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Understanding the functional properties of severe acute
respiratory syndrome coronavirus 2 nonstructural proteins is
essential for defining their roles in the viral life cycle, devel-
oping improved therapeutics and diagnostics, and countering
future variants. Coronavirus nonstructural protein Nspl5 is a
hexameric U-specific endonuclease whose functions, substrate
specificity, mechanism, and dynamics are not fully defined.
Previous studies report that Nspl5 requires Mn>* ions for
optimal activity; however, the effects of divalent ions on Nsp15
reaction kinetics have not been investigated in detail. Here, we
analyzed the single- and multiple-turnover kinetics for model
sSRNA substrates. Our data confirm that divalent ions are
dispensable for catalysis and show that Mn>* activates Nsp15
cleavage of two different ssSRNA oligonucleotide substrates but
not a dinucleotide. Biphasic kinetics of ssRNA substrates
demonstrates that Mn>" stabilizes alternative enzyme states
that have faster substrate cleavage on the enzyme. However, we
did not detect Mn**-induced conformational changes using CD
and fluorescence spectroscopy. The pH-rate profiles in the
presence and absence of Mn>* reveal active-site ionizable
groups with similar pK;s of ca. 4.8 to 5.2. An Rp stereoisomer
phosphorothioate modification at the scissile phosphate had
minimal effect on catalysis supporting a mechanism involving
an anionic transition state. However, the Sp stereoisomer is
inactive because of weak binding, consistent with models that
position the nonbridging phosphoryl oxygen deep in the active
site. Together, these data demonstrate that Nspl5 employs a
conventional acid-base catalytic mechanism passing through
an anionic transition state, and that divalent ion activation is
substrate dependent.

In addition to the structural proteins of its viral envelope,
coronaviruses encode multiple nonstructural proteins
(Nspl1-16). Nsps have diverse biophysical and enzymatic ac-
tivities enabling them to function in viral gene expression and
replication, remodel the intracellular environment, and evade
host immune responses (1-3). There has been significant
progress in determining high-resolution structures of severe
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acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
Nsps, and their basic enzymatic and biochemical functions are
defined. However, the molecular details of their interactions,
dynamics, and regulation during the complex gene expression
necessary for the viral life cycle are only beginning to emerge.
An important challenge, therefore, is to understand how the
catalytic mechanisms, substrate specificities, interactions, and
dynamics of Nsps enable their coordinated function in infec-
tion and pathogenesis.

Multiple Nsps assemble into the replication—transcription
complex (RTC) that localizes to double-membrane vesicles
known as replication organelles, which provide the environ-
ment for replication and transcription of viral RNA (4—6). The
function of the RTC depends on an RNA-dependent RNA
polymerase (Nsp12 and cofactors Nsp7 and 8), an RNA heli-
case (Nsp13), and two methyltransferases (Nsp14 and 16 and
cofactors Nsp10 and 9) involved in RNA capping (4, 7, 8). In
addition, two ribonucleases, Nsp14 and Nspl5, are also con-
tained in the RTC, which raises important questions regarding
their functional roles, substrate specificities, and regulation or
their RNA-cleaving activity (9). Nsp14 is a bifunctional enzyme
that acts as an exonuclease while also containing an N7-
methyltransferase domain. Together, these activities are
believed to function in RNA capping and polymerase error
correction (9, 10). Nsp15 is an endoribonuclease of the EndoU
class that contributes to viral RNA synthesis and is also
important for evading the activation of host immune responses
(9, 11-13). However, its interactions with other Nsps, role in
RTC function, and contributions to suppressing innate im-
munity are still being defined.

Nsp15 has broad substrate specificity for both ssSRNA and
dsRNA, and like other members of the EndoU class of ribo-
nucleases, it characteristically cleaves 3’ of U residues by 2'-
O-transphosphorylation (Fig. 1) (9, 14—19). High-resolution
structures of Nspl5 bound to nucleotide and oligonucleo-
tide substrates show that nucleobase specificity is due to H-
bonding between uridine nucleobase O2 and N3 positions
and conserved active-site residues S294 and N278 (14, 20, 21).
To identify Nspl5 cleavage sites in host and viral RNAs,
mouse macrophage cells were infected with the coronavirus
mouse hepatitis virus encoding either native or an inactive
mutant of Nspl5 (22). The authors observed differences in
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Nsp15 endonuclease mechanism

Figure 1. Single turnover reaction and proposed mechanism of Nsp15.
A, single-turnover kinetic scheme for cleavage of an oligonucleotide sub-
strate by Nsp15. The diagram indicates conditions of excess enzyme
resulting in binding of a model substrate (black line) to a single active site in
the Nsp15 hexamer. The Nsp15 catalyzes RNA 2'-O-transphosphorylation 3’
to the uridine bound in the active site (circled U) resulting in 2'3'-cyclic
phosphate and 5'-hydroxyl termini on the 5 and 3’ cleavage products,
respectively. B, RNA 2'-O-transphosphorylation reaction showing an ideal-
ized transition state that is a dianionic pentavalent phosphorane in a
trigonal bipyramidal geometry with nucleophile 02’ and leaving group O5’
ligands occupying apical positions with negative charge delocalized be-
tween the 02, 05, and nonbridge phosphoryl oxygens. Nsp, nonstructural
protein.

cyclic phosphate complementary DNA sequencing results
that were compared to survey Nspl5 specificity. Motif anal-
ysis showed a preference for A 3’ to the cleavage site uridine
but did not otherwise reveal an extended sequence recogni-
tion motif for Nsp15 recognition. In vitro biochemical studies
show that Nspl5 can cleave unpaired U residues within
dsRNA, demonstrating that RNA structure is likely to
contribute to its biological specificity (9). Cryo-EM structures
of ssRNA and dsRNA bound to Nsp15 do not show extensive
contact with the surface of the enzyme (14, 21), although
complexes with optimized or validated physiological sub-
strates remain to be defined. In this regard, the impact of
RNA structure, cooperativity, binding site context, and
competition between alternative substrates confound a sim-
ple interpretation of motif analysis for understanding RNA-
binding protein specificity (23, 24). To date, the range of
physiologically relevant targets of Nspl5 have not been
defined, and currently, we lack a comprehensive and quan-
titative understanding of Nspl5 catalytic mechanism and
alternative substrate specificity.

