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Abstract
The global pandemic caused by the virus SARS-CoV-2 has devastated the world. A flurry of
research into the structures and activities of the virus have identified several viable targets for
drug therapy, including the endoribonuclease nsp15, also known as EndoU. EndoU has been
shown to play a role in diminishing the host cell’s immune response to the virus by cleaving
signaling dsRNA, specifically targeting uridine sequences. The development of the crystal
structure nsp15 allowed our lab along with others to perform virtual screenings to identify
inhibitors that might be able to dock at the active site and inhibit the activity of the enzyme.
Potential inhibitors were screened through a FRET-based enzyme assay and hits were then
titrated to examine potency of the inhibitor. Although no new hits for inhibitors were identified, I
was able to characterize some known inhibitors and the effect that a divalent ion has on the
inhibition of the enzyme. For all of our identified inhibitors, there is increased effectiveness
when the reaction is done in the presence of Mn2+ rather than Mg2+. Further research into the
binding of the divalent ion and the active site of the enzyme is needed to further characterize the
role of the divalent ion cofactor and to find better inhibitors that could be used as drug therapy
treatments of COVID-19.
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1. Introduction
In December 2019, the first human cases of COVID-19 were reported in Wuhan City,
China (1). Since then, the virus has evolved into a global pandemic that has devastated the world.
As of September 2021, there have been over 200 million confirmed cases of COVID-19,
including nearly 5 million deaths (2). COVID-19 is a respiratory disease caused by the
coronavirus SARS-CoV-2, which is in the same family as the SARS-CoV and MERS-CoV
viruses which caused pandemics in 2003 and 2012, respectively (1). It has been difficult to
effectively prevent the transmission of this virus among the human population, but the
development of vaccines was an incredibly successful development. However, as the virus
mutates and vaccines become less effective, there still remains a need for additional drug
therapies. The main treatment currently in use is a drug called remdesivir, which has shown
limited success in treating the active infections (3). Another promising drug is molnupiravir, an
oral treatment developed by Merck that has yet to receive emergency approval (13). The dire
need for more effective treatments has led to a flurry of interest in the basic virology of
SARS-CoV-2 and possible targets for new drug therapies.
The SARS-CoV-2 virus is a positive-sense RNA with 16 nsps (non-structural proteins)
(4). Several of the nsps compose the replication and transcription complex (RTC) which
performs RNA synthesis (4). An atomistic model of the RTC shows a hexameric superstructure
of proteins assembled around a central protein, nsp15, and identified several roles of this
complex which include proofreading, template switching, mRNA capping, and hydrolysis of
double-stranded RNA (dsRNA) (16). The protein of interest for this study is nsp15, an
endoribonuclease also known as EndoU (6). Nsp15 is highly conserved across all coronaviruses,
with the SARS-CoV-2 protein sharing 88% sequence identity and 95% similarity with the
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SARS-CoV homolog, and much stronger than its arterivirus ortholog nsp11 (5). The similarity of
the nsp15 sequences among different coronaviruses suggests that an inhibitor of the
SARS-CoV-2 enzyme will work against other emerging coronaviruses (6).
The nsp15 protein was originally thought to be essential for replication, but the Baker lab
demonstrated that EndoU-deficient coronaviruses replicated with only a subtle change from
normal rates in fibroblast cells (6). The nsp15 enzyme was first identified as an IFN (interferon)
antagonist of SARS-CoV by screening using an alphavirus replication-defective vector (VRP)
(14). To further study the activity of nsp15, cells were infected with a virus containing a nsp15
mutant with alanine substitution at its histidine active site, and EndoU activity was inactivated
(7). This resulted in limited reproduction of the virus and rapid cell death which helped to
identify nsp15 as a major antagonist to the type 1 interferon (IFN) antiviral pathway (7). The
Deng and Kindler labs then discovered that multiple dsRNA sensing pathways are independently
activated to inhibit viral replication in cells infected with EndoU-deficient CoVs (6,8). For
example, EndoU was shown to be a direct antagonist to the IFN pathway as a catalytically
inactive mutant of nsp15 allowed for the detection of viral dsRNA by the MDA5 receptor, which
initiated a robust type 1-IFN response and greatly reduced viral replication (7,8). Additional
immune pathways at work in the presence of the inactive EndoU include PKR, which inhibits
host and viral mRNA translation, and the OAS-RNase L pathway (6,8). These discoveries led
researchers to believe that EndoU mediates evasion of the innate immunity pathway by cleaving
viral dsRNA so that it is not detected (7,8).
The next step in understanding nsp15 was to identify the dsRNA target of EndoU. It was
discovered that EndoU activity reduces the abundance of negative-sense RNA that contains
polyU extensions with >12 uridines, a sequence that was identified as a pathogen associated
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molecular pattern (PAMP) (9). When this sequence is cut by EndoU, the virus is able to evade
detection by MDA5 and diminish the IFN response, allowing for increased viral replication (9).
Further investigation into the specificity of nsp15 identified the critical residues as S294 and
N278, which interact to select for uridine (15).

