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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is the cause of the continuing global pandemic that 
began in 2019, commonly termed COVID-19. SARS-
CoV-2 is an enveloped, positive-sense, single-stranded 
RNA (ssRNA) virus that belongs to the β-coronavirus genus 
of the Coronaviridae family, which also includes SARS and 
MERS β-coronaviruses.1 Viral RNA synthesis and subse-
quent processing are regulated by the nonstructural proteins 
(NSPs) 7 to 16 after cleavage by the viral 3CL protease 
(3CLpro).2 Significant progress has been made in vaccine 
development, while small-molecule therapeutics as treat-
ment or prophylactics remain a critical unmet need. NSP14 
plays a critical role in SARS-CoV-2 replication3 and has 
emerged as an attractive therapeutic target for SARS-
CoV-2. NSP14 is a bifunctional enzyme featuring 3′-5′ exo-
nuclease (ExoN) as well as guanine methyltransferase 
(N7-MTase) activities. NSP14 ExoN activity is implicated 
in a proofreading mechanism on dsRNA to remove nonen-
gineered mutations from dsRNA to ensure sequence 

integrity.4–6 The ExoN activity is enhanced when NSP14 is 
in a complex with the NSP10 protein, and the complex 
operates to repair misincorporations during RNA synthe-
sis.7,8 Remarkably, NSP14 efficiently excises the nucleo-
side analog ribavirin,9 an antiviral drug, consistent with the 
finding that the drug is less effective in CoVs.10,11 Genetic 
studies further support the therapeutic potential of NSP14. 
Loss-of-function ExoN mutants exhibit a 20-fold increase 
in replication mutations,12,13 rendering the virus more sensi-
tive to drug-induced lethal mutagenesis.14 NSP14 ExoN 
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Abstract
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus responsible for the global COVID-19 
pandemic. Nonstructural protein 14 (NSP14), which features exonuclease (ExoN) and guanine N7 methyltransferase 
activity, is a critical player in SARS-CoV-2 replication and fidelity and represents an attractive antiviral target. Initiating 
drug discovery efforts for nucleases such as NSP14 remains a challenge due to a lack of suitable high-throughput assay 
methodologies. This report describes the combination of self-assembled monolayers and matrix-assisted laser desorption 
ionization mass spectrometry to enable the first label-free and high-throughput assay for NSP14 ExoN activity. The 
assay was used to measure NSP14 activity and gain insight into substrate specificity and the reaction mechanism. Next, 
the assay was optimized for kinetically balanced conditions and miniaturized, while achieving a robust assay (Z factor > 
0.8) and a significant assay window (signal-to-background ratio > 200). Screening 10,240 small molecules from a diverse 
library revealed candidate inhibitors, which were counterscreened for NSP14 selectivity and RNA intercalation. The assay 
methodology described here will enable, for the first time, a label-free and high-throughput assay for NSP14 ExoN activity 
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activity also digests double-stranded (dsRNA)—an inter-
mediate of viral replication that often triggers an immune 
response—suggesting that NSP14 may shield the RNA 
from recognition by innate immune sensors.15 These data 
point toward small-molecule inhibitors of NSP14 as a 
promising antiviral therapeutic strategy for SARS-CoV-2 
and potentially other viruses. To date, reported small- 
molecule inhibitors against NSP14 lack selectivity and do 
not offer opportunities for structure–activity relationship 
optimization and medicinal chemistry efforts.16

Large-scale drug discovery efforts require robust, high-
throughput, and high-quality assays to be developed. 
Nuclease assays are well described, often through the incor-
poration of radiolabeled phosphate and processing through 
polyacrylamide gel electrophoresis methodologies.6–8,17 
These approaches are cumbersome to prepare the substrate, 
requiring special handling, safety precautions, and dedicated 
waste removal, while also lacking the high-throughput capa-
bility. Alternatively, fluorescent assays have emerged that use 
intercalation dyes that are removed upon nuclease activity, 
leading to a loss of signal.18 While the assays offer a high-
throughput readout and convenient reagents, these assays are 
prone to high rates of false-positive and/or false-negative 
results due to optical interference of library compounds.

