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ABSTRACT: The main protease MP, nsp5, of SARS-CoV-2 > (<
(SCoV2) is one of its most attractive drug targets. Here, we report actvg  Inactive
primary screening data using nuclear magnetic resonance spectros- i — protease + ﬁ " substrate
copy (NMR) of four di erent libraries and detailed follow-up ;}‘}1'5 M \ Activity assay
synthesis on the promising uracil-containing fragment Z604 derived .5 Protein assignment

from these libraries. Z604 shows time-dependent binding. Its > 50 > Vo O
inhibitory e ect is sensitive to reducing conditions. Starting with ; 5’\\@ Co-crystallization
Z604, we synthesized and characterized 13 compounds designed by M LE@ © ligand symthests

fragment growth strategies. Each compound was characterized by i A

NMR and/or activity assays to investigate their interaction with Fregment screening cee™®

MP™. These investigations resulted in the four-armed compound
35b that binds directly to MP. 35b could be cocrystallized with MP™ revealing its noncovalent binding mode, which fills all four
active site subpockets. Herein, we describe the NMR-derived fragment-to-hit pipeline and its application for the development of
promising starting points for inhibitors of the main protease of SCoV2.

I INTRODUCTION polyprotein chains 1a and 1ab to release the 14 individual nsps.

: ! oro : o
A global pandemic originated in late 2019 in Wuhan, China, nspt5 1S kn:;)(v:vlilpas the main prote?]se (';/I ): Ilt.k's ? %C I|I§
and is caused by severe acute respiratory syndrome coronavirus protease ( 1 r(t))' fpols:essles ac yTO ry_p5||n- dl' € 9{ an

2 (SARS-CaoV-2, SCoV2). The disease resulting from infection processfg out 0 cleavage Sites, Including 1ts ‘g)’OV”
with SCoV2 is called coronavirus disease 2019 (Covid19). release, ~ whereas ns_p3d, the papam-llke. pf?§ease .(PL ).
Covid19 led to nearly seven million deaths up to May 2023. processes the remaining t_hree c_Ieavage SItes. Besides the
SCoV?2 shares similarities with previous outbreaks of SCoV in RNA polymerase nspl2 with 'malr}ly nucl'eosgglinalor%qes as
2002 and the Middle East respiratory syndrome coronavirus inhibitors, either approved or in clinical trials, M™® is the

(MERS-CoV) in 2012 The SCoV2 outbreak surpassed both gg;ggggb tag‘iezteroIst\r/]vehigrzusva?:égrzgiztil;?aﬁl (Epl)rprrr]g:t/reedlvg)
its scope and severity due to its fast spread and pathology, y ’ y y

resulting in a severe course of disease and eventually death.’ the EMA and F.DA' The hlghI%msgquentlally and structu_rally
The positive-strand RNA virus with 30,000 nucleotides \iﬁ?;e;xegcgzztili?: Cp;;c;}e:sée dMa d I—I|Sisile-3c7:'6slk42a 'pr?g:m?(;?;?r:
encodes for 14 nonstructural proteins (nsps), four structural ytic dy ysim. P

protin, and appronmaly 10 sccesiy ftors* Seses  OTSTS e s aiost prpendir (o ot
vaccines that mainly focus on the viral entry mechanism '

targeting the viral structural protein Spike,"~® development of The active site consists of four subpockets S1, 51, 52, and 3
small-molecule-based drugs is a major approach to combat the

virus, especially after viral infection. Viral proteins have been Received: November 27, 2023
shown to be validated targets, mainly those that are conserved Revised:  November 30, 2023
from SCoV and to harbor crucial roles within the viral life Accepted:  December 1, 2023
cycle.’ Published: January 17, 2024

One group of these proteins comprises the two proteases
(nsp3d and nsp5) that post-translationally process the two
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Figure 1. Workflow showing all components of this approach from fragment screening and protein assignment through ligand development finally

to a fragment containing the X77-like MP™ inhibitor.