Figure 1.1: The surface of the SARS-CoV-2 EndoU hexamer with each subunit a different color
and the active sites in red (from reference (5))
In 2020, a crystal structure of the SARS-CoV-2 EndoU protein was reported by the Kim
lab (Figure 1.1). Researchers were able to identify the active site of the hexameric protein, which
is located in a shallow groove between two β-sheets (5). This site has six main residues which
are conserved across most CoVs, including His235, His250, Lys290, Thr341, Tyr343, and
Ser294 (Figure 1.2). It was also reported that EndoU activity was dependent on the presence of a
divalent metal ion, preferentially Mn2+ (5). The active site of nsp15 has a similar architecture to
the eukaryotic metal-independent protein RNase A, despite having a completely different overall
fold (17).
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Figure 1.2: Binding of citrate to the six active site residues of SARS-CoV-2 nsp15.(From
reference (5))
The hope to use nsp15 as a target gene for drug therapy lies in finding an inhibitor that
can block the activity of EndoU. One study found an inhibitor, NSC95397, that did inhibit nsp15
enzymatic activity in vitro but did not inhibit viral replication when tested in VERO E6 cells
(10). Another study identified an inhibitor, a 1,2,3-triazolo-fused betulonic acid derivative, which
effectively inhibited nsp15 in another genus of coronaviruses called HCoV-229E and ultimately
resulted in the inhibition of viral replication; unfortunately, this inhibitor did not exhibit the same
effectiveness on the SARS-CoV-2 enzyme (11). Clearly there remains a need for further study to
identify an inhibitor that can both inhibit the EndoU of SARS-CoV-2, function in live cells at an
effective concentration, and meet all the other requirements for an antiviral treatment.
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2. Materials & Methods
2.1 Materials
In this study, we sought to identify and characterize inhibitors of nsp15 using a FRET-based
enzyme assay. This assay was modeled after previous studies on inhibition of SARS-CoV-2
nsp15, with modifications (5). The substrate used is a short oligonucleotide with the sequence
5′-56-FAM-dArUdAdA-3TAMRA_N-3′ synthesized by Integrated DNA Technologies,
containing the FAM fluorescent donor at the 5’ terminus as well as a fluorescence quencher
molecule, TAMRA, at the 3’ end. The substrate will be cleaved at the single uracil residue
(bolded and underlined) which will increase the fluorescent emission of FAM due to the
separation of the FAM- and TAMRA molecules. To express EndoU in our lab, we transformed
BL21 E. Coli with the plasmid pMCSG53 (reference 5) and the nsp15 protein was expressed and
then purified using metal ion affinity and gel filtration chromatography by Dr. Cole.

2.2 Experimental Methods
EndoU Activity Assay
The reaction buffer contained 50 mM HEPES, pH 7.5, 50 mM KCl, and either 5 mM MnCl2 or
10 mM MgCl2. Inhibitors were dissolved in DMSO. Either Mg2+ or Mn2+ buffer and inhibitor
compounds were combined into wells on a 96 well plate with 2-3 replicates of each inhibitor.
EndoU was added and allowed to incubate for five minutes before adding substrate. Because the
buffer used to dilute the enzyme and substrate lacked a divalent ion, the final concentration of
divalent ion in the experimental well is 70% less than that of the control wells with only buffer.
The assay was run at 200 nM substrate, 100 nM enzyme, 20 μM inhibitor and 100 μL total
volume. We included several control wells that lacked inhibitor to use as a reference.
Immediately after adding the substrate, the plate was read on a SpectraMax i3x fluorescence

7

plate reader to monitor product formation. The fluorescence emission was recorded at room
temperature for 10 minutes using the minimum point spacing, typically 11 seconds. The data
were reduced to produce Vmax slopes for the first five minutes of the reaction. The amount of
inhibition was calculated as a percentage based on the average slope of each inhibitor compared
to the controls (Equation 1.1). Any compounds shown to significantly inhibit EndoU activity and
reduce fluorescence were then titrated in a separate assay to evaluate their potency as an
inhibitor.
(1. 1)

