMgCl2 or the
indicated concentration, and 2 mM ATPγS when indicated in
the figure legend. Reactions were initiated by the addition of
Nsp13 and incubated at RT for 15 min. Reaction mixtures
were quenched with the addition of 4 μl Stop Buffer (74%
glycerol, 0.01% xylene cyanol, 0.01% bromophenol blue). Re-
action products were resolved on native 5% polyacrylamide
gels electrophoresed at 200 V for 2 h 15 min at 4 �C. Gels were
exposed to a phosphorimager screen and scanned with a
Typhoon FLA 9500 imager. ImageQuantTL software was
utilized for quantification of gel images.
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