Further complicating the picture of Nspl5 function is the
potential for allosteric communication between the active sites
among its six monomeric subunits (21, 25-27). The Nspl5
monomer is composed of a catalytic EndoU domain and two
regions involved in hexamerization, the N-terminal domain and
the middle domain. Cryo-EM reconstruction analyses of the apo
form of an active-site mutant of Nsp15 revealed a high degree of
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flexibility in the EndoU domain (21). Unconstrained molecular
dynamics simulations of hexamer and monomer states of Nsp15
were consistent with available structural data and showed a
greater degree of dynamics in the monomer and flexibility of
substrate residues flanking the cleavage site (14). Moreover,
previous studies of Nspl5 multiple-turnover kinetics show
apparent cooperativity consistent with substrate activation (28).
The potential for complex reaction kinetics suggests that the
flexibility and dynamics of Nsp15 may contribute to binding,
specificity, or catalysis. Complex multiple-turnover kinetics
could also arise because of multiple alternative factors including
the formation of multiple alternative enzyme states, hysteresis,
or intermolecular interactions between substrates. A quantita-
tive analysis of reaction kinetics is necessary to help resolve how
Nsp15 in vitro reaction kinetics and function are related.

Previous studies reported that in vitro catalytic activity of
Nspl5 is either dependent or enhanced by millimolar con-
centrations of divalent ions with Mn** (29, 30). However,
activation is observed at relatively high concentrations of ions
(>1 mM) compared with in vivo concentrations of Mn**
(10-100 uM) (31, 32). To date, no evidence for metal ions in
the active site has been reported for X-ray and cryo-EM
structures of Nspl5, and ion-binding sites are not readily
identified elsewhere in the structure. Active-site histidine
residues H235 and H250 are positioned in the active site to
function in acid-base catalysis of RNA 2'-O-trans-
phosphorylation similar although not identical to RNase A
(Fig. 1B). The metal ion—-independent catalytic mechanism is
likely based on structures with substrates carrying 2’'-deoxy-
modifications or uridine monophosphate (UMP)-vanadate
transition state mimic (18, 20, 21). Thus, divalent ions appear
to affect substrate binding or enzyme or substrate conforma-
tions in some manner, but the specific role that divalent metal
ions play in Nspl5 function is not well understood.

Results

Mn?* activates Nsp15 for cleavage of oligonucleotide
substrates

To investigate the catalytic mechanism and role of metal
ions in Nspl5 function, we used single-turnover kinetics to
monitor the rate of substrate cleavage in the enzyme—substrate
(ES) complex (33). Single turnover conditions ensure that only
a single active site per Nspl5 hexamer on average will be
occupied and thereby minimize the effects of potential allo-
steric communication between monomer active sites on re-
action kinetics. The observed rate constant under these
conditions of excess enzyme and limiting substrate depends on
the fraction of S bound to Nspl5 and the rate constant for
catalysis, k. (Figs. 1 and 2). Therefore, we can quantify Nsp15

k1 kc
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Figure 2. Single turnover reaction scheme for Nsp15. Binding of an
Nsp15 active site (E) to an RNA subsrate (S) results in formation of the
catalytic EeS complex. Catalysis with rate constant k. results in cleavage
products P1 and P2.
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Table 1
Sequences of PUN and 1S RNA oligonucleotide substrates

PUN FI-U.U.U.U.U.U.UUUUGU.CA.UU.
CU.C.CUAAGAAGCCy5

1S Cy3-A.CC.CAAAAU/GGA.
CCGGGLCGGG

1S PR Cy3-A.C.C.CA.AAAU/

G.G.A.C.C.G.G.G.C.G.G.G-BHQ

catalysis by measuring k. at saturating enzyme concentrations
while the second-order rate constant k./Kg (where Kg = k_1/k;)
at subsaturating enzyme concentrations.

Using this approach, we analyzed the cleavage kinetics of an
oligonucleotide substrate termed 1S (Table 1). A time course
of Nsp15 cleavage of 1S RNA analyzed by PAGE results shows
accumulation of a single 9 nt cleavage product as expected for
cleavage at the single U residue (Fig. 3). Two active-site mu-
tants, H250A and H235A, did not show U-specific cleavage
activity, and there was minimal change in substrate concen-
tration over the same time course (Fig. S1).

In the presence of 5 mM Mn?", the single-turnover reaction
kinetics of 1S cleavage were biphasic and fit to a double
exponential function with rate constants of 0.05 min™' and
0.3 min~" for the observed slow (kops1) and fast (kps) phases,
respectively (Fig. 3C). At Nspl5 concentrations of 500 nM in
the absence of divalent ions and 1 mM EDTA, Nsp15 is highly
active and the k. for cleavage of 1S is 0.03 min™". In contrast to
reactions containing Mn**, the data fit to a single exponential
in the absence of metal ions consistent with simple first-order
kinetics (Fig. 3D). Notably, the rate constant measured in
1 mM EDTA is similar in magnitude to the rate constant for
the slow reaction phase observed in the presence of Mn**.
Increasing the Nspl5 concentration to 3 pM did not signifi-
cantly increase the observed rate constant, demonstrating
saturating enzyme concentrations in the presence and absence
of metal ions (Table S1). Thus, Mn2* is not essential for
catalysis per se but nonetheless accelerates the rate constant
for conversion of ES to EP (k. in Fig. 2).

