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Abstract: Reactive fragment (RF) screening has emerged as an efficient method for ligand discovery across the
proteome, irrespective of a target’s perceived tractability. To date, however, the efficiency of subsequent optimisation
campaigns has largely been low-throughput, constrained by the need for synthesis and purification of target compounds.
We report an efficient platform for ‘direct-to-biology’ (D2B) screening of cysteine-targeting chloroacetamide RFs,
wherein synthesis is performed in 384-well plates allowing direct assessment in downstream biological assays without
purification. Here, the developed platform was used to optimise inhibitors of SARS-CoV-2 main protease (MPro), an
established drug target for the treatment of COVID-19. An initial RF hit was developed into a series of potent inhibitors,
and further exploration using D2B screening enabled a ‘switch’ to a reversible inhibitor series. This example of ligand
discovery for MPro illustrates the acceleration that D2B chemistry can offer for optimising RFs towards covalent inhibitor
candidates, as well as providing future impetus to explore the evolution of RFs into non-covalent ligands.

Introduction

The emergence of severe acute respiratory coronavirus 2
(SARS-CoV-2) and the resultant COVID-19 pandemic has
had a profound impact on human society and health. Large-
scale efforts have been conducted to discover and develop
potential treatments, resulting in the approval of numerous
vaccines, and a clinical pipeline of small molecule
therapeutics.[1] Small molecule drug discovery efforts have

focussed primarily on inhibiting the two viral proteases
(main protease, MPro and papain-like protease,[2] PLPro); of
these targets, MPro has received the greater attention. The
main protease represents a compelling drug target, due to its
low sequence overlap with human proteases, and the
essentiality of its function in the SARS-CoV-2 life cycle.[3]

MPro is a cysteine protease with a catalytic cysteine (Cys 145)
that participates in the cleavage of large, non-functional
polyproteins into the proteins required for viral
replication.[4] Numerous MPro ligands have been reported,
encompassing a wide range of medicinal chemistry ap-
proaches including proteolysis-targeting chimeras
(PROTACs),[5] encoded library technologies,[6] and covalent
drug discovery.[7] The sole small molecule approved for the
treatment of COVID-19, nirmatrelvir, acts via reversible,
covalent inhibition of MPro through modification of the
catalytic cysteine.[1a] While nirmatrelvir has successfully been
employed for treating COVID-19 in the clinic, its continued
use is leading to the emergence of resistance mutations.[8]

Furthermore, nirmatrelvir must be administered with the
protease inhibitor ritonavir, which limits the number of
patients who can receive treatment due to potential drug-
drug interactions.[9] Continued development of next-gener-
ation inhibitors is therefore required to maintain treatment
options for SARS-CoV-2 infections and ensure prepared-
ness for future SARS coronaviruses.
The activity of MPro is dependent upon the catalytic

cysteine, therefore, approaches which covalently modify this
cysteine are an attractive therapeutic prospect. An estab-
lished approach to the rational design of covalent modifiers
utilises reactive fragment (RF) screening to discover hit
molecules for subsequent drug discovery.[10] RF drug discov-
ery aims to identify highly efficient ligands and can offer
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exceptional selectivity and increased potency through irre-
versible binding.[10–11] This provides excellent sensitivity, and
captures binding interactions even when reversible affinity is
poor. RFs have been leveraged to discover ligands for
proteins previously considered ‘undruggable’ due to the
shallow or transient nature of their binding sites, as
exemplified by the recent approval of sotorasib to inhibit
the KRAS-G12C mutant in non-small cell lung cancers.[12]

Screening libraries of 102-103 RFs has been demonstrated to
be an efficient method to identify hits.[13] A challenge in RF
drug discovery is the optimisation and progression of weak
affinity hits to achieve the potency and selectivity required
for a therapeutic. This is particularly poignant for human
diseases that require urgent therapeutic interventions, such
as COVID-19.
As interest in the rational design of covalent therapeutics

increases, new technologies are required to improve the
efficiency of the process. Methods that reduce synthetic
bottlenecks are particularly appealing and have proven
successful in drug discovery.[14] Of particular note are
emerging ‘direct-to-biology’ (D2B) methods, where com-
pounds are synthesised using biologically-compatible
chemistry to allow immediate activity assessment without
purification. D2B has been effectively applied in accelerat-
ing several drug discovery campaigns including anti-
infectives,[15] proteolysis-targeting chimeras[16] and molecular
glues.[17] Despite the promise of D2B approaches, applica-
tion within covalent drug discovery remains limited.[12a,18]