This study reports the development of the first label-free, 
high-throughput assay for measuring NSP14 ExoN activity. 
The approach combines self-assembled monolayers of alka-
nethiolates on gold with matrix-assisted laser desorption 
ionization time-of-flight (MALDI-TOF) mass spectrometry 
(MS). This methodology, termed SAMDI-MS (self-assembled 
monolayer desorption ionization MS), overcomes the limi-
tations of traditional MALDI-TOF-MS and other MS 
approaches. The specific immobilization of the analyte(s) 
of interest to the monolayer, while all other components are 
washed away, enables the analysis of virtually any enzyme 
activity that results in a mass shift. The ability to detect 
multiple reaction products can shed light on enzyme mech-
anisms. Moreover, the platform is amenable to any buffer 
system, including detergents, high salts, carrier proteins, 
organic additives, and even cell lysates.19–21 SAMDI-MS 
has been reported to measure biochemical activities on pep-
tides,22–24 DNA,25 and small molecules,26–29 and has recently 
been validated on RNA substrates.30 A major benefit of 
SAMDI-MS for RNA substrates is the ability to monitor the 
purity and integrity of RNA in every reaction well, where 
RNases present in most labs and/or enzyme preps can lead 
to RNA degradation and false positives/negatives in label-
based approaches such as Forster resonance energy transfer. 
The NSP14 ExoN assay was biochemically characterized to 
ensure conditions were in a kinetically relevant range, 
including assessing linear enzyme activity and determining 
substrate KM values. The SAMDI-MS assay was used to 
screen 10,240 compounds, and hits were counterscreened 
and evaluated against RNaseT1 and for RNA intercalation. 

The advantages of the SAMDI-MS assay over traditional 
assays and implications for improved drug discovery efforts 
are discussed.

Materials and Methods

Proteins and Compounds

Codon-optimized SARS-CoV-2 NSP10 and NSP14 genes 
were synthesized and cloned into pET-Duet-1 vector 
(Millipore Sigma, Burlington, MA). NSP10 was fused to an 
N-terminal Strep-tag II, and NSP14 was fused to an 
N-terminal 8xHis tag similar to that described for SARS-
Cov-1 NSP14/NSP10.7 An expression plasmid for ExoN-
activity-dead mutant (D273A) was generated by 
site-directed mutagenesis. The wild-type (WT) SARS-
CoV-2 NSP14/NSP10 and mutant (D273A) were expressed 
in Escherichia coli BL21 (DE3). The expression was 
induced by 0.5 mM IPTG at 16 °C for 20 h. Cells were har-
vested and cell pellets were disrupted in lysis buffer (50 
mM HEPES, pH 7.5, 300 mM NaCl, 20 mM imidazole, 4 
mM MgCl2, 0.5 mM TCEP, 5% glycerol) supplemented 
with protease inhibitor cocktail (Roche, Basel, Switzerland). 
The clarified lysates were purified by an Ni-NTA column. 
The elution pools from the Ni-NTA column (Qiagen, Hilden, 
Germany) were dialyzed against lysis buffer and purified on 
a high-resolution Ni column (HiTrap IMAC HP, GE, 
Marlborough, MA). The protein complexes were further 
purified on a size exclusion column (Superdex 200 [16/60] 
column, GE) equilibrated with SEC buffer (20 mM HEPES, 
pH 7.5, 200 mM NaCl, 2 mM MgCl2, 0.5 mM TCEP, 5% 
glycerol). RNA substrates and the internal standard were 
purchased from Integrated DNA Technologies (Coralville, 
IA) and purified to >95% by high-performance liquid chro-
matography (HPLC). RNaseT1 was purchased from Thermo 
Fisher Scientific (Waltham, MA). All other chemicals were 
purchased from Sigma Aldrich (St. Louis, MO).