Nsp15 endonuclease mechanism

Next, we compared the single-turnover kinetics for Nsp15
cleavage of PUN (polyuridine negative-sense RNA), a model
in vivo substrate containing a 5 polyU leader and multiple
internal uridines that was described previously (Table 1 and
Fig. 4) (13, 14). The PUN RNA was 5’ end labeled with fluo-
rescein and 3’ end labeled with Cy5 allowing visualization of
both 5" and 3’ cleavage products. As expected, based on the
previous results, Nspl5 cleaves at multiple sites in the PUN
RNA, and a complex pattern of products is observed. In
general, the initial cleavage products appear to occur near the
5’ end within the polyU leader, evidenced by the relative sizes
of the 5’ and 3’ cleavage products. The multiple initial cleavage
sites and recleavage of products makes it problematic to assign
rate constants to single sites by analyzing product accumula-
tion. Therefore, to quantify k. for the first cleavage event on an
individual substrate, we analyzed the kinetics of substrate
depletion (F = [S]/([Slpmax) versus time). In reactions con-
taining 5 mM Mn®*, we observe biphasic kinetics for PUN
similar to the 1S substrate with observed slow and fast rate
constants (Fig. 4B). Data fitting showed a k,ps; of 0.36 min~?,
whereas the rate constant of the fast phase was difficult to
measure accurately although a lower limit based on estimated
tip is >1 min~! (Table 2). In the absence of divalent ions and
in the presence of 1 mM EDTA, the PUN substrate is also
readily cleaved by Nspl5 like the 1S substrate with mono-
phasic kinetics and a ~40-fold slower rate constant (k. =
0.032 min ') (Fig. 4C).

The biphasic kinetics observed for 1S and PUN substrates in
the presence of Mn>* are consistent with two parallel reaction
channels. This reaction mechanism could arise because of
different ground state substrate conformations, two alternative
conformations, or states of the ES complex. Since the rate
constants for the fast and slow phases are both relatively slow
(>0.1 s7") compared with RNase A and RNase T1, for example
(34, 35), the two phases are unlikely to be caused by differences
in association rate constants, and more likely bound and free
substrates are exchangeable over the time course of the
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Figure 3. Single-turnover kinetics of 1S RNA cleavage by Nsp15 in the presence and absence of Mn?*. A, comparison of 15 cleavage product to
synthetic RNA standards. Single-turnover reaction time points (0 and 60 min) are run next to 21 nt and 9 nt marker RNA oligonucleotides 5’ end labeled with
Cy3 and fluorescein, respectively. B, analysis of 1S RNA cleavage kinetics by denaturing PAGE. Time courses of Nsp15 reactions containing 0.5 pM Nsp15,
50 nM 1S, and standard reaction buffer with 5 mM Mn* or T mM EDTA. C, plot showing fraction product formed (F = ([PI/([P] + [S])) versus time for 1S
cleavage in 5 mM Mn?*. Data are fit to a single exponential (dashed line) or a double exponential function (solid line) as described in the Experimental
procedures section. D, plot showing fraction product formed (F = ([P1/(IP] + [S])) versus time in reactions containing 5 mM Mn?>" (filled circles) or 1 mM EDTA
(open circles). Data for the 5 mM Mn?* reaction are fit to a double exponential as shown in B (solid line). The data for the 1 mM EDTA reaction are fit to a

single exponential (dashed line). Nsp, nonstructural protein.
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Figure 4. Single-turnover kinetics of PUN substrate RNA cleavage by Nsp15 in the presence and absence of Mn?*. 4, analysis of PUN RNA cleavage by
denaturing PAGE. Time courses of Nsp15 reactions containing 0.5 pM Nsp15, 25 nM PUN, and standard reaction buffer with 5 mM Mn?* or 1 mM EDTA. B,
plot showing fraction substrate consumed (F = ([SI/([P] + [S])) versus time for PUN cleavage in 5 mM Mn?*. Data are fit to a single exponential (dashed line) or
a double exponential function (solid line). C, plot showing fraction substrate consumed (F = ([SJ/([P] + [S])) versus time in reactions containing 5 mM Mn?>*
(filled circles) or 1 mM EDTA (open circles). Data for the 5 mM Mn?* reaction are fit to a double exponential as shown in B (solid line). The data for the 1 mM

EDTA reaction are fit to a single exponential (dashed line). Nsp, nonstructural

reaction. Since monophasic kinetics are observed in the
absence of Mn”* for both substrates, it is also unlikely that
biphasic kinetics are due to a specific sequence context or
conformation of the free substrate. Thus, a general model
involving two alternative and slowly exchanging states of
Nspl5 can describe observed biphasic reaction profile (Figs. 1
and 5).

In this model, Nsp15 exists in an ensemble of native states
(ES) with similar rates of substrate cleavage k. corresponding
to kops1 and therefore reacts with monophasic kinetics. Mn**
stabilizes one or more states of the enzyme (E'S) that manifest
a ~10-fold greater rate constant for catalysis (k'.) corre-
sponding to the fast phase measured by k. Since the re-
actions are measured at saturating enzyme concentration, the
observed rate constant is minimally affected by the equilibrium
constant for substrate binding K. For this reason, the differ-
ences in observed reaction kinetics do not provide information
on the effects of Mn** on substrate affinity. Because the rate
constants for the fast and slow phases are both relatively slow
(<1 min™), equilibration between the fast- and slow-reacting
ES complexes according to K must also be slow on the time
scale of the reaction.

Previous studies reported that Mn** induced conformational
changes in Nsp15 that were measurable by changes in intrinsic
tryptophan fluorescence (29). Nsp15 contains three tryptophan
residues per monomer, and upon excitation at 295 nm, has a
broad emission spectrum with A, of approximately 340 nm
(Fig. S2) (36, 37). Unlike previous reports, we do not observe
changes in the tryptophan emission spectrum of Nspl5 at the
low Mn** concentration (5 mM) required to observe complete

Table 2

Effect of Mn®>" on Nsp15 catalysis for dinucleotide and ssRNA
substrates

1 mM EDTA 5 mM Mn**
Substrate ke (min™) ke, (min™") ke (min™t)
PUN 0.032 + 0.003 0.36 + 0.06 >1
18 0.05 + 0.02 0.08 + 0.04 041 + 0.15
UpG 0.04 (0.48 puM) — 0.06 (0.48 puM)

Rate constants for Nsp15 cleavage of the substrates are listed in the first column. For
1 mM EDTA, a single rate constant for a monophasic reaction is reported. For 5 mM
Mn?**, the rate constants for the fast and slow kinetic phases are reported. For the PUN
substrate, the fast rate constant is estimated based on a half-life of less than 1 min.
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protein.