Herein we report the development of a D2B platform
for cysteine-targeting reactive fragments and its application
towards the discovery of potent inhibitors of SARS-CoV-2
MPro. The platform employs parallel synthesis of 102–103

fragments with direct integration into downstream biological
assays, to enable fast design-make-test cycles for drug
discovery campaigns. The platform was applied to the
optimisation of a RF hit against MPro to deliver multiple
inhibitors with nanomolar potency. The most potent inhib-
itor was found to engage the catalytic cysteine of MPro in
cells with good selectivity, and also showed engagement of
an MPro mutant that is known to cause resistance to
nirmatrelvir, providing a potential opportunity for develop-
ment of next-generation MPro inhibitors. We subsequently
demonstrate the reactivity of the chloroacetamide electro-
phile can be tuned to reduce the intrinsic reactivity of the
inhibitor without ablating MPro inhibition. Finally, the D2B
approach was applied to the development of non-covalent
inhibitors of MPro based upon the pharmacophores discov-
ered in RF screening. Considered together, this D2B plat-
form represents a powerful approach for RF hit optimisa-
tion, enabling both covalent and non-covalent drug
discovery.

Results and Discussion

Identification Of Irreversible Inhibitors Targeting SARS-CoV-2
MPro

SARS-CoV-2 MPro was initially screened against a library of
219 purified chloroacetamide RFs to identify covalent hits as
starting points for further optimisation. The library was
designed to include diverse pharmacophores and be ‘rule-of-
three’ compliant (Figure S1).[19] Screening was conducted by
incubating MPro (0.5 μM) with RFs (5 μM) at 4 °C for
16 hours, employing intact-protein liquid chromatography
mass spectrometry (IP-LC/MS) to determine the extent of
covalent labelling for each fragment molecule.[20] Covalent
labelling was quantified by comparing the relative intensities
of apo protein and protein-fragment adducts (Figure 1).[21]

Six fragments surpassed a hit-calling threshold of 75%
covalent labelling, representing a 2.7% hit-rate (Figure 1).
All six fragments resulted in a single labelling event with the
correct expected mass of modification (Apo+Fragment-
HCl, Figure S2). Some early structure-activity relationships
(SAR) were observed in these hits, such as the presence of
indole substructures (1 and 4), and morpholine or morpho-
line bioisosteres (2, 5 and 6) (Figure 1).
To investigate the functional impact of reactive fragment

binding, the inhibitory potency of compounds 1–6 was
determined via an enzymatic assay. A fluorogenic MPro

substrate peptide was employed, which upon proteolytic
cleavage resulted in separation of a FRET-quench pair,
increasing fluorescence intensity.[22] To measure the inhib-
ition of MPro by the identified fragments, the protein was
incubated with hits (1.3–50 μM) and the fluorogenic peptide
(40 μM), and the relative fluorescence intensity measured
over time. The half-maximal inhibitory potency (IC50) was
determined following a one-hour incubation of the fragment
and MPro (Figure 1D). Although all six fragments labelled
MPro to comparable extents (79–97%), they exhibited more
than a log-fold range in inhibitory potency (pIC50 (1 h) =

4.5–5.9). Two fragments resulted in an IC50 less than 10 μM
(pIC50 >5), with compound 2 exhibiting the most potent
inhibition (pIC50=5.9�0.5). Owing to the time-dependent
nature of irreversible inhibition, a more appropriate meas-
ure of potency is the second-order rate constant of inhibition
(kinact/KI).