NSP14/NSP10 ExoN MS Assay

NSP14 assays were performed in 6 µL volumes in 384-well 
low-volume polypropylene microtiter plates (Greiner Bio-
One, Kremsmünster, Austria; cat. 784201) at ambient tem-
perature. The optimized assay buffer was 40 mM Tris-HCl, 
pH 7.5, 0.01% Tween-20, 0.01% bovine skin gelatin (BSG), 
1 mM MgCl2, 5 mM DTT. For compound screening, 
NSP14/NSP10 (final concentration, 100 pM) was added 
using a Multidrop Combi (Thermo Fisher Scientific) and 
preincubated for 30 min with small molecules to allow for 
slow on rates. Reactions were initiated by the addition of 
the RNA duplex substrate (final concentration, 100 nM) and 
incubated for 60 min. Reactions were quenched by the addi-
tion of 100 mM EDTA (final). The reaction included an 
internal standard (100 nM final). For SAMDI-MS analysis, 
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2 µL of each reaction mixture was transferred using a 
384-channel automated liquid handler for SAMDI biochip 
arrays functionalized with a neutravidin-presenting self-
assembled monolayer, as previously reported.30 The 
SAMDI arrays were incubated for 60 mins in a humidified 
chamber to allow the specific immobilization of the bioti-
nylated RNA substrate and product along with the biotinyl-
ated internal standard. The samples were purified by 
washing the SAMDI arrays with deionized ultra-filtered 
water (50 µL/spot) and dried with compressed air. A matrix 
comprising 2-hydroxy-5-methyoxybenzoic acid in acetoni-
trile (30 mg/mL) and ascorbic acid in aqueous ammonium 
citrate (500 mM) was applied by dispensing 350 nL on each 
spot in the array. SAMDI-MS was performed using the 
reflector-negative mode on an AB Sciex (TOF/TOF) 5800 
MALDI mass spectrometer (Framingham, MA) with a laser 
intensity of 4000 using 324 shots/spectrum in a random ras-
ter sampling (18 shots/subspectrum with 18-subspectrum 
pass acceptance), 400 Hz laser frequency, bin size of 1 ns, 
and detector voltage multiplier of 0.56. A mass window of 
m/z 1600 to m/z 5000 was used, and a mass threshold of 0.5 
Da applied. Areas under the curve (AUCs) were generated 
using the OEM Applied Biosystems Series Explorer soft-
ware, and the amount of product generated was calculated 
using the ratio of product AUCs divided by the sum of the 
AUC of the internal standard and products. Assay robust-
ness was determined by the Z factor,31 calculated using the 
following equation: Z factor = 1 – 3(σ+ + σ–)/(µ+ – µ–), 
where σ is the standard deviation and µ is the average con-
version of positive (+) and negative (–) controls.

Data Analysis

GraphPad Prism (San Diego, CA) was used to calculate 
enzyme kinetics and parameters such as KM and kcat. 
Michaelis–Menten fits of steady-state enzyme velocities 
were applied in calculations. IC50 values and Hill slopes 
were generated using a four-parameter fit.

High-Throughput Screening

The 10,240 compounds included in this screen (SAMDI 
Tech collection) are derived from a diverse compound 
library synthesized in 2020 and dissolved in DMSO, with 
each compound achieving an average purity >95%. PAINS 
(pan-assay interference compounds) have been eliminated 
from the library, and the compounds have an average 
molecular weight of 322 Da and LogP of 1.799. Compounds 
were screened in pools of 8 (final concentration, 12.5 µM 
for each compound) by stamping 60 nL of 1.25 mM com-
pounds into 384-well plates using a Mosquito HTS 
Automated Liquid Handler (SPT Labtech, UK). The assay 
was performed as described above. A selection of com-
pounds was reassessed by assaying each compound 

individually in the NSP14/10 assay, along with RNaseT1 
and an RNA intercalation assay. The 100% inhibition con-
trols using 100 mM EDTA (final) were placed in 32 wells, 
and 0% inhibition controls of 60 nL DMSO were added to 
another 32 wells. Assay quality was monitored using the Z 
factor and signal-to-background (S/B) ratio for each 384-
well plate.