with the catalytic dyad located in subpocket S2. The second
monomer is crucial in the formation of the S1 subpocket of the
first monomer, underlining the importance of dimerization for
the catalytic activity. Strikingly, MP™ requires the amino acid
glutamine on the N-terminal cleavage site of the substrate. This
sequence requirement has not been observed for any human
protease, rendering MP™® a promising viral drug target with the
potential for low o -target e ects.”” Further, MP® does not
show any mutation from the original SARS-CoV-2 in alpha,
gamma, and delta variants and only one point mutation in the
beta (K90R) and omicron (P132H) variants, while, e.g. the
omicron spike protein has more than 30 mutations.*®

Both the necessity of dimerization and the availability of the
substrate-hinding pocket for MP™ activity allow the design of
compounds that block the activity by masking the dimer
interface that block the substrate-binding pocket, or that
allosterically reshape.

Both noncovalent and covalent binders have been reported.
Since MP™'s active site requires glutamine to be part of the
recognized substrate polypeptide chain, several peptidomi-
metics were designed that use noncleavable cyclic %Iutamine
analogues mimicking the substrate’s binding mode.”"** One
such molecule is Nirmatrelvir, which has a nitrile group as the
reactive warhead allowing reversible covalent binding to the
active site Cys145." Furthermore, noncovalent high-a nity
binders such as  -X77 that fill all four subpockets can be
derivatized to form covalent bonds by replacement of the
imidazole moiety that is near the active site Cysl145 by
warheads.***°

Repurposing of drugs is commonly utilized to accelerate the
approval phase.”> A di erent approach is to start with fragment
molecules that serve as molecular sca olds and to grow or link

564

one or several fragments to improve binding a nity and
specificity.”** In both cases, experimental structural data and/
or modeling are used to prioritize initial screening hits for
subsequent medicinal chemistry optimization cycles. Also Al
methodolgy has very recently been proposed to expedite the
process.”*

Crystallography (X-ray) and nuclear magnetic resonance
spectroscopy (NMR)*™?° have been used as primary
structural screens for MP™. In addition, activity-based readouts
have been performed.*>** Soon after the outbreak of Covid19,
based on the previously determined SCoV MP™ structure, the
structure of the SCoV2 homologue was solved, thus establish-
ing crystallization conditions for fragment soaking into
crystals.’® For NMR, ogtimized expression and bu er
conditions were reported.’

One of the campaigns initiated from X-ray fragment
screening that used the DSI-poised library helped launch the
COVID Moonshot open-science initiative aiming toward
developing antivirals.?®**> Within the Covid19-NMR con-
sortium, complementary NMR-screening campaigns used the
same library to screen 20 RNA elements and 25 viral proteins
under identical conditions.?®?°

Here, we report the follow-up of these initial NMR-based
screenings using four fragment libraries with 768/896/428/
800 compounds in total screening three previously established
MP™ constructs resulting in 217 hits for MP™®, 112 hits for
asNSPSgpre and 38 hits for gmnsp5. These screens were
conducted in three di erent NMR laboratories. Twenty-nine
hits of these were pursued to conform their binding by
additional methods such as their in vitro inhibitory e ect. One
compound (Z604, Figure 2) derived from NMR screens was
prioritized based on computational modeling. A series of

https://doi.org/10.1021/acschembio.3c00720
ACS Chem. Biol. 2024, 19, 563-574
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Figure 2. Summary of prioritized binders for MP. Hits from (a) DSI-poised, (b) extended DSI-poised, (c) Bionet, and (d) the Maybridge libraries.

derivatives were synthesized to decorate the molecule and
improve its characteristics including stability, solubility, and
binding. We here document the iterative workflow implement-
ing NMR screening, additional biophysical screens, computa-
tional docking, medicinal chemistry, and biological assays
(Figure 1).