[23] This parameter was determined for compounds
1–6 by measuring the observed rate of inhibition (kobs) at
five concentrations of fragment, with the slope of the
resultant linear regression providing kinact/KI (Figure 1E). A
range of potencies were determined (kinact/KI = 22–
170 M� 1 s� 1), with compound 2 yielding the fastest rate of
covalent inhibition, aligning with the half-maximal inhibitory
potency observed.
Measurement of the intrinsic reactivity of covalent

inhibitors is essential to understand the likelihood of off-
target engagement.[24] The intrinsic reactivity of compounds
1–6 was measured as the half-life of the fragment in the
presence of an excess of glutathione, a commonly used
cysteine-containing tripeptide.[25] To provide a benchmark
for reactivity, osimertinib (a recently approved covalent
EGFR inhibitor)[26] was adopted as a standard, with a
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Figure 1. Hit discovery against SARS-CoV-2 MPro by chloroacetamide reactive fragment screening. (A) A schematic demonstrating the intact-protein
mass spectrometry (IP-LC/MS) assay utilised for identifying irreversible ligands to MPro. A library of 219 chloroacetamides were screened (5 μM,
16 h, 4 °C) and analysed via IP-LC/MS. The extent of covalent modification was quantified from the intensity of the deconvoluted mass spectrum.
Formation of the desired fragment-MPro adduct was ensured by calculating the ΔMW of the observed MPro species. (B) The extent of covalent
labelling for the 219-membered chloroacetamide library as determined by IP-LC/MS. A threshold of 75% labelling was applied to identify hits. A
representative IP-LC/MS trace is shown for hit fragment 1. (C) The structures of the six hit chloroacetamide reactive fragments identified. (D) The
concentration dependent inhibition of MPro activity following a one-hour incubation for the six hit chloroacetamides. Fragments were incubated
with MPro and a fluorogenic substrate in duplicate, with the rate of substrate turnover employed to measure MPro activity. A log(inhibitor) vs.
response four parameter variable slope model was used to fit curves. Error bars show the standard deviation across replicates. (E) The
concentration dependence on the observed rate (kobs) of MPro activity for each hit fragment. The concentration range screened ensured linearity
between concentration and kobs, such that the second-order rate constant of covalent inhibition (kinact/KI) for each fragment could be calculated.
Error bars show the standard deviation across duplicates. (F) The time-dependent loss of each hit fragment in the presence of an excess of
glutathione. The half-life of the fragment was used as a measure of the intrinsic reactivity of the electrophile. (G) A table compiling the obtained
biophysical and biochemical data for the six identified hit fragments. (H) A volcano plot denoting the mean log2-transformed competition ratio
(CR) and associated -log10-transformed p-value for each detected cysteine across four technical replicates of compound 2 and DMSO treatments.
Calculated p-values were derived from the Welch’s unpaired t-test. A significance threshold of p <0.05, corresponding to a -log10 p-value >1.3, and
a CR >4, corresponding to a log2 CR >2, was selected. The detected peptide corresponding to MPro Cys145 has been highlighted.
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determined half-life of 1.3 hours (Figure S3). Compounds 1,
2, 3 and 5 all exhibited half-lives comparable or greater than
that of osimertinib, while compound 4 was found to be more
reactive (t1/2 <0.5 h). The stability of compounds 1, 2, 3 and
5 was surprising given the chloroacetamide electrophile is
typically considered more reactive than an acrylamide
(present in osimertinib).[27] Compound 2 was selected for
further optimisation due to its superior potency against MPro

among the identified hit fragments along with its suitable
reactivity.
Prior to undertaking further optimisation, compound 2

was assessed for engagement of MPro in live cells by
chemoproteomics. Live A549 cells, transduced to express
full-length MPro with a baculovirus vector (Figure S4)[28],
were treated with compound 2 ([2]=50 μM, 4 h, pH=7.4,
37 °C). Following compound incubation, the cells were lysed,
and target engagement was determined via a label-free
chemoproteomics workflow employing a hyper-reactive
iodoacetamide-desthiobiotin competitor.[29] This enabled
quantification of the extent of covalent modification of MPro

and allowed for identification of the site of binding.
Compound 2 was observed to engage the catalytic cysteine
of MPro (Cys145) in live cells with 77% occupancy (log2
competition ratio = 2.1, Figure 1H). The chemoproteomic
workflow also enabled the quantification of off-target
cysteine engagement against 6,827 cysteine residues within
3,459 proteins of the A549 proteome. In total, 14 off-target
cysteines had a competition ratio greater than four when
compared to DMSO (>75% occupancy), and 11 were more
strongly competed than MPro Cys145. Four of the 14
cysteines were active site cysteines, of which one was the
active site of a thiol protease (DESI2 Cys108, Figure S5).