activation of cleavage for the PUN and 1S substrates. However,
at high concentrations (>20 mM), a decrease in emission in-
tensity is observed. To further examine the effects of Mn>* on
Nsp15 structure, we measured its CD spectrum in the presence
and absence of divalent ions. The CD spectra are essentially
identical with prominent negative signal at 222 nm, consistent
with the large a-helical content of the folded protein (38), and no
significant net change in secondary structure was induced by
Mn?*. The contribution of Mn>* to Nsp15 catalysis is clearly
distinct from divalent metal ion—dependent endonucleases and
phosphohydrolases that employ essential metal ion cofactors.
The overall effect observed for 1S and PUN is small compared
with the overall 10%-10° fold rate enhancement provided by
Nsp15 in the absence of divalent ions relative to nonenzymatic
RNA 2/-O-transphosphorylation (3 x 107'° min™" nonenzy-
matic rate constant (39, 40) versus Nspl5 single turnover k. of
0.03 min") (Table 2). Therefore, although intrinsic tryptophan
fluorescence and CD do not provide high-resolution informa-
tion, the effect of Mn>* on protein structure appears to be subtle.

Since Nspl5 is stimulated by Mn** to cleave the 1S and
PUN substrates, yet divalent ions are not observed in the active
site, we reasoned that interactions outside the active site are
most likely to drive metal ion activation. To test this premise,
we analyzed the single-turnover cleavage rate for a dinucleo-
tide substrate (pUpG) amenable to mechanistic studies of RNA
2'-O-transphosphorylation (Fig. 6) (41). Reaction kinetics were
quantified by 5’ end labeling of UpG with **P and separation of
5'-*2P-UpG and product 5'-*P-Up using denaturing PAGE
and isotopic counting by phosphorimager analysis. In contrast
to the PUN and 1S oligonucleotide substrates, the kinetics of
pUpG cleavage in 5 mM Mn>* are not biphasic but fit a single
exponential function (Fig. 6B). Also, the kg increased linearly
up to 10 uM enzyme concentration, whereas the k. for
oligonucleotide substrates PUN and 1S is saturated at lower
(<1 pM) concentrations of Nspl5 (Fig. 6C). These data
demonstrate a higher apparent K; for a dinucleotide substrate
relative to ssSRNA; therefore, we quantified the effect of Mn?*
by measuring the second-order rate constant for pUpG
cleavage (k./K; in Fig. 2). The slope of a plot of ks versus
enzyme concentration fits a linear function yielding a slope of
kK, of ~2600 M™' min~'. Unlike 1S and PUN substrates,

SASBMB
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Figure 5. General model for two alternative slowly exhanging Nsp15
metal ion-dependent states. The ensemble of native states (E) and an
alternative metal ion dependent state (E) in slow exchange described by Kg
bind an RNA substrate (S) with dissociation constant K, to form ES and E'S,
respectively. ES contmues to react with rate constant k., while the E'S
complex promoted by Mn?* reacts with a faster rate constant K.

concentrations up to 20 mM Mn>* had no effect on the k./Kj
for the single-turnover cleavage of pUpG by Nsp15. A simple
interpretation is that Mn”** does not contribute to either
binding or catalysis for the minimal substrate. Alternatively, it
is possible that the k./K; measured for pUpG cleavage reflects
a different rate-limiting step relative to k. measured for the
oligonucleotide substrates 1S and PUN. Nonetheless, Nsp15 is
highly active in the absence of metal ions for all three alter-
native substrates tested (1S, PUN, and UpG; Table 2), and
there is only a relatively modest effect (10-fold) of Mn** for 1S
and PUN consistent with no direct role in transition state
stabilization.

Nsp15 endonuclease mechanism

pH dependence of Nsp15 cleavage is consistent with a general
acid-base catalytic mechanism

The analysis of pH-rate profiles can provide insight into the
number and catalytic roles of ionizable functional groups in
ribonuclease- and ribozyme-catalyzed RNA-2'-O-trans-
phosphorylatoin reaction (42). Accordingly, to better under-
stand the contribution of Mn2* to Nspl5 function, we
determined the effect of pH on the fast- and slow-rate reaction
phases measured for cleavage reactions using the 1S substrate
under single-turnover conditions (Fig. 7, A and B). We observe
that the magnitudes of both kg1 and kps» are sensitive to pH
and increase from pH 4 to 6 and then decrease at higher pH
with a plateau at approximately pH 5. This behavior is
consistent with changes in protonation state of one or more
functional groups engaged in proton transfer (43—45). The
pH-rate profile for both k.s; and kqpey was fit to a simple
model that assumes two active-site ionizable groups with one
acting as an acid (HA") and the other as a base (B") with
similar pK, values for pK, » and pK, s, of 5.2 and 4.8 for kops1
and Kpsp, respectively (Fig. 7C).

Similarly, the pH dependence of Nspl5 cleavage of the
dinucleotide substrate should reflect this same mechanism;
however, the rate of pUpG cleavage is faster than for 1S and
PUN under the same conditions. Thus, measuring rates of
Nspl5 cleavage of pUpG at a pH lower than 7 by manual
pipetting becomes problematic. Therefore, to investigate the
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%ure 6. Single-turnover kinetics of pUpG dinucleotide cleavage by Nsp15 in the presence and absence of Mn?*. A, analy5|s of 5'-32P-pUpG and
2P-pGpU cleavage by denaturing PAGE Tlme courses of Nsp15 reactions containing 0.5 uM Nsp15 and trace concentrations of >2P-labeled substrate RNA

in standard reaction buffer with 5 mM Mn?*

. B, plot showing fraction product formed (F =

([P/(IP] + . Data

[S])) versus time for pUpG cleavage in 5 mM MnZ*

are fit to a single exponential function (solid Ime) C plot showing the observed single-turnover rate constant ko5 versus Nsp15 concentration. The data are

fit to a linear function with sloge of ca. 2600 M
Nsp15 and either 10 mM Mn**, 20 mM Mn?*
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Figure 7. pH dependence of the rate constants for the slow (k,ps1) and fast (k,ps2) reaction phases for 1S cleavage by Nsp15. pH-rate profiles plotted
as pH versus log kqps1 (A) and log kopso (B) measured by fitting kinetic to biphasic reaction model as described in the Experimental procedures section. C,
equilibrium model for two ionizable active-site functional groups acting as an acid (HA:A+) and a base (BH:B-) involved in catalysis of RNA 2/-O-trans-
phosphorylation with independent and noninteracting pK; values of pKa and pKg for the acid and base, respectively. The data are fit to a rate equation

based on the mechanism shown in C as described in the Experimental procedures section. Nsp, nonstructural protein.