B resuLTs anD Discussion

Primary Screening Hits. MP™ is the most highly
prioritized viral target protein. Here, we report on e orts to
investigate the main protease. These e orts were conducted in
several NMR groups at the same time. As a consequence of
this interlaboratory project, di erent protein constructs,
libraries, screening experiments, and bu er conditions were
used. Thus, our report allows validating the outcome of the
di erent approaches pursued. In addition to the coordinated
NMR screening within the Covid19-NMR network, the group
of Hanoulle screened wild-type (wt) MP™ independently and
reported their results in 2021.%°

Within the Covid19-NMR consortium, we screened four
libraries with NMR (Table 1). One of these libraries, the DSI-
poised library, was screened against MP™ not only by NMR but
also by X-ray. Conducting structural screens using di erent
libraries and two independent methods allows us to compare
interoperability between di erent NMR screens, assess hit-
rates over four di erent libraries, optimize NMR data
acquisition and analysis, broaden an initial SAR profile of
over 1000 fragments derived from four di erent libraries, and
compare the results from NMR and X-ray. The DSl-poised
library was also used to screen di erent constructs of MP™,
showing that the screening results are sensitive to the exact
protein sequence and the associated monomer—dimer ratio.*

Interestingly, the comparison of screening hits reveals only a
small overlap of the screening results. This is due to several
factors: (1) di erences in the exact library composition; (2)
di erences in the NMR experiments, analysis, and thresholding
for binding; and (3) di erences in the protein constructs
despite almost identical crystallographic structures.

566

In the Orts group, the ggnspSgprg construct (SI methods)
was screened against the extended DSl-poised library
containing 896 compounds using saturation transfer di erence
(STD) NMR experiments, and 104 hits were identified and
analyzed for structural and chemical similarities (IDs 9—20,
796—1679, Table S1 and Figure S1). Even using the identical
protein construct but slight di erences in bu er conditions
(Table 1), work conducted in the Schwalbe group identified
only four overlapping binders when applying additional ligand-
based NMR experiments and more stringent hit criteria,
suggesting that STD experiments are the most sensitive to
detect even weak binding. From this screening, based on three-
dimensional (3D) pharmacophore analysis, 12 hits were
recommended for follow-up studies (Figure 2(b)). The Bionet
library with 428 fragments and the Maybridge library with 800
fragments were screened by the Swedish NMR Centre (SNC)
(Karlsson group) against wt MP™ using several NMR
experiments (including **F-specific NMR in addition to 'H
NMR experiments). The °F-labeled Bionet library was
screened at two di erent sites within SNC in parallel to
further validate the results, resulting in 113 hits in the Bionet
library (Table S1, IDs 2128, 1680—2099, Figure S1) and 26
hits in the Maybridge library (Table S1, IDs 29, 2100—2758,
and Figure S1). Eight hits from the Bionet library and one
from the Maybridge library were selected for further studies by
surface plasmon resonance (SPR) and chemical shift
perturbation (CSP) experiments as binding could be detected
in at least five out of six experiments recorded for the Bionet
fragments and both experiments recorded for the Maybridge
fragments (Figure 2(c,d)).

In the Schwalbe group, hits from the DSI-poised library were
screened over three di erent constructs to prioritize for follow-
up medicinal chemistry, as reported below. Using the gpunsp5
construct (SI methods) resulted in 38 initial hits (Table S1,
IDs 1-8, 36—795, Figure S1). From these hits, four have
cocrystal structures with wt MP, The NMR hits were followed
up by thermal shift assays (TSAs) that narrowed down the
number of hits to 18. With these, we performed SPR

https://doi.org/10.1021/acschembio.3c00720
ACS Chem. Biol. 2024, 19, 563-574
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Figure 3. MP dimer visualized in surface representation (a), with monomers in gray and light purple (PDB: 6Y2E), and a detail of the active site
pocket (b), as circled in (a). The active site dyad, modeled Z604 (purple), cocrystallized ~ -X77 (cyan), and M040 (red) are shown in stick
representation. Molecular structures of reference molecules  -X77, M040, and 2604 (c) and their derivatives (d—i). Secondary amines 30a—d
(d), their corresponding tertiary amines 31a—d (e), derivatives based on 30b or 30d involving amide bonds 32—34 (f—h), and four-armed
derivatives with amide bonds (35a—b), which are hybrids of 2604 and  -X77 (i). The subpockets are indicated for the cocrystallized compounds
and for Z604 from our modeling data.