Development of a High-Throughput Synthesis, ‘Direct-to-
Biology’ Screening Approach for Reactive Fragments Targeting
SARS-CoV-2 MPro

To optimise the hits against SARS-CoV-2 MPro using the
envisaged D2B approach, appropriate synthetic conditions
for the high-throughput synthesis of chloroacetamide RFs
were required. Previous examples of reactive fragment D2B
workflows employed a reactive-group building block func-
tionalised with an N-hydroxysuccinimide activated ester.[18]

Thus, it was hypothesised that the N-hydroxysuccinimide
ester of chloroacetic acid (ClAc-OSu) would enable the
preparation of chloroacetamide fragments (Figure 2A). The
reagent was readily synthesised on a multi-gram scale, and
in initial tests resulted in near-complete conversion of a
model amine to the chloroacetamide product at a 200 pmol
scale within a 384-well plate (Figure S6). Encouraged by this
result, the parallel synthesis of a library of 69 chloroaceta-
mide reactive fragments was performed (Figure 2B). Analy-
sis of the reaction performance employing small-molecule
LC/MS and automated reaction analysis scripting high-
lighted good reaction performance (Figure 2C).[30] More
than half of the intended chloroacetamides were present as
the major component of the reaction mixture (in situ
conversion >50%, 43 compounds), while just four chloroa-

cetamides were not detected as reaction products. For
further details regarding the chemistry optimisation cam-
paign, please refer to section S1.1 in the Supporting
Information.
Following the identification of suitable high-throughput

chemistry conditions, the accuracy of D2B screening was
evaluated. The synthesised library of 69 chloroacetamides
was chosen to be a sub-set of the 219-member library
initially screened against MPro to enable comparison of
screening results obtained from crude and purified libraries.
Consequently, both the library of crude chloroacetamides
and their purified counterparts were incubated with MPro at
an (assumed) concentration of 50 μM for 16 hours at 4 °C,
and the extent of covalent labelling was assessed via IP-LC/
MS. The screen was performed at a higher concentration to
ensure a greater proportion of active fragments for compar-
ison. The resulting labelling was in good agreement with
that measured using purified compounds (Figure 2D). A hit-
calling threshold of covalent engagment that surpassed the
mean plus two standard deviations across each respective
library was applied to identify false positives and negatives.
Of the six confirmed hits identified by screening purified
fragments, four were also identified as hits in the D2B

Figure 2. Development of a ‘direct-to-biology’ approach for synthesising
and screening chloroacetamide reactive fragments. (A) Previous
literature surrounding the application of N-hydroxysuccinimide acti-
vated esters for ‘direct-to-biology’ screening of reactive fragments.[18]

(B) The synthetic conditions employed in the picomolar-scale synthesis
of chloroacetamide reactive fragments. (C) The calculated in situ
conversion for a pilot library of 69 chloroacetamides synthesised via
the high-throughput conditions. In situ conversion was calculated as
the UV TIC area-under-curve of the product-containing peak detected
by small molecule LC-MS. The product containing peak was selected
on the observation of the expected [M+H]+ m/z ion. (D) A
comparison of the MPro labelling by a library of chloroacetamide
fragments screened as purified and crude analogues. Chloroaceta-
mides were screened at an (assumed) concentration of 50 μM against
MPro (0.5 μM) for 16 hours at 4 °C before determination of the extent of
labelling by IP-LC/MS. (E) A comparison of the extent of MPro labelling
for two experimental replicates of the high-throughput synthesis and
screening of crude chloroacetamides. Reproducibility was determined
by the coefficient of deviation (R2) of a linear regression fit.
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screen. Screening performance of the D2B library was not
improved by increasing the equivalents of ClAc-OSu
employed in the synthesis of chloroacetamides (Figure S7).
To assess the reproducibility of the protocol, the high-
throughput synthesis and D2B screening of the 69-mem-
bered library was evaluated in two experimental replicates,
affording excellent reproducibility of MPro labelling (R2=
0.94, Figure 2E).