Counterscreen Assays

Validated hits were further tested against RNaseT1 and in 
an RNA intercalation assay to rule out nonspecific RNA 
nuclease inhibition and RNA intercalation, respectively. 
RNA intercalation was assessed using a Thiazole Orange 
assay in 20 µL volumes in 384-well microtiter plates 
(Greiner Bio-One; cat. 781900) at ambient temperature. 
The optimized buffer was 40 mM Tris, pH 8.0, 1 mM 
MgCl2, 0.01% BSG, 0.01% Tween-20, 1 mM DTT. The 
dsRNA substrate used in the high-throughput screening 
(HTS) was incubated with compounds over a range of con-
centrations (25 µM to 0.3 µM) for 30 min, and reactions 
were initiated by the addition of 1 µM (final) Thiazole 
Orange and incubated for 30 min. RNA intercalation was 
assessed on a Pherastar FS plate reader (BMG Labtech) 
using an excitation 485 nm/emission 520 nm filter and 
results were compared with a mitoxantrone control with a 
robustness (Z′ factor) of 0.800. RNaseT1 assays were run in 
20 µL volumes in 384-well low-volume polypropylene 
microtiter plates (Greiner Bio-One; cat. 784201) at ambi-
ent temperature. The optimized assay buffer was 20 mM 
HEPES, pH 7.5, 20 mM KCl, 0.01% Tween-20, 0.01% 
BSG, 1 mM DTT. RNaseT1 (final concentration, 0.002 U/
µL) was added using a Multidrop Combi (Thermo Fisher 
Scientific) and preincubated for 30 min with small mole-
cules to allow for slow on rates. Reactions were initiated 
by the addition of the ssRNA substrate (final concentra-
tion, 100 nM) and incubated for 5 min. Reactions were 
quenched by the addition of 0.5% formic acid (final). The 
reaction included an internal standard (100 nM final). For 
SAMDI-MS analysis, 2 µL of each reaction mixture was 
transferred using a 384-channel automated liquid handler to 
SAMDI biochip arrays functionalized with a neutravidin-
presenting self-assembled monolayer, as previously reported. 
The robustness of this counterscreen assay (Z′ factor) was 
0.671.

Results

Development of an MS Assay of  
NSP14/NSP10 ExoN Activity

To develop a SAMDI-MS enzymatic assay for NSP14/
NSP10 ExoN activity, we designed 5′-overhang dsRNA sub-
strates based on sequences previously described9 (Fig. 1A). 
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As NSP14 ExoN activity acts in a 3′-5′ direction, the sub-
strate strand incorporates a 5′-biotin group that allows for 
the specific immobilization onto neutravidin-presenting 
self-assembled monolayers for SAMDI-MS analysis. Upon 
ExoN activity, the enzyme will digest in a 3′-5′ direction, 
such that the substrate and all products will be immobilized 
through the biotin moiety (Fig. 1B). The reaction is set up by 
adding the dsRNA substrate to the enzyme in a 384-well 
plate. At the desired time point, the reaction is quenched by 
the addition of 100 mM EDTA (final). Automated liquid 
handlers then transfer 2 µL of the reactions to neutravidin 
presenting SAMDI biochip arrays to specifically immobilize 
the substrate, product, and internal standard (Fig. 1C). To 
assess product yield in an MS assay, it is important to con-
sider ionization efficiency of the substrate and products. To 
facilitate quantitative analysis, the substrates feature nonhy-
drolyzable phosphorothioate (PO) bonds at the six terminal 
5′-nucleotides, enabling the generation of a six-nucleotide 
product. Second, a six-nucleotide DNA internal standard 
was designed that mimics the anticipated RNA product in 
ionization potential and size, although with a distinct mass. 

This enables a quantitative analysis of product yield by 
SAMDI-MS. Indeed, upon ExoN activity, the spectra 
revealed the internal standard peak at m/z 2844.9 and a prod-
uct at m/z 2080.6, corresponding to the six-nucleotide antici-
pated oligo (Fig. 1D). The amount of product observed is 
calculated by dividing the AUC of the product by the sum of 
the AUCs of the internal standard and product. Importantly, 
NSP14/NSP10 exhibits similar ExoN activity on multiple 
dsRNA substrates (Fig. 1E, Suppl. Fig. S1A,C,E). Also, 
NSP14/NSP10 failed to digest ssRNA substrates (Suppl. 
Fig. S1B,D,F), supporting the mechanism that NSP14/
NSP10 acts specifically on dsRNA substrates.6 Taken 
together, the data suggest that the SAMDI-MS technology is 
well suited for measuring and reporting on NSP14/NSP10 
ExoN activity.