spectroscopy showing responses for 8 hits (Figure 2(a)). Two specificity. The libraries used have been proven to represent
of these hits were already cocrystallized. chemical diversity.*’

To characterize the binding site, we performed two- Mapping of Ligand Binding Epitope. To determine
dimensional (2D) [*H,'>N]J-NMR experiments using epitopes for ligand binding and to map chemical shift
oumnspS. In parallel, we had also established the expression perturbations onto the published MP™ structures, the
and purification of ggnsp5 (SI methods) and wt MP™. The two availability of NMR chemical shift assignment of the wt
proteins have di erent tendencies to dimerize,** revealing that protein is crucial. Previous work yielded a wt backbone
at primary screening conditions both gpnsp5 and cgnsp5 are resonance assignment to an extent of 63% (BMRB: 50780),

mainly monomeric. As a consequence, we repeated the and the nearly complete (>97%) assignment of the active site
: L - : tant C145A without (BMRB: 51455) and with its native

experiments using the gsnsp5 and the dimeric wt for the five mu %

most promising of eight hits. Two hits, 257744604 (Z604) and substrate peptide (BMRB: 51456). This C145A mutant was

744592329 (2329), showed binding to the wt protein in 2D 'ePorted to stabilize the dimer state resulting in an increase in

HSQC experiments. Binding of Z604 is detected only by NMR protein stability allowing extensive multidimensional NMR

: X - . experiments.® In fact, we observe that the spectrum of wt MP™
g'rg;re 52), while 2329 s detected as a hit by both NMR and changes over time starting after one day of measurement at 500

In general, most of the binders consist of the two common M qqncentration and a temperature of 298 K._Under these
(aromatic) r ings that possibly fit into two of the four conditions, a second set of signals appears arising from the

boock £ th e site. Di in the substi protein monomer. We assign this newly appearing second set
subpockets of the active site. Di erences In the substituents of NMR resonances to a partially proteolyzed monomer. This

of aromatic or saturated 5- or 6-membered rings likely assignment is supported by the comparison of the chemical
discriminate between the subpockets depending on the shift pattern of wt vs monomeric mutant (gshsp5 and
available functional groups of the ligands. Several compounds chmNSP5) and SEC-MALS data.®®
show amide moieties that mimic the native substrate. Further, Using multiple uniformly 2H-, 3C-,5N-labeled samples, we
several of the “*F-containing compounds harbor a trifluor- were able to assign 83% of the wt backbone signals (Figure
omethyl moiety known from Nirmatrelvir. The ligands of the S6). Most of the amino acids, which are part of the substrate-
extended DSI-poised library show the highest druglikeliness on binding pocket, are assigned, except for residues of the catalytic
average (Figure S3). The lipophilicity is the highest for hits dyad.
from the Bionet and Maybridge libraries, which in turn is With the assignment in hand, we were able to determine the
reflected in the lower water solubility of hits derived from a ected amino acids by detection of CSPs and by mapping
those two libraries compared to the DSI-poised library hits. these CSPs onto the crystal structure, allowing the detection of
Water solubility is an important property of bioavailability. In binding sites and a nities of the various compounds.
addition, the ligands of the first two libraries have a higher For the purpose of demonstratlng the binding, we used
number of H-acceptors and H-donors, conferring binding known noncovalent binders: Z329,*° which is also a hit in our
567 https://doi.org/10.1021/acschembio.3c00720
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Figure 4. Comparison of the crystal structures of Nirmatrelvir (PDB: 8DZ2) and 35b (PDB: 8PH4).

primary screening; -X77, which is a nanomolar binder;*
the irreversible covalent binder Carmofur;**** and the
noncovalent binder Mcule-5948770040 (M040)** (Figure
2(b,c), Table S2 and Figure S7), all of which have published
cocrystal structures with MP™ as positive controls.