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = (1 −

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑉𝑚𝑎𝑥 𝑜𝑓 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑒𝑑 𝑒𝑛𝑧𝑦𝑚𝑒
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑉𝑚𝑎𝑥 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

) × 100

I determined the potency of each inhibitor by calculating the IC50 values, or the concentration of
the inhibitor needed to reduce the activity of the enzyme by half. To find this value, I calculated
the percent inhibition for each concentration of inhibitor from the titration assays and plotted
them using the Kaleidagraph program. The data were fit to Equation 1.2, where I0 is the %
inhibition in the absence of inhibitor and ΔI is the maximal % inhibition. In these fits, I0, ΔI, and
IC50 were all treated as adjustable parameters. The IC50 value was given as the parameter m3,
which corresponds to the concentration at the inhibitor that gives half-maximal inhibition. We
were also able to evaluate the reliability of the fitted parameters with an error estimate as well as
an R value.
(1. 2)

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = 𝐼0 + (∆𝐼 ×

[𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟]
[𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟] + 𝐼𝐶50

)

Identification of Potential Inhibitors
To identify potential inhibitors to test in our study, we used two approaches based on a published
crystal structure of EndoU (Figure 2.1); virtual screening and an artificial intelligence algorithm
developed by Atomwise, Inc. For virtual screening, the GLIDE software package (Halgren, T. A.
et al. Glide: a new approach for rapid, accurate docking and scoring. 2. Enrichment factors in
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database screening. Journal of Medicinal Chemistry 47, 1750–1759 (2004).) was used to screen
libraries of commercially available compounds from companies including Chembridge, Life
Chemicals, Enamine, and others that could potentially inhibit EndoU activity based on how well
the compound fits into the active site of EndoU. This algorithm provided us with GLIDE scores
to judge how well each compound docked at the EndoU active site and could be used as a
predictor of effectiveness. Atomwise provided a library of 96 potential inhibitors; Dr. Cole
screened them and identified four inhibitors, named UCA-1, UCA-2, UCA-3, and UCA-4 with
IC50 values of 3.3, 4.8, 6.1, and 15.1 μM, respectively. We also chose inhibitors based on
effectiveness in other studies. One study on the SARS-CoV nsp15 found several compounds that
acted as inhibitors, including benzopurpurin B and congo red (18).

Figure 2.1: Crystal structure of nsp15 from SARS-CoV-2 generated by the Kim Lab (from
reference (5)) and obtained from the Protein Data Bank (from reference (19)).
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3. Results
3. 1 Screening of Enamine Compounds
Our ID
number

Structure

Assay 1

Assay 2

IC50 (μM)

Glide Score

89

71

73.0

-5.917

UCA-1

87

89

3.3

-4.622

UCA-3

93

94

6.1

-4.870

12

80

> 100

-4.716

UCA-4

88

98

15.1

-4.876

UCA-2

98

92

4.8

-5.042

Table 3.1: Compounds from Atomwise screened and titrated by Dr. Cole. Assay values represent
percent inhibition of the compounds. Compounds highlighted in green had lower IC50 values and
were investigated further as possible inhibitors. Compounds in red had IC50 values determined to
be too high.
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Dr. Cole used the SARS-CoV-2 nsp15 crystal structure generated by the Joachimiak lab (PDB
6VWW (19)) to screen for compounds with low GLIDE scores which would indicate high free
binding energy and potent inhibition. Table 3.1 shows compounds from Atomwise that were
inhibited EndoU in two initial assays at 100 µM . Dr. Cole then experimentally tested the
top-scoring compounds to determine which ones actually inhibited nsp15. Active compounds
were then titrated to determine IC50 values indicated above. Similarly, Dr. Cole titrated
compounds identified using GLIDE that showed inhibition of EndoU in initial assays. The
compounds with IC50 values of less than 50 µM were given the names UC-1 and UC-2, with IC50
values of 11.7 and 44 µM, respectively. Other inhibitors with IC50 values higher than 50 µM
were determined to have insignificant inhibition potential with EndoU and were not studied
further. There seemed to be no correlation between the GLIDE scores and the actual
experimental values for percent inhibition and IC50 values.
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(A)

(B)