‘Direct-to-Biology’ Screening Enabled the Rapid Optimisation of
Reactive Fragment Inhibitors of MPro

With a validated method for D2B screening of chloroaceta-
mide libraries obtained, we sought to employ this approach
for the optimisation of fragment 2. To probe the SAR
landscape, a 193-member library of amine analogues was
designed by selecting amines similar to 2 from the GSK
library using the small-world algorithm.[31] This selection
primarily consisted of three common substructures: 2-aryl
morpholines (65), 2-heteroaryl morpholines (48), 3-aryl
pyrrolidines (48) and 32 structures with no common scaffold
(Figure 3A). Synthesis of the analogue library afforded 77%
of the intended chloroacetamide products as the major
reaction component, with just nine instances where no
chloroacetamide was detected, corresponding to a 4%
failure rate (Figure 3B).
The library was screened against MPro, with the extent of

covalent modification determined via IP-LC/MS. Anticipat-
ing an improvement in the overall activity of the library, the
compounds were screened at an assumed concentration of
5 μM for just one hour at 4 °C (vs 16 h previously). A formic
acid quench (0.4%) was employed to halt further labelling
after the one hour incubation.[7b] Despite the shorter
incubation time, 14 compounds were identified that ex-
ceeded 75% labelling (Figure 3C). In addition to identifying
highly active ligands for MPro, the analogue library provided
an opportunity to develop an understanding of the SAR. A
hierarchical clustering of the library was performed using
extended connectivity fingerprints (ECFP4)[32], compounds
were then annotated with the corresponding percentage
labelling. Only compounds that were formed as the major
component were included in this analysis to reduce the risk
of misinterpreting false negatives. The resulting visualisation
facilitated identification of regions of activity and inactivity,
as well as the effects of individual point-changes (Figure 3D,
Figure S8).
We next sought to determine the inhibitory potencies of

the 14 newly identified RF hits. Initially the crude reaction
products were screened directly, following validation of the
FRET inhibitory assay for D2B screening (Figure S9). All
14 hits resulted in MPro inhibition following a one hour
incubation, with pIC50 (1 h) values ranging from 5.1–7.4
(Figure S10). Compounds 7, 8 and 9 exhibited the strongest
inhibition of MPro, with a 10-fold or greater improvement in
potency compared to fragment 2 (Figure 3E). The activity of
compound 7 (pIC50 (1 h) >7.4) was remarkable given it
maintained fragment-like physicochemical properties

(HBA=1, HBD=0, cLogP=2.9, MW=305, R.B.=3,
tPSA=20.3).
To validate the observed inhibitory activity of 7, it was

resynthesised and screened as a purified compound. The
enantiomer of 7 (7b, 1S,5R) was also synthesised to
determine any enantioselectivity. The original enantiomer
(7(a), 1R,5S) maintained strong potency following a one-
hour incubation (pIC50 (1 h) >7.4) whilst the opposite
enantiomer (7b) demonstrated reduced potency (pIC50
(1 h)=6.9, Figure S11). The second-order rate constant of
covalent inhibition (kinact/KI) for each enantiomer was
indeterminable, due to the rapid onset of inhibition. Instead,
the time-dependence of the IC50 was measured.

[33] Both
enantiomers exhibited a time-dependent change in IC50
consistent with that of a two-step irreversible mechanism of
action, with 7a exhibiting a faster onset of inhibition reach-
ing an IC50 at the limit of the assay (40 nM) after 46 min (c.f.
IC50 of 7b=170 nM at the equivalent timepoint, Figure 3F).
This represents a >32-fold improvement in potency from
the initial hit 2 to 7a, following a single round of D2B
screening. The intrinsic reactivity of 7 was found to have
increased ~3-fold compared to compound 2, according to
the GSH reactivity assay (Figure S12). Despite the increased
reactivity, the >32-fold potency improvement indicates an
improvement in the reversible affinity of the fragment.
Engagement of MPro Cys145 by compound 7a in live cells

was confirmed by chemoproteomics. When compared to
fragment 2, labelling of MPro was improved to 80% (log2
competition ratio =2.4) and the number of off-targets was
halved from fourteen to seven (Figure 3G). Of the off-
targets identified, none were thiol proteases and no active
site cysteines were significantly engaged (Figure S5). The
activity of compound 7a was also measured against an
emerging mutant form of MPro which confers resistance to
nirmatrelvir.[8] Sequence analysis highlights that mutation of
Ser144 results in the loss of an oxyanion hole within the
active site, which is commonly engaged by MPro inhibitors.[34]

Following treatment of A549 cells expressing the S144A
mutant MPro with compound 7a under analagous conditions
to the wild-type screening ([2]=50 μM, 4 hours), chemo-
proteomics confirmed engagement of mutant MPro with
occupancy of 78%, comparable to that of the wild-type
(80%, Figure 3H).