pH dependence of Nspl5 cleavage of the dinucleotide sub-
strate, we turned to multiple-turnover kinetics (Fig. 8). We
used a previously established HPLC assay that permits all re-
action products to be distinguished, and, as described later,
this method enables quantification of the effects of substrate
functional group modifications. The identities of the substrate
and product peaks were previously established by analytical
standards and mass spectrometry (46, 47). The reaction
products from multiple-turnover reactions (74 pM UpG,

0.1 pM Nspl5) demonstrate catalysis of RNA 2'-O-trans-
phosphorylation with no evidence of hydrolysis to form 2’ or 3/
UMP products consistent with rapid dissociation of the 2/,3'-
cyclic UMP product (Fig. 8A4). The kinetics of product for-
mation were linear, and the observed rate (v,,s) was identical
in the presence of 1 mM EDTA and 5 mM Mn?* (Fig. 8B). The
Vobs for UpG cleavage increases linearly up to a concentration
of 1300 uM consistent with the apparent weak binding
observed in single-turnover experiments. Fitting the data to a
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Figure 8. Multiple-turnover kinetics of Nsp15 cleavage of UpG dinucleotide RNA substrate and analysis of pH dependence of k.,:/K,,. A, reverse-
phase HPLC (RP-HPLC) chromatogram of time points from a multiple-turnover reaction containing 74 uM UpG and 100 nM Nsp15 in standard reaction
buffer pH 7.0. Time points correspond to 0 min (solid line) and 20 min (dashed line). The migration of UpG and cleavage products guanosine and cUMP is
labeled. B, time course of product accumulation for multiple-turnover reactions of UpG in the presence of 5 mM Mn*"* (filled circles) or 1 mM EDTA (open
circles). C, concentration dependence of the steady-state reaction velocity ko The data are fit to a linear function with slope 1.5 x 10* M~" s™'. D, pH
dependence of log k for multiple-turnover cleavage of UpG. The data are fit to an equation describing the dependence of active enzyme concentration
according to the scheme shown for Figure 7C. cUMP, cyclic uridine monophosphate; Nsp, nonstructural protein.
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linear equation yields a k./K,, of 1.5 x 10* M's™! in the
absence of Mn** (Fig. 8C). This value contrasts with the
observed k_,/K,, of 3.5 x 10° M~!s™! for RNase A cleavage of
UpA and 1 x 10° M's™* for RNase T1 cleavage of GpU (34,
35). We determined the pH dependence of k.,/Kj,, for Nsp15
cleavage of UpG by measuring v,,s at 74 uM substrate. The
pH-rate profile for k.,/K,, is bell shaped like the pH depen-
dence of the single-turnover rate constants measured for the
1S substrate in 5 mM Mn** (Fig. 8D). The data fit to the same
general model in which two functional groups on the enzyme
contribute to k.,/K,, as either an acid or a base with apparent
pK,,a and pK, g values of 4.8 and 6.4, respectively.

Thio effects on Nsp15 binding and cleavage are consistent
with a mechanism involving an anionic transition state

The effects of phosphorothioate modifications can provide
information on whether RNA 2'-O-transphosphorylation re-
actions proceed by an anionic transition state or involves
protonation of a nonbridging oxygen in a triester-like mech-
anism. Gaining this insight is important because it helps define
the possible roles of active-site ionizable groups in transition
state stabilization. Interpretation of thio effects is based on the
relative reactivities of phosphate versus phosphorothioate di-
esters and triesters in nonenzymatic reactions as well as the
differential proton affinities of oxygen and sulfur (48-51). A
large thio effect is predicted for either phosphorothioate ste-
reoisomer for mechanisms involving protonation of a non-
bridging oxygen, whereas small thio effects would be
consistent with expectations for a mechanism involving an
anionic transition state (Fig. S3).

Previous studies of Nspl5 thio effects demonstrated large
effects on the apparent rate constant for cleavage of a substrate
containing a mixture of Rp and Sp phosphorothioate stereo-
isomers (26). Yet, the stereochemistry of these effects was not
established, and quantitative effects of modification were not
documented. We purified the isomers of Up(s)G using
reverse-phase (RP)-HPLC and measured their effect in single-
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and multiple-turnover reactions (Fig. 9). Under single-turnover
conditions (1.92 uM Nspl5, pH 8.0), the Rp isomer is readily
cleaved with a kg, of 0.22 min~', whereas the unmodified
pUpG has a kqps of 0.39 min ™ (Fig. 9, B and C). In contrast, the
Sp isomer did not form product even after extended incubation.
Thus, under single-turnover conditions, the thio effect (ko/ks)
is at most twofold for the Rp phosphorothioate modification,
whereas the Sp isomer reduces ks by an estimated >100-fold.
Since the mechanistic impact of sulfur substitution impacts
reaction rate regardless of which nonbridging oxygen is
modified (48), this result is most consistent with a mechanism
similar to nonenzymatic reactions catalyzed by base and RNase
A involving an anionic transition state (52-54).

Given the apparently large effect of Sp phosphorothioate
modification, we reasoned that the larger sulfur atom may
result in weaker or altered binding. To test this hypothesis, we
tested whether Sp-UpG acts as a competitor for binding of the
active unmodified UpG substrate in multiple-turnover re-
actions. Reactions containing 100 puM UpG and 100 uM of
either Rp-Up(s)G or Sp-Up(s)G were analyzed by RP-HPLC,
and the depletion of both native and modified substrates and
formation of the cUMP and uridine-2',3'-cyclic-phosphor-
othioate (CUMPS) products was quantified. Both Up(s)G ste-
reoisomers have significantly slower retention times compared
with UpG as does the cUMPS product compared with cUMP
(Fig. 104). A small amount of UMPS product was detected in
the reaction containing Rp-Up(s)G in competition with the
UpG substrate, consistent with a ca. 10-fold greater k.,./K,, for
the unmodified substrate. For the reaction containing Sp-Up(s)
G, the only product detected was for the reaction of UpG,
which indicates a k./K,, for the Sp phosphorothioate—
modified substrate that is smaller than for Rp-Up(s)G (Fig. 10,
B and C).