One ligand that was defined as a hit in the initial screenings
and that stands out in protein-detected NMR experiments is
Z604 (Figure 3(c) and Table S2). This compound harbors a
uracil moiety also found in Carmofur and M040, confirming
the uracil sca old as a lead. In the case of Carmofur, this
nucleobase moiety acts as a leaving group to promote covalent
binding of its substituent, whereas in the case of M040, the
uracil moiety binds in the subpocket S1. The uracil moiety
seems to be able to interact with the subpocket S1 and thus
helps in the localization of Carmofur prior to the covalent
bond formation.

Z604 features characteristics of a reversible covalent binder:
it is sensitive to reducing agents (Figure S4) and reveals e ects
that depend on incubation time (Figure S8). In the presence of
dithiothreitol (DTT), the ligand does not bind to MP™, but as
soon as DTT loses its reducing activity, binding is driven to
saturation. Then, addition of a reducing agent has no e ect on
the NMR CSPs of the already bound state. Z604 ages with
time to convert into several reaction products. In DMSO at
room temperature, this degradation reaches >90% only after

2 months. The reaction product is unstable but is more
rapidly formed in an aqueous bu er and can no longer be
detected by NMR after several hours (Figure S5).

Interestingly, Z604 binds MP in a time-dependent manner
( 10 h). This time-dependent binding is in agreement with
the reversible covalent binding behavior of Z604. We speculate
that Z604’s reactivity could be linked to a nucleophilic attack
of a free sulfhydryl group of the cysteine side chain forming a
carbon—sulfur bond (Figure 3(c)).** Such reactivity is known
from the methylation of uracil to form thymine by the enzyme
thymidylate synthase.*

The covalent binding is further supported by NMR
competition experiments with X77.01f -X77 is added
first to the protein, Z604 is not able to outcompete the
nanomolar binder. If, however, Z604 is added first,  -X77 is
not able to outcompete Z604.

Modeling and Synthetic Ligand Growth. Despite
several attempts, we were not successful in cocrystallizing the
Z604-MP™ complex. Therefore, we modeled Z604 into the
active site of MP™ based on known ligand binding modes of
similar moieties (Figure 5(c.e)).*> The molecular graphics
program Wit!P*® was used to build possible protein/ligand
complexes manually. CHARMM22*" was used to assign atom
types and to conduct energy minimization calculations. The
model provided insights into which groups in Z604 are
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important for binding and where in the molecule changes
could be made to improve binding a nity (Figure 3(d—i)).

Compounds 30a—d (Figure 3(d)) feature secondary amines
linking the uracil moiety to an alkyl chain with di erently
substituted phenyl rings. We thus synthesized derivatives
containing various groups at the phenyl moiety like hydroxyl/
methoxy in di erent substitution patterns through a
nuclfé)philic amination described by Phillips et al. (Scheme
S1).

The second-generation compounds 3la—d are tertiary
amines for which we utilized -alkylation of the corresponding
synthesized secondary amines with bromomethyl-pyridine in
the presence of DIPEA (Scheme S1).%

For further derivatives, the aim was to generate peptide-like
linkages that resemble substructural moieties of the already
known nanomolar binder  -X77 (Figure 3(b,c)). For this
purpose, derivatives 32a—b, 33, and 34 (Figure 3(f—h)) were
synthesized with a classical carbodiimide approach following

-alkylation in the cases of 32b and 34 (Schemes S2—S4).

Finally, analyzing the substituents promoting binding and
inhibition from the first ligand series, we realized the utility of
the reaction to assemble ligands that potentially bind to all
four subpockets in a single reaction ste;p. That method was
previously established by other groups.>®* Using this four-
component one-pot condensation,®* we were able to
synthesize X77-like molecules 35a—b by changing the
imidazole of the X77 to the uracil moiety (Scheme S5).