Progression of a Potent Inhibitor of MPro through Electrophilicity
Tuning and a Non-Covalent ‘Switch’

Having optimised the initial chloroacetamide fragment hit 2
to potent inhibitor 7 via D2B screening, we next explored
opportunities to: i) lower the reactivity of the electrophile to
reduce off target liabilities while maintaining on target
activity; ii) remove the electrophile to afford non covalent
inhibitors.
Three analogues of compound 7 were designed and

synthesised to incorporate a 1-chloro-1-fluoroacetamide
electrophile (10), 1-fluoroacetamide electrophile (11),[35] and
a non-electrophilic, acetamide analogue (12) (Figure 4A).
The intrinsic reactivities of compounds 10 and 11 were
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assessed: 11 was found to be unreactive with glutathione (t1/2
> 24 h), while a t1/2 could not be determined for compound

10 due to poor solubility. Electrophilic compounds 10 and
11 were screened against MPro by IP-LC/MS to assess

Figure 3. Application of the ‘direct-to-biology’ platform for the optimisation of initial fragment hit 2. (A) A blended small-world and substructural
small-world approach was used in the selection of analogues to the hit fragment 2. This resulted in the selection of 193 amines which were binned
into four categories, based upon common substructures. (B) The observed reaction performance for the analogue library, binned according to the
calculated in situ conversion by small molecule LC-MS. (C) The extent of covalent labelling for the 193-membered analogue library as determined
by IP-LC/MS. Compounds were screened at an assumed concentration of 5 μM for one hour, followed by a formic acid quench (0.4% v/v). Data
shown is the mean across two technical replicates, with error bars showing the standard deviation. Data points have been coloured according to
the compound’s substructure class. (D) A hierarchical clustering of the analogue library based upon the ECFP4 fingerprints of each structure. Only
compounds formed as the major component of the reaction were considered. The extent of MPro labelling for each compound is also shown,
allowing for the identification of areas of active and inactive structures. The three top hits identified from the screen are also highlighted. (E) The
concentration dependent inhibition of MPro activity following a one-hour incubation of the crude D2B reaction mixture for chloroacetamides 7, 8
and 9. Data shown is the mean across two biological replicates, with error bars showing the standard deviation. (F) The time dependent MPro IC50