Discussion

To resolve the details of the catalytic mechanism of Nsp15,
roles of metal ion cofactors, substrate specificity, and effects of
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Figure 9. Effect of phosphorothioate modification on the single-turnover kinetics (k./K;) of pUpG cleavage by Nsp15. A, Rp and Sp phosphorothioate
stereoisomers. B, analysis of Nsp15 cleavage of 5'-*P-Sp-pUpG and 5'-?P-Rp-pGpU, containing a stereospecific sulfur modification at the scissile phosphate
as indicated. Time courses of Nsp15 reactions containing 0.5 uM Nsp15 and trace concentrations of 3>P-labeled substrate RNA in standard reaction buffer
with 5 mM Mn?*. C, E)Iot showing the kinetics of product formation (F=[P1/([P] + [S])) for Nsp15 cleavage of the unmodified 5'-*P-pUpG substrate (open

circles, solid line), 5'-3
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Figure 10. Effects of phosphorothioate modification on the multiple-
turnover kinetics of UpG cleavage by Nsp15. A, analysis of the prod-
ucts of multiple-turnover reaction of Nsp15 containing 100 pM of either
UpG (solid line) or Sp-Up(s)G (dotted line). The identity of peaks corre-
sponding to substrates and products is indicated. B, analysis of the products
of multiple-turnover reaction of Nsp15 containing 100 uM of either UpG
(solid line) or Rp-Up(s)G (dotted line). The identity of peaks corresponding to
substrates and products is indicated. C, kinetics of product formation for
Nsp15 multiple-turnover reactions containing 100 mM UpG and an addi-
tional 100 mM Rp-Up(s)G (filled circles) or Sp-Up(s)G (open circles) as
competitor. Nsp, nonstructural protein.

association with other Nsps, a quantitative mechanistic
framework is required. Here, we used single- and multiple-
turnover kinetics to provide kinetic evidence necessary to
establish the catalytic mechanism of Nspl5. We compared
rates of catalysis for three alternative substrates and quantified
the contribution of Mn** to catalysis. The results establish an
acid—base catalytic mechanism and further demonstrate that
metal ion activation is substrate dependent. Interestingly, the
kinetic data provide evidence that Mn>* activates catalysis by
stabilizing alternative enzyme states with faster rates of sub-
strate cleavage on the enzyme. This observation suggests that
metal ion activation, while dispensable for catalysis, may play a
role in regulation depending on the cellular context of Nsp15
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or its interactions with other Nsps. The occurrence of a
ribonuclease enzymatic function in the RTC is unclear given
that nonspecific or unregulated activity would obviously be
detrimental to accumulation of functionally important viral
RNAs. However, the potential to modulate the catalytic ac-
tivity of Nsp15 indirectly by ion binding may provide a means
to direct its activity toward specific targets or preferentially
react with substrate RNAs at specific cellular loci.

The pH dependence of the cleavage reactions for oligonu-
cleotide and dinucleotide substrates is a key observation that
supports an acid-base catalytic mechanism. The two active-
site histidine residues (H250 and H235) are the primary can-
didates for the titratable groups responsible for the observed
pH-rate profiles for both the slow and fast reaction channels
observed for oligonucleotide substrates. The conserved active-
site residues K290, T341, and Y343 are also positioned adja-
cent to the reactive phosphoryl group; however, they are likely
to have pKj values that are significantly higher than the ~pH 5
to 6 plateau and remain protonated across the entire pH-rate
profile. Therefore, the observed pH-rate profiles cannot
distinguish a mechanism involving an additional active-site
acid with high pK,. or alternatively a base with pK,p
outside the measurable range (42, 55, 56). Divalent metal ions
can also contribute to pH dependence as acid—base catalysts
via coordinated water molecules, as proposed for ribozyme-
catalyzed RNA 2'-O-transphosphorylation (57). A hydrated
metal ion acting as a general base could contribute to the
observed pH-rate profile since the concentration of the active
deprotonated form would increase as pH increases. However, a
metal ion hydrate with a high pK, acting as a general acid
would be unlikely to contribute to the pH-rate profile and
therefore cannot be excluded for the reaction in Mn?* (58, 59).
However, the observation that both the fast and slow reaction
phases observed for the 1S substrate have similar pH-rate
profiles, and the relatively small enhancement of reaction
rate together is consistent with ES and E'S in Figure 5
employing the same mechanistic strategies.

The effects of Rp and Sp phosphorothioate modification on
Nspl5 multiple turnover are generally consistent with previ-
ous studies, and the results from single-turnover experiments
with the largest effect were observed for Sp modification. Even
so, the effect of Rp modification on k.,/K,, is greater for the
multiple-turnover reaction compared with the second-order
rate constant for the single-turnover reaction k./K;. This dif-
ference in the impact of phosphorothioate modification is
likely to be due to a difference in the rate-limiting step for
these two assays. If either phosphorothioate containing sub-
strate bound tightly but reacted slowly or was unable to react,
it would act in this assay as a competitive inhibitor. Therefore,
this result is consistent with significantly weaker binding for
the Sp-Up(s)G and Rp-Up(s)G than UpG because of the sulfur
modification. The larger effect on Nspl5 cleavage because of
Sp phosphorothioate modification is consistent with structure
models that position the pro-Sp nonbridging phosphoryl ox-
ygen deep in the active site (Fig. 11).