Crystallization. For all synthesized ligands, several
cocrystallization conditions were tested without yielding any
cocrystals. However, soaking resulted in a cocrystal of 35b
(Figure 5(d)). As predicted from our modeling data, the uracil
moiety of 35b occupies the subpocket S1' as the imidazole
group of  -X77. This is in contrast to the uracil moiety
occupying the S1 subpocket in the case of M040 (as well as in
our modeling of Z604). The pyridine group is in the subpocket
S1 as for -X77, but both the  -butylbenzene and the
cyclohexane moieties are twisted in comparisonto  -X77. In
addition, the 35b cocrystal structure revealed a second binding
site for 35b remote from the active site (Figure S13). This was
also verified via CSPs (Figure 5(a)). However, the second
binding site is remote from the active site.

A comparison of synthesized 35b with the already known
Mpro drug Nirmatrelvir (reversible covalent binding) shows
that there are di erences in their orientation in the binding
pockets. While Nirmatrelvir enters deep into subpocket S3, our
lead compound 35b is able to fill the subpocket S1'(Figure 4).

Activity and NMR Interaction Data. Next to binding, we
tested the inhibition of the MP™ cleavage activity. A sodium
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)-based activity assay described previously®* (Figure
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Figure 5. CSP plots of 2604 (purple), 30b (light blue), 30c (red), 31c (green), 32a (orange), and 35b (pink) (a). The light-pink shade shows the
active site amino acids with the indication of the subpockets (exemplary amino acids for S1": T24, T25, T26, L27, S1: F140, L141, N142, G143,
S144, C145, H163, H164, S2: C44, T45, S46, E47, M49, S3: L167, P168, G170, T190, Q192). Exemplary CSPs of V42 and G174 in the absence
(black) and presence of ligands are shown in (b). See also Figures S9—S10 for the reference compounds. Modeling of each ligand within the active
site pocket of MP™ ((c) left column: noncovalent; right column: covalent binding). Amino acids N142 and Q189 are removed for visibility of the
active site pockets (see Figure S11 for the same structures with all amino acids). The cocrystal structure of MP™ with two 35b binding sites (PDB:
8PH4) shown as a dimer with indication of first (black rectangle) and second binding sites (red). A section of the active site is shown in the same
position as in (¢) and when tilted to show all moieties within the pocket (d). Overlay of all modeled ligands with the indication of subpockets (e).
p determination derived from combined CSPs for the first (left) and second binding sites of 35b (right) (f).
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Figure 6. () Schematic representation of the enzymatic cleavage reaction performed. The substrate FLAG;-Hisg-SAVLQ-nsp9 is cleaved by MP™,
resulting in the FLAG;-Hisg-SAVLQ peptide and the native nsp9. (b) Concentration-dependent activity assay of MP in the presence of ligands
30b, 30c, and 31c and the reference compounds Z604, aged Z604, 2329, and Carmofur. 200 M MP™ was preincubated at 22 °C for 24 h. Ligand
concentrations during preincubation are 0.1, 0.2, 0.4, 0.8, 1.2, 1.6, and 2 mM (diluted to half the concentration for cleavage). DTT dependence on
inhibition of aged Z604 (c), without DTT (-DTT), with DTT during both preincubation and cleavage (+DTT), addition of DTT after the
preincubation but before substrate addition (+DTT a. preincub.), and addition of DTT 1 h after substrate addition (+DTT 1 h a. subst.). The
substrate concentration is 275 M for fresh and aged 2604, 30c, 31c, 2329, and 296 M for 30b and Carmofur. The cleavage reaction is stopped
after 10', 20', 40, 1, 2, 4, 6, 8, and 24 h and is indicated in the figure by a bar with the starting and endpoints. The ratio N5/L indicates the ratio of
MP™ to ligand; for DTT dependence, the ratio N5/L is 1:2. ref/R. (reference) lanes include MP™ (cut from gel), and FLAG;-Hisg-SAVLQ-nsp9.
Substrate (FLAG-His-nsp9) and cleaved nsp9 migration levels are indicated at the right of the gels.