(C)
Figure 3.1: Each compound from Enamine (labeled with corresponding numbers shown in Table
3.2) with the best Glide scores were screened to assess the percentage of inhibition of fluorescent
emission as compared with the control (A). The same screen was repeated (B) and then a third
time with all 22 compounds (C).
More Enamine compounds that are analogues of UC-1 and UC-2 were assayed to assess the
percent inhibition of EndoU. Figure 3.1A shows how some compounds seemed to exhibit full
inhibition of EndoU while others seemed to activate the cleavage activity of EndoU. Repeated
trials of the assay depicted by Figure 3.1B and C show inconsistent results. In Figure 3.1A,
compound 7 (Enamine ID Z827306036) was thought to fully inhibit substrate cleavage by
EndoU but has a fraction of the same effect in Figure 3.1B and C, which suggested large random
errors in the data.
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(A)

(B)

Figure 3.2: Titration curve for UCA-1 in two different divalent ion buffers: manganese (A) and
magnesium (B). The “m3” value in each legend represents the IC50.
To test whether the metal was involved in inhibitor binding, one of the promising compounds,
UCA-1, was titrated separately with two different reaction buffers, one with manganese as the
divalent ion and the other with magnesium. We found an IC50 of 6.6 μM in manganese buffer
(Figure 3.2A) and 12.4 μM in magnesium buffer (Figure 3.2B). According to this assay, UCA-1
is nearly twice as potent in Mn2+ buffer as in Mg2+ buffer.

Another of the compounds screened by Dr. Cole that we titrated in buffers with different divalent
ions was UCA-2. In the manganese buffer, UCA-2 had an IC50 of 3.3 μM (Figure 3.3). The data
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from the assay in the magnesium buffer was not fitted because the IC50 was over 100 μM which
is above our cutoff for a viable inhibitor. It is notable that the inhibition only occurs in the
presence of manganese, not magnesium.
(A)

(B)

Figure 3.4: Titration curve for UCA-3 in two different divalent ion buffers: manganese (A) and
magnesium (B). The m3 corresponds to the IC50.
The next compound from Dr. Cole’s screening that we titrated in the two buffers was UCA-3.
For this compound, the IC50 was 48.4 μM in manganese buffer and 76.6 μM in magnesium buffer
(Figure 3.4). These titrations showed low levels of inhibition, so their curves had to be adjusted
by artificially setting the maximal % inhibition (“m2”) value to 100, despite the fact that neither
compound fully inhibited EndoU at the highest concentrations we tested. We also titrated UCA-4
in both buffers but were unable to fit the data as the IC50 was over 100 μM in both buffers.
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3. 2 Screening of Chembridge Compounds
We next tested the effects of different divalent cations on the
inhibition of EndoU by UC-1 and UC-2. Just as with the
Atomwise compounds, each of these compounds were
assayed in both manganese and magnesium buffers to test
whether the divalent ion affected potency of the inhibition.
For the compound UC-1, we observed an IC50 of 1.4 μM in
the manganese buffer and 39.1 μM in the magnesium buffer
(Figure 3.6).

(A)

(B)

Figure 3.6: Titration curve for UC-1 in two different divalent ion buffers: manganese (A) and
magnesium (B). The “m3” value in each legend represents the IC50.
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For the compound UC-2, we observed
an IC50 of 78.6 μM in the manganese
buffer (Figure 3.7). Just as with the
UCA-3 titrations, the equation for this
curve had to be adjusted by manually
setting the maximum inhibition to
100%. We were unable to fit the data for
UC-2 inhibition in the magnesium
buffer as the IC50 value was over 100
μM.

3.3 Titration of SARS-CoV-1 Inhibitors with EndoU
(A)

(B)

Figure 3.8: Titration curve for compounds Benzopurpurin (A) and Congo Red (B). The “m3”
value in each legend represents the IC50.
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Benzopurpurin and Congo Red, compounds that are known inhibitors of the nsp15 homolog
from SARS-CoV-1 (18), were titrated to test their potency as inhibitors of EndoU from
SARS-CoV-2. Benzopurpurin is shown to be a relatively potent inhibitor with an IC50 of 2.7 μM,
as well as Congo Red with an IC50 of 20.2 μM (Figure 3.8).