The biochemical activities and biophysical properties of
SARS-CoV-2 Nsps ultimately define their roles in the viral life
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cycle. Nsp15 is one of the least understood of the Nsps, and the
connections between its substrate specificity, mechanism, and
function are important to delineate. The quantitative func-
tional data provide experimental support for several funda-
mentally important features of the Nspl5 active site and
catalytic mechanism. Results from single-turnover kinetics
establish that divalent metal ions are dispensable for Nspl5
catalysis and provide evidence that Mn>* enhances the
observed rate of cleavage by stabilizing alternative states of the
ES complex. Based on recent structural studies by serial
femtosecond crystallography using an X-ray free-electron laser
and cryo-EM structures of free and bound enzyme, Jernigan
et al. (60) proposed a model in which substrate binding al-
ternates between the two trimers in the hexamer. In this re-
action scheme, RNA binds with high affinity to one trimer,
whereas the other trimer is more flexible. Thus, the fast- and
slow-reaction phases observed in single-turnover reactions
with oligonucleotide substrates may well reflect the differential
flexibility of active sites in the Nsp15 hexamer. Nonetheless,
the pH-rate profiles for both reaction phases for oligonucleo-
tide and dinucleotide substrates are characteristic of an acid—
base catalytic mechanism, and Mn** has no observable effect
on pH dependence, further supporting a noncatalytic role in
rate enhancement. The orientations of H250 and H235 are
consistent with roles as base and acid, respectively, whereas
K290 provides electrostatic stabilization for the anionic tran-
sition state analogous to the roles of H12, H119, and K41 in
RNase A. These features suggest that inhibitor design might
take advantage of the late associative transition state estab-
lished for nonenzymatic and ribonuclease-catalyzed reactions.
On the other hand, the importance of maintaining oxygens at

)

Figure 11. Active-site model for Nsp15 based on dinucleotide complex
(Protein Data Bank: 7N33). The positions of stereospecific phosphor-
othioate modifications are indicated. The location of the pro-Sp non-
bridging oxygen at which sulfur substitution has a large effect on binding is
highlighted in yellow. The active-site residues implicated in catalysis (K290,
H235, and 0H350) are labeled, and the residue 5294 is involved in uridine
nucleobase recognition. Nsp, nonstructural protein.

\
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the nonbridging positions of the diester precludes the use of
phosphorothioate analogs as competitive inhibitors.

Experimental procedures
Nsp15 cloning, expression, and purification

The sequence of the SARS-CoV-2 Nspl5 protein
(NF039890.1) was codon optimized for Escherichia coli K12
with the online Integrated DNA Technologies tool. A gene
block was commercially synthesized (Integrated DNA Tech-
nologies) and subsequently inserted into the pMCSG7vector by
ligation-independent cloning (61). Recombinant protein was
overexpressed in T7 express—competent E. coli cells (NEB)
grown in Terrific broth supplemented with 100 pg/ml ampi-
cillin at 37 °C and 190 rpm (62). At an absorbance of 1 at 600
nm, Nspl5 expression was initiated by addition of 0.2 mM
IPTG; after induction, the cultures were cooled to 18 °C and
grown for an additional 20 h. Cells were recovered by centri-
fugation, and cell pellets were stored at —80 °C. For purification,
cell pellets were resuspended in lysis buffer (50 mM Hepes [pH
8], 500 mM NaCl, 20 mM imidazole, 5% glycerol, and 10 mM
B-mercaptoethanol), and a cell disrupter was utilized to lyse
cells. Cells were lysed at 4 °C under continuous flow at a
pressure of 23 to 27 kPsi. Cellular debris was removed by
centrifugation at 19,000 rpm for 1 h at 4 °C in a Beckman JLA
4.1 rotor. After centrifugation, the lysate was filtered using
0.45 pm syringe filters and loaded onto two stacked 1 ml His-
trap columns (Cytiva) using an AKTA GO chromatography
system. The column was washed with wash buffer (50 mM
Hepes [pH 8], 500 mM NaCl, 10 mM imidazole, 5% glycerol,
and 10 mM [-mercaptoethanol), and Nspl5 was eluted by
gradient of wash and elution buffer (50 mM Hepes [pH 8],
500 mM NaCl, 500 mM imidazole, 5% glycerol, and 10 mM
B-mercaptoethanol). Eluted Nspl5 fractions were concentrated
by Millipore 30 kDa centrifuge filters and buffer exchanged into
lower salt (50 mM Hepes [pH 8] and 300 mM NaCl). Heximeric
Nspl5 was further purified by size-exclusion chromatography
(GE HiLoad 16/600 Superdex 200 pg) in Nspl5 size-exclusion
buffer buffer (50 mM Hepes [pH 8], 300 mM NaCl, 5% glyc-
erol, and 1 mM [-mercaptoethanol). Again, eluted Nspl5
fractions were concentrated by Millipore 30 kDa centrifuge
filters. Pure Nsp15 stocks were stored in 50% glycerol at —80 °C.

CD and fluorescence spectroscopy

CD data were acquired on an Applied Photophysics Chir-
ascan spectrometer. Nsp15 (0.46 pM) was prepared in 2 mM
Hepes, 100 mM KCl, and 5 mM MnCl and transferred to a
2 mm quartz cell at room temperature. Samples were scanned
from 200 to 280 nm with a bandwidth and step size of 1 nm.
This was repeated for Nsp15 in buffer lacking MgCl,. Intrinsic
tryptophan fluorescence spectra were acquired on an Agilent
Carey Eclipse fluorescence spectrometer using the “scan
mode” of the Carey Eclipses WinFLR software. Nsp15 (0.5 uM)
was prepared in buffer (250 mM Hepes [pH 8] and 500 mM
KCl) in a 0.7 x 0.7 cm quartz cuvette. Scan settings include an
excitation wavelength of 295 nm, emission scan from 310 to
400 nm, slit width of 5 nm, and CAT mode of five scan
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averaging. Mn”* was titrated in 2 pl increments from a 1 M
stock of MnCl until the peak no longer decreased. Maximum
emission was approximately 340 nm.