NSP14/NSP10 WT and Mutant  
Substrate Specificity

One of the benefits of using SAMDI-MS to measure ExoN 
activity is the ability to distinguish multiple products. Upon 

Figure 1. SAMDI-MS assay of NSP14 ExoN activity. (A) RNA substrates utilized in this study. Asterisk represents a PO bond. (B) 
Scheme of the NSP14/NSP10 ExoN assay on dsRNA substrates, where B represents the biotin moiety. (C) Scheme of SAMDI-MS 
assay where quenched homogenous reactions are transferred to neutravidin-presenting self-assembled monolayers to specifically 
immobilize the biotinylated substrate, products, and internal standard. (D) Representative SAMDI-MS spectrum showing the internal 
standard (m/z 2844.9) and major nuclease product using the Exo control substrate (m/z 2080.6). (E) NSP14/NSP10 exhibits ExoN 
activity on three substrates measured by SAMDI-MS. All measurements are from triplicate data.
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treatment of the Exo control substrate with NSP14/NSP10, 
the major product corresponds to the loss of CACUAA (Fig. 
2A), consistent with the placement of the nonhydrolyzable 
linkers. Interestingly, upon exchanging the Exo control sub-
strate for a substrate lacking the nonhydrolyzable PO bonds 
(herein “all cleavable”), multiple products are observed in 
the SAMDI-MS spectra (Suppl. Fig. S2A,B). To ensure that 
the observed activity is due to NSP14/NSP10 and not any 
other nuclease contaminant, the enzyme was tested against a 
series of dsRNA substrates that featured nonhydrolyzable 
PO bonds at different sites within the sequence (Fig. 2B). 
Consistent with earlier results, NSP14/NSP10 is active on 
the Exo control and all cleavable substrates (Fig. 2C). 
Notably, an Exo sequence featuring all PO bonds with the 
exception of a single internal nucleotide is not active against 
NSP14/NSP10, supporting that the activity is not due to con-
taminating endonuclease activity (Fig. 2C). Moreover, an 
Exo sequence featuring a PO bond on the first 3′ NT is also 
not active against NSP14/NSP10, confirming that the 
enzyme acts in a 3′-5′ direction and that the first nucleotide 
must be digested before proceeding with subsequent activi-
ties (Fig. 2C). Finally, the activity of WT NSP14/NSP10 
was compared with a catalytically inactive mutant NSP14, 

D273A.3 SAMDI-MS fails to observe any nuclease activity 
with the catalytic mutant (Fig. 2D, Suppl. Fig. S2D,E), fur-
ther supporting that ExoN activity is specific to the active 
form of the enzyme and not to contaminating nucleases.

Assay Development and Kinetic Parameters

To develop an assay suitable for identifying potential small-
molecule inhibitors, it is important to optimize the assay 
conditions and determine the kinetic parameters, including 
the substrate KM. The KM was determined by testing NSP14/
NSP10 against the Exo control and Exo all cleavable sub-
strates over a concentration range of 500 nM to 7.5 nM 
(Suppl. Fig. S3A,B). The initial velocities (V0) were calcu-
lated using the linear portion of the reaction and fit to a 
Michaelis–Menten curve. The data suggest KM values of 
167.6 nM (95% CI, 86.51–356.4 nM) and 379.4 nM (95% 
CI, 297.5–495.3 nM) for the Exo control and all cleavable 
substrates, respectively (Fig. 3A,B). These data represent 
the first insight into the kinetic parameters of NSP14 ExoN 
activity. A final substrate concentration of 100 nM (below 
the KM) was chosen to enable the identification of small-
molecule inhibitors that act through substrate competition. 

Figure 2. NSP14/NSP10 substrate specificity and reaction mechanism. (A) NSP14/NSP10 activity on the Exo control substrate 
results primarily in one product. (B) Sequences of distinct RNA substrates that pair with the Exo template. Asterisks represent PO 
bonds. (C) NSP14/NSP10 activity measured by SAMDI-MS on RNA substrates in B. (D) The NSP14 D273A mutant is not active 
against the Exo control substrate. All measurements are from triplicate data.
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Incubating NSP14/NSP10 with 100 nM of each substrate 
highlights that the enzyme is linear to 200 pM (Fig. 3C, 
Suppl. Fig. S3C,D). Based on these data, 100 pM NSP14/
NSP10 was selected for subsequent analysis.

Assay Performance

The robustness of the SAMDI-MS assay was assessed in 6 
µL volumes in 384-plate format using the optimized condi-
tions. Columns 1 and 2 of each plate included 100% inhibi-
tion controls by prequenching with 100 mM EDTA (final). 
The presence of positive and negative controls permitted 
calculation of a Z factor (a measure of robustness), which 
considers the mean and standard deviation for positive and 
negative controls. The Z factor using the all cleavable sub-
strate is 0.849 (Fig. 4A), with an average S/B ratio of 218 
(Fig. 4B). Similarly, the SAMDI-MS is robust using the 
“Exo control” with a Z factor of 0.823 and an average S/B 
ratio of 107 (Suppl. Fig. S4). This significant S/B ratio 
measured by SAMDI-MS is attributed to the distinct mass 
of the nuclease product(s) and the internal standard. These 
data converge on kinetically relevant conditions to identify 

small-molecule inhibitors of NSP14/NSP10 ExoN activity 
using SAMDI-MS.