of the two enantiomers of fragment 7. The sensitivity of the assay was met after 2750 seconds for the (1R, 5S) enantiomer. (G, H) A volcano plot
denoting the mean log2-transformed competition ratio (CR) and associated -log10-transformed p-value for each detected cysteine across four
technical replicates of compound 7 and DMSO treatments in A549 cells transduced to express wild-type MPro (G) and S144A mutant MPro (H).
Calculated p-values were derived from the Welch’s unpaired t-test. A significance threshold of p <0.05 and a CR >4 was selected. The detected
peptide corresponding to MPro Cys145 has been highlighted.
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Figure 4. (A) The design of three analogues of 7 wherein the reactivity of the electrophilic position was reduced, or the electrophile was removed.
(B) The concentration-dependence of MPro labelling following a 24 hour incubation of 10 and 11. A pIC50 for each compound was calculated using a
four-parameter variable slope fit. (C) The concentration-dependent inhibition of MPro activity following a one-hour incubation with compounds 10,
11 and 12. Data shown is the mean and standard deviation across two biological replicates. For comparison, the previously determined pIC50 curve
for 7 is shown. (D) The concentration-dependence of the observed rate of inhibition of MPro by compound 10. A non-linear relationship was
observed, which allowed for determination of the kinetic parameters KI and kinact by a Michaelis-Menten fit. Data shown is the mean and standard
deviation across two biological replicates. (E) Employment of high-throughput synthesis and ‘direct-to-biology’ screening to progress compound 7
into a non-covalent inhibitor series. Two distinct stages of compound optimisation were performed – an initial explore phase wherein non-covalent
inhibitors were discovered, and an exploit phase wherein the potency of these compounds was improved. (F) The measured MPro inhibition when
the explore library was screened. Compounds were pre-incubated with MPro (10 nM) at an assumed concentration of 50 μM for 15 minutes, prior to
the addition of the FRET substrate. Inhibition was calculated following a one hour incubation. Hits, identified as blue or red dots, were those which
surpassed the 95th percentile of MPro inhibition. The mean inhibition across the library is shown as a blue bar. (G) Calculated pIC50 values for the
seven identified hits. pIC50 values were calculated from a single technical replicate, data shown is the calculated pIC50 and corresponding error of
fit. (H) The structure and activity of the most potent non-covalent inhibitor of MPro identified in the explore phase. The compound was counter-
screened via IP-LC/MS which confirmed no covalent adduct formation. (I) The measured MPro inhibition when the exploit library was screened.
Compounds were screened under analogous conditions to (F) at a lower assumed concentration. Hits, identified as orange or purple dots, were
compounds that exhibited greater than 50% inhibition of MPro. The mean inhibition across the library is shown as a blue bar. (J) The concentration-
dependent inhibition of compounds 13 and 14, identified as the most potent inhibitors of MPro from the explore and exploit phase respectively. (K)
The structure and reversible affinity and efficiency of compound 14, which resulted in the greatest inhibitory potency of MPro of the non-covalent
analogues examined.
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covalent engagement (0.8–200 μM, 24 h, 4 °C). Despite the
reduced reactivity of the electrophiles, concentration-de-
pendent labelling of MPro was observed for both compounds,
with calculated pIC50 values of >6.2 and 5.0 � 0.05
respectively (Figure 4B). Encouraged by the confirmation of
covalent labelling, subsequently, MPro inhibitory potencies of
10 and 11 were determined by FRET following a one hour
incubation (Figure 4C). Compound 10 inhibited MPro with a
pIC50 (1 h)=5.1 � 0.06, while compound 11 was inactive
after this reduced incubation time (1 h vs 24 h for IP-LC/
MS). Compound 10 exhibited a non-linear relationship
between concentration and kobs across the concentrations
evaluated, enabling calculation of the kinetic parameters of
inhibition: kinact= (2.0 � 0.03)×10

-3 s-1 and KI=46 � 10 μM
(kinact/KI=43 � 0.4 M

-1 s-1, Figure 4D). While these com-
pounds exhibit a reduction in potency relative to 7, likely
resulting from a reduction in kinact, the confirmation of
covalent labelling with these less reactive electrophiles
makes them promising candidates for optimisation towards
more developable MPro inhibitors. To our knowledge,
compound 11 represents the first example of a reactive
fragment ligand for a protein employing a fluoroacetamide.
With a view to developing non-covalent inhibitors of

MPro, compound 12 was screened in the FRET assay. While
an IC50 value was not measurable due to low activity
(maximum inhibition=9.5 � 0.5% at 50 μM), we hypoth-
esised that active non-covalent analogues of compound 7
might be discovered by substituting the chloroacetamide
electrophile with alternative amides that may facilitate
molecular recognition of the MPro binding site. We envisaged
D2B screening could enable rapid optimisation of this group
within two rounds, firstly sampling chemical space (“ex-
plore” phase) and subsequently expanding on emerging hits
(“exploit” phase, Figure 4E).[36] A diverse set of 146
carboxylic acids were selected using the small-world
algorithm[31] from the GSK compound collection (Fig-
ure S13), and linked to the amine precursor of compound 7
using HATU-mediated amide coupling in 384-well plates
(Figure S14). The library was screened against MPro using
the FRET inhibitory assay (assumed compound concentra-
tion: 50 μM, 15 minutes pre-incubation). Control experi-
ments confirmed that the reagents and by-products of the
synthesis had minimal impact on the activity of MPro (Fig-
ure S15). Seven compounds were identified which surpassed
the 95 th percentile of MPro inhibition (Figure 4F) and
counter-screening with IP-LC/MS confirmed no covalent
adducts were formed (Figure S16). Half-maximal inhibitory
potency against MPro was determined for each hit compound,
which identified compound 13 as the most potent (pIC50=
5.6 � 0.07, Figure 4G), with a potency similar to RF 2 after
one hour, despite the absence of an electrophile (Fig-
ure 4H).
The exploit library, consisting of 72 carboxylic acids, was