Analysis of in vitro Nsp15 cleavage kinetics

Substrates were obtained commercially (Horizon Discovery)
and deprotected according to the manufacturer’s protocol.
The sequences of the substrates PUN, 1S, and 5’ -pUpG-3' are
listed in Table 1. The concentrations of stock solutions were
determined by UV spectroscopy using the following extinction
coefficients (PUN, 298,602 1/mol-cm; 1S, 212,330 1/mol-cm;
and UpG, 20,000 1/mol-cm). The 1S substrate was synthesized
to contain a 5’ Cy3 label, and the PUN substrate contained 5'-
Cy5 and 3'-TAMRA labels. UpG was 5’ end labeled with **P
using T4 polynucleotide kinase (NEB) and [y—32P]ATP (Per-
kinElmer). Labeling reactions were incubated at 37 °C for 1 h
in a reaction containing 1x polynucleotide kinase buffer
(NEB), 0.1 pumole RNA, 400 pmol of [y-**P]JATP, 100 units of
superasin, and 80 units of T4 polynucleotide kinase in a total
volume of 200 pl. The RNA was recovered by gel purification
and quantified by isotopic counting.

Single-turnover reactions were set up at pH 8 and 25 °C.
The substrate concentration was <2 nM. The reaction buffer
consisted of 50 mM Hepes/Pipes, 5 mM manganese chloride,
0.1 M potassium chloride, and 1 mM DTT. Enzyme and
substrate tubes were prepared, incubated at 25 °C for 5 min,
and mixed to initiate the reaction. Individual time points were
collected by stopping the reactions with 1:1.5 volume of
formamide loading dye. Reaction time points were run on a
20% polyacrylamide gel for 150 min at 110 V. The gel was then
dried in a gel dryer onto Whatman filter paper. Phosphor
screen was exposed to the gel and scanned in Amersham
Typhoon scanner. ImageQuant (Cytiva) was used to determine
the relative densities of the substrate and product bands, and
these were fit to the first-order rate equation:

Y =Ae" (~kt) ™ +B

Several different reaction buffers were prepared with
different concentrations of manganese chloride.

Analysis of pH dependence of Nsp15 cleavage

The 1S substrate was obtained commercially and deprotected
using the manufacturer’s protocol. Single-turnover reactions
were performed using 500 nM enzyme and 50 nM substrate (E/
S >10) in a buffer containing 50 mM NaOAc/Mes/Hepes with
a range of pHs from 4 to 8, 0.1 M KCl, 5 mM MnCl,, and 1 mM
DTT. Enzyme and substrate were prepared, incubated at 25 °C
for 15 min, and mixed to initiate the reaction. Samples were
taken from the reaction tube at different time intervals from
10 s to 1 h. The reactions were stopped by adding an equal
volume of a gel-loading buffer containing 90% formamide and
0.5 M EDTA. The reaction was run on 20% polyacrylamide gel
for 2.5 h at 120 V and scanned using Amersham Typhoon
Phosphorimager. The relative densities of the substrate and
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product bands were determined by using Image]J, (NIH) and the
relative fraction of reaction of the formation of product or the
disappearance of the substrate with respect to time was fit to a
double exponential rate equation:

Y :AleA(—xt1)+AzeA(—Xt2)+Yo

The rate constants were calculated for each reaction at
different pHs. The pH rate profile graph was made by plotting
common logarithm of rate constants versus pH values. The
pKa values for general acid and base were generated by fitting
the observed rate constants to a general equation for two
ionizable active-site groups acting as acid and base:

ke

k=
(1+10(P1<¢B+PH)+10(PKa.B*P1(aAA)+10(PH*PK¢;.A))

Multiple-turnover experiments were conducted in a buffer
containing 50 mM NaOAc/Mes/Hepes with a range of pHs
from4t08,0.1 M KCl,1 mM DTT, and 1 mM EDTA at 25 °C.
A multiple-turnover reaction of 74 uM UpG substrate and 0.1
UM Nspl5 at pH 7 was used to investigate the kinetics of the
enzyme. After an incubation at 25 °C for 10 min, the reactions
were initiated by combining equal volume of enzyme and
substrate. Aliquots of the reaction mixture were taken at
selected time points. One part of the reaction mixture was
added to 1.5 parts of 7 M urea to quench the reaction. The
remaining dinucleotide substrate and products in each aliquot
were separated on a RP C18 column with a running buffer
containing 0.1 M ammonium acetate and 3.5% acetonitrile.
Fraction of product formed in each sample was quantified with
peak areas using the equation below:

o 1.8XAG
_Aupg+1.8><AG

where Ag is the peak area of guanosine, Ay, is the peak area
of UpG, and a constant equal to 1.8 is used to account for the
difference of molar absorptivity between guanosine and UpG.

The observed initial rates (ke in s7') of each reaction were
estimated by fitting the first ~10% of product formation versus
time to a linear function, where the slope represented the observed
initial rate. The ks was then multiplied by substrate concentration
and normalized to total enzyme concentration of the reaction to
yield the initial multiple-turnover rate constant (k, in s ).

B kobs X [S]
=T

Reactions at every substrate concentration were triplicated.
Averaged initial multiple-turnover rate constants were plotted
versus substrate concentrations and fit to a linear function.

A multiple-turnover reaction of 74 uM UpQG substrate and
50 nM Nspl5 was used to investigate the pH dependence of
the enzyme with the HPLC-based assay as previously described
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(46). Reactions at every pH were conducted in triplicate.
Common logarithm of averaged initial multiple-turnover rate
constants was plotted versus pHs. The averaged initial
multiple-turnover rates were also fit to the general equation
for two ionizable active-site groups acting as acid and base to
yield the pK, values for the general acid and general base.

Quantification of thio effects on Nsp15 cleavage of Up(s)G

The Rp and Sp diastereomers of UpSG were isolated by RP-
HPLC (63). The Rp and Sp fractions from the different HPLC
runs were pooled together and freeze dried. These were
reconstituted in water and redried three times to remove
buffer salts. The Rp- and Sp-Up(s)G RNAs were 5'-end labeled
with 3*P as described, previously, for unmodified RNA. For
competition studies, 100 mM Rp-Up(s)G or Sp-Up(s)G was
added to a multiple-turnover reaction containing 74 mM UpG
and 100 nM Nspl5 hexamer. Reactions were performed in a
similar manner as described for multiple-turnover kinetics.
The observed initial rates (Kops, in s™') of UpG processing by
Nspl5 were measured by fitting the first ~10% of guanosine
accumulation versus time to a linear function, where the slope
represented the observed initial rate.
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