HTS of NSP14/NSP10 ExoN Activity

To demonstrate the screening capability of the SAMDI-MS 
NSP14 ExoN assay, 10,240 compounds from a diverse 
library were screened for inhibitors of NSP14. This diverse 
set was synthesized in 2020 and features an average purity 
>95%. Each compound is dissolved in DMSO, and the 
library was pooled with eight compounds per well prior to 
analysis, where each compound was tested at a final con-
centration of 12.5 µM and a final DMSO concentration of 
1%. The robustness of the assay performed well across all 
four plates, with consistent activity and an average Z factor 
of 0.800 (Fig. 5A). The threshold for determining a hit was 
calculated by summing the average inhibition across the 
screen (1.6%) with three times the standard deviation 
(6.6%) of the average inhibition across the screen. The 
robustness of the assay therefore allows a hit cutoff of 
21.5% inhibition, resulting in eight wells, or a 0.62% hit 
rate (Fig. 5B,C). To identify the hits, the eight compounds 

Figure 3. Kinetic parameters determined by SAMDI-MS. The KM values of the (A) Exo control substrate and (B) Exo all cleavable 
substrate are determined by SAMDI-MS. (C) NSP14/NSP10 activity is linear to 200 pM using 100 nM of each substrate. All 
measurements are from triplicate data.

Figure 4. Robustness of 
SAMDI-MS assay for NSP14/
NSP10 ExoN activity using 
all cleavable substrate. Full-
plate uniformity data using 
optimized conditions and 
6 µL reaction volumes for 
SAMDI-MS highlight the (A) 
robustness measured by the Z 
factor and (B) assay window 
measured the S/B ratio. Low 
controls were prequenched 
with 100 mM EDTA (final).
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present in each pooled hit were analyzed individually in a 
dose–response format (50, 16.6, 5.55, 1.85, 0.62 µM) in 
duplicate. At least one compound was confirmed as a hit in 
seven out of eight pooled compound wells (87.5% valida-
tion rate), with one compound, STX30231217, exhibiting 
an IC50 of 5.7 µM (Fig. 5D). Given the propensity for RNA 
intercalation, the hits were tested in an RNA intercalation 
assay using Thiazole Orange and compared with a mitoxan-
trone control (Suppl. Fig. S5A,B). The data confirm that it 
does not inhibit through RNA intercalation (Suppl. Fig. 
S5C). Moreover, the compound exhibits minimal activity 
against RNaseT1, suggesting selective behavior toward 
NSP14/NSP10 ExoN activity (Suppl. Fig. S5D). These 
data highlight the identification of a novel NSP14/NSP10 
inhibitor and support the representation of the SAMDI-MS 
assay as a powerful and attractive platform for HTS to iden-
tify NSP14/NSP10 ExoN inhibitors.

Discussion

This study reports, to the best of our knowledge, the first 
label-free and high-throughput assay to measure NSP14/
NSP10 ExoN activity and opens avenues for accelerated and 
improved drug discovery efforts to find small-molecule 
inhibitors against COVID-19. The SAMDI-MS technology 
has recently proven to be a powerful approach for measuring 
SARS-CoV-2 3CLpro activity,32 including simultaneously 
reporting on SARS-CoV-2 3CLpro and rhinovirus HRV3C 

protease activities.33 In addition to the SARS-CoV-2 target, 
the SAMDI-MS technology has been reported to character-
ize dozens of biochemical activities, including posttransla-
tional modifying enzymes,24,34–37 RNA-modifying proteins,30 
and arginase,29 highlighting its flexibility and broad drug 
discovery solutions. SAMDI-MS offers several solutions 
over other MS approaches, including traditional MALDI. 
A major challenge of MALDI is that without a sample 
cleanup step, buffer components such as salts and deter-
gents induce ion suppression, thereby impacting data qual-
ity. This is critical for enzymes such as nucleases that 
require MgCl2 for activity. Conversely, the SAMDI-MS 
technology is amenable to any buffer system due to the 
specific immobilization of the analytes to the self-assem-
bled monolayer (Fig. 1C,D). This solution allows a true 
optimized assay condition according to the target, rather 
than focusing on optimized conditions for the instrument, 
which may not be shared with the target. Importantly, 
SAMDI-MS maintains the high-throughput capability of 
MALDI and detects singly charged, nonfragmented mole-
cules for simplified data interpretation, including small mol-
ecules, lipids, peptides, proteins, and oligonucleotides.