designed around compound 13. Compounds were screened
against MPro at a lowered assumed concentration of 1 μM,
maintaining the 15 minute pre-incubation (Figure 4I). Three
compounds were identified with >50% inhibition of MPro,
which upon further examination demonstrated concentra-
tion-dependent inhibition and an improved potency over

compound 13, with pIC50 values between 6.2–6.7 (Fig-
ure S17). Compound 14 was the most potent inhibitor
identified (pIC50=6.7 � 0.2) (Figure 4J). Using the Cheng-
Prusoff equation, the reversible inhibitory affinity (KI) of
compound was determined to be 110 nM, representing a
>400-fold improvement in reversible binding affinity over
compound 10 (c.f. KI=46 μM).

[37] Further characterisation
of compound 14 highlighted good ligand efficiency (LE=

0.31 vs 0.32 for compound 10) and an acceptable lipophilic
ligand efficiency (cLogD (pH 7.4)=4.4, LLE=2.3), suggest-
ing the suitability of this compound for further lead
development.[11,38]

Conclusion

The continued development of novel therapeutics is essen-
tial to counteract emerging SARS-CoV-2 mutants and
maintain preparedness for future coronaviruses. The main
protease is an established drug target, due to its essential
role in the viral lifecycle and conservation within the
Coronaviridae family. The activity of coronavirus’ MPro is
dependent upon a catalytic cysteine, therefore covalent
modification of this residue is an attractive approach to
inhibitor discovery. To enable the rapid development of
irreversible MPro inhibitors in response to emerging corona-
viruses, high-throughput methods to synthesise and profile
cysteine-targeting compounds are required. We report the
development of a ‘direct-to-biology’ platform for the identi-
fication and optimisation of chloroacetamide reactive frag-
ments, applied towards the discovery of potent SARS-CoV-
2 MPro inhibitors.
‘Direct-to-biology’ screening enabled rapid discovery of

a highly potent inhibitor (7) that irreversibly and potently
inhibits MPro within one hour. Compound 7 was found to
covalently modify the catalytic cysteine (Cys145) and
demonstrated strong cellular engagement of wild-type MPro.
We also demonstrated the ability of this fragment to engage
the catalytic cysteine of the S144A mutant of MPro, which
represents an emerging class of clinically relevant MPro

mutations that can escape inhibition by nirmatrelvir. During
the discovery of compound 7, the insights obtained from
D2B screening enabled the rapid exploration and exploita-
tion of structure-activity relationships, providing opportunity
for an expedited and flexible optimisation strategy. As this
approach matures, we envisage D2B screening would be
amenable to machine learning techniques to provide
quantitative and predictive insights.[39]

Chloroacetamides are often considered unsuitable for
applications in vivo due to concerns with the high intrinsic
electrophilicity and the potential for off-target interactions.
We therefore developed a strategy to tune the reactivity by
incorporation of electrophiles with reduced reactivity but
conserved reaction geometries. The resulting compounds
maintained activity with MPro, but had significantly reduced
electrophilicity, thus offering useful starting points for the
development of next generation MPro inhibitors. The part-
nership of D2B fragment optimisation with tunable war-
heads offers a useful strategy to facilitate identification of
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hits, followed by optimisation to more potent and selective
inhibitors. We note that irreversible inhibitors of MPro have
been reported with very high second-order rate constants,
highlighting that further optimisation of potency is
achievable.[40] Finally, the D2B platform enabled evolution
of the covalent inhibitors into a non-covalent series: within
two D2B cycles, a potent and efficient non-covalent
inhibitor (14) was discovered. This is an under-reported
drug discovery strategy that can leverage the advantages of
irreversible mechanisms of action in early-stage hit discovery
while providing flexibility for optimisation towards either
covalent or non-covalent inhibitors.
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Expedited SARS-CoV-2 Main Protease In-
hibitor Discovery through Modular ‘Direct-
to-Biology’ Screening

Direct-to-biology workflows promise to
accelerate hit optimisation for drug
discovery. Here, we describe a direct-to-
biology method for the efficient syn-
thesis and screening of cysteine-reactive
fragments and its application in the

optimisation of a micromolar inhibitor
of SARS-CoV-2 main protease towards
nanomolar covalent analogues. Addi-
tionally, we describe an under-reported
switch from the covalent series to a
potent, non-covalent series.
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