3.4 Titration of Synthetic Inhibitors
Compound
ID

Name

JB-001

phenylalanine

303.9

L: -8.16
D: -8.02

JB-002

ortho-methyl
phenyl

317.1

L: -8.00
D: -7.73

JB-003

lysine

284.11

L: -7.54
D: -8.09

Structure

MW (g/mol)

Docking
Scores

Table 3.3: The ID names, structures, molecular weights, and docking scores for the three
compounds synthesized and purified by the Peczuh Lab.
To study the structure-activity relationship of our most potent inhibitors, UC-1, we collaborated
with the Peczuh lab to synthesize analogs of this compound, and virtually screened them to
assess which changes might have the biggest improvement on inhibition (Table 3.3). Although
the docking scores we calculated differ by chirality, the compounds synthesized by the Peczuh
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lab were racemic mixtures of both stereoisomers. We then titrated the compounds in two separate
trials to evaluate their potency with IC50 values.
(A)

(B)

Figure 3.9: Plots of titrations of two of the compounds synthesized by the Peczuh lab, JB-001
and JB-002. The two trials for each compound are superimposed on each graph and labeled in
red and blue. The “m3” value in each legend represents the IC50.
For JB-001, we calculated an IC50 of 96.6 μM in the first trial and 66.0 μM in the second trial.
For JB-002, we calculated an IC50 value of 83.1 μM for the first trial and 27.4 μM for the second
trial. The data for the titration of JB-003 could not be fit because the IC50 was over 100 μM in
each trial.
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4. Discussion
Inhibitor

IC50 (μM) in Mn2+
Buffer

IC50 (μM) in Mg2+
Buffer

Ratio of
IC50 Mg2+:IC50 Mn2+

UCA-1

6.6302

12.395

1.87

UCA-2

3.2777

>100

-

UCA-3

48.43

76.651

1.58

UCA-4

>100

>100

-

UC-1

1.3567

39.105

28.57

UC-2

78.554

>100

-

Table 4.1: A compilation of all IC 50 values from titrations comparing inhibition using different
ion buffers and their ratio.
In this study, I identified no new inhibitors through my screenings of commercially
available compounds (Figure 3.1). However, I was able to characterize inhibitors of nsp15 that
were previously identified by Dr. Cole. Each of the inhibitors in Table 4.1 were titrated in both
manganese and magnesium buffers to test whether the type of ion cofactor present in the buffer
affected the ability of the compounds to inhibit the enzyme. Each inhibitor had a lower IC50
(exhibiting more potency) in the manganese buffer than the magnesium buffer. For many of the
compounds titrated, only a fraction of the compound was needed to inhibit EndoU in the
presence of manganese than was needed in the presence of magnesium. For example, UC-1 had
an IC50 of 1.4 μM in the presence of Mn2+ and 39.1 μM in the presence of Mg2+ which gives
nearly a 30-fold increase in potency of the compound in the manganese buffer (Table 4.1).
Previous studies of nsp15 from SARS-CoV-1 suggest that it is a divalent-ion-dependent
endoribonuclease which prefers Mn2+ as a cofactor over Mg2+ (20). The divalent ion cofactor was
thought to cause a conformational change in the enzyme that alters it into an active catalytic
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state, with Mn2+ being significantly more potent than Mg2+. Additional research on the divalent
ion dependence of the SARS-CoV-2 nsp15 homolog were unable to identify a metal-binding site
in the crystal structure enzyme, but proposed that the metal cofactor could play a role in
maintaining substrate conformation during catalysis (5,17). It is believed that nsp15 follows the
RNAse mechanism as demonstrated by Figure 4.1 below.

Figure 4.1: Active site of RNAse A is compared with that of Nsp15 in the complex with transition
state analog uridine 2′,3′-vanadate (from reference (17))
There is no current literature on the effect of the divalent ion on inhibition, but our data
suggests that our inhibitors exhibit more potency in the presence of Mn2+ than Mg2+. It is unclear
where these cofactors bind or interact with the enzyme, but they do seem to somehow influence
inhibitor binding. Additional research is needed to solve the structure of the enzyme’s interaction
with the divalent metal ion to possibly identify the binding site and whether or not it affects the
enzyme’s interaction with the substrate or inhibitor.
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Figure 4.2: Ligand poses from GLIDE. Overlay of 2'-'3-UMP with pyrimidine hits. green,
2'-3'-UMP; cyan, UC-1; purple, UC-2
Additional findings from the study include that previously identified inhibitors of the
SARS-CoV-1 nsp15 are also reasonable inhibitors of the SARS-CoV-2 homolog, which was the
expected result because their structures are similar. As seen by the docked conformations in
Figure 4.2, the structures of UC-1 and UC-2 are remarkably similar to the product analogue,
uridine 2’-3’-cyclic monophosphate (2’-3’-UMP) .. The UC-1 analogs synthesized by the Peczuh
Lab were not effective inhibitors of EndoU due to their differences in structure from UC-1. More
analogs of existing compounds are needed to further investigate the structure-function
relationships between inhibitors and EndoU.
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