The SAMDI-MS assay offers a label-free alternative 
toward measuring nuclease activities, including radioactiv-
ity7,8,17 and fluorescence assays.18 Eliminating the need for 
radionuclides offers a solution for handling the hazardous 
material, along with waste and safety concerns. Without a 
fluorescent reporter, the SAMDI-MS assay eliminates false 

Figure 5. HTS data. 
(A) Total percent 
conversion of Exo all 
cleavable substrate to 
products in DMSO 
control wells and the Z 
factor across each plate 
screened. (B) Statistics 
for the HTS. (C) 
Histogram showing the 
percent inhibition for 
all compounds analyzed 
in the screen. (D) The 
inhibition of compound 
STX30231217 identified 
in the HTS is evaluated 
in a dose–response 
format against NSP14/
NSP10 ExoN activity by 
SAMDI-MS.
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positives that result from optical interference of library 
compounds.32 An added benefit of SAMDI-MS is the abil-
ity to distinguish multiple products of nuclease activities, 
which can shed light on the mechanism. This capability also 
serves to provide quality control in every well to ensure the 
integrity of the RNA, as RNases present in enzyme preps or 
in laboratories can impact data and go undetected in label-
dependent approaches. Finally, the SAMDI-MS assay is 
flexible and can be applied to other RNA and DNA nucle-
ases, including exo- and endonucleases, opening avenues 
for broad drug discovery in the fields of DNA damage 
repair along with antivirals, and other pathologies. The 
advantages of the SAMDI-MS assay contribute to the sig-
nificant Z factors (>0.80) of this assay and the superior  
S/B (>100) that make it attractive for small-molecule 
screening.

Another novel aspect of this study is that it represents the 
first high-throughput assay suitable for initiating small-
molecule drug discovery efforts focused on NSP14 ExoN 
activity. The data provide the first insight into the kinetic 
parameters, such as the KM of the utilized substrate. Indeed, 
even the most recent studies rely on lower-throughput 
approaches such as gel electrophoresis with radiolabeled 
substrates,3 supporting the novelty of this approach. The 
high-throughput capacity enabled the screening of 10,240 
compounds and identification of potential hits that exhibit 
activity (IC50 < 10 µM) and selectivity (>10-fold) (Fig. 5, 
Suppl. Fig. S5) over other RNA nucleases, further high-
lighting the power of the SAMDI-MS technology. An 
attractive option for determining the selectivity of com-
pounds is the ability to analyze several assays simultane-
ously, an approach recently used to evaluate the potency 
and selectivity of inhibitors of the SARS-CoV-2 3CLpro 
enzyme.33 Future work will also aim to evaluate the antivi-
ral effect of the newly identified NSP14 ExoN inhibitors in 
cells infected with SARS-CoV-2. It is possible that selec-
tive NSP14 ExoN inhibitors do not directly inhibit virus 
replication in cell culture, but instead act in synergy with 
other classes of SARS-CoV-2 antivirals. Importantly, the 
Food and Drug Administration-approved nucleoside analog 
remdesivir is more efficacious against viruses lacking the 
NSP14 ExoN function, therefore providing a strong ratio-
nale for the combination of these two mechanisms of 
action.38 Another goal will be to continue to explore a larger 
chemical space to identify novel chemical matter for this 
challenging target, along with opportunities to multiplex  
the N7-MTase activity of NSP14. In conclusion, the 
SAMDI-MS technology represents the first label-free and 
high-throughput assay for screening potential inhibitors of 
NSP14 ExoN activity. Moreover, it provides significant 
benefits for sensitivity, selectivity, and robustness required 
for drug discovery. Lastly, the flexibility of the approach 
allows SAMDI-MS to report on many biochemical and 

binding activities,39 accelerating drug discovery across 
challenging targets and disease areas.
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