6(a)) was performed under similar conditions as our NMR
experiments with all 18 above-mentioned compounds (MP*/
ligand 1:10). We preincubated MP™ with the ligand for either
one or 24 h prior to addition of the substrate FLAG;-Hisg-
SAVLQ-nsp9. Since Z604 is sensitive to reducing conditions,
all experiments were carried out in the absence of a reducing
agent. The presence of the reducing agents TCEP/DTT,
DMSO (solvent of all compounds), and the preincubation
time had no significant e ect on the activity of MP™ (Figure
S13(a)). Other oxidizing agents, such as oxygen, were not
considered.

Both Carmofur and -X77 show similar results and no
cleavage up to 5 h independent of preincubation (Figure
S13(b)). M040 with a p of 1.3 +0.18 M*® shows reduced
activity but is less e ective than Carmofur and  -X77. Z329
has been reported to feature a  of 461 M.? Thus, M040, a
reported weak inhibitor, shows full cleavage after less than 1 h
with no e ect of preincubation time (Figure S13(b)). Freshly
synthesized Z604 shows no e ect after 1 h of preincubation
but an e ect comparable to 2329 after 24 h of preincubation.
Thus, in line with our NMR data, the inhibitory e ect is
preincubation-time-dependent. Strikingly, if we use aged 2604,
this changes drastically. In line with our NMR data, the
inhibitory e ect is preincubation-time-independent, and the
inhibitory e ect is then comparable to ~ -X77 and Carmofur
(Figure S13(d)).

The three first-generation ligands (30b—d) show preincu-
bation-time-dependent inhibition as the original compound
Z604 (Figure S13(c)). The introduction of a hydroxyl or
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methoxy group (30b, 30c) leads to an increase in stability and
inhibitory e ect, rendering these promising sca olds/hits. The
second-generation ligands (31a—d), however, show di er-
ences. 31a and 31b show no inhibition, in line with NMR data
showing no significant changes in the NMR spectra. 31c¢ and
31d, in contrast, show time-dependent inhibition. 31d is less
e ective than the secondary amines, showing full cleavage after
1 h. 31c, which only di ers by the position of the hydroxyl
group from 31d, shows comparable results as the correspond-
ing secondary amines (30c—d). These results are in line with
fluorescence data and MALDI-MS data using the peptide
AVLQSGFRKK as the ligand, however, using di erent bu ers
and concentrations of protein, substrate, and ligand.>*** The
third-generation compounds (32—34) containing amides show
comparable inhibition as for the secondary amines in the case
of 32a (Figure S13(b)), weak inhibition in the cases of 35a
and 35b, and no e ect for 33 and 34. These results are in line
with the NMR experiments of 33 and 34, showing no
significant changes after compound addition (NMR data on
32b and 35a, not measured), and CSPs in the presence of 32a
and 35b. Interestingly, the CSPs of all Z604 derivatives show a
similar pattern, hinting at a similar binding mode, while the
binding of 35b seems to di er (Figure 5(a) and Table S2). By
titration of 35b to a protein sample and extraction of CSPs, a

p constant of 82.6 £ 55 M was determined for the first
binding site (active site) and an estimation of <2.3 mM for the
second (allosteric) binding site (Figure 5(f)).>

To further characterize and di erentiate the ligands, we
performed concentration-dependent activity experiments with

https://doi.org/10.1021/acschembio.3c00720
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an enzyme/ligand ratio of 2:1 up to 1:10 after 24 h
preincubation of MP™ with the most promising ligands 30b,
30c, and 31c, as well as freshly synthesized Z604, the aged
Z604, Carmofur, and Z329 as references (Figure 6). Z604 and
Z329 both show very weak inhibition at 1:10, and Carmofur
shows partial inactivation at 1:1 but never fully inhibits the
reactivity of MP™ under the conditions tested here. Aged 2604
shows comparably partial inactivation at 1:1 and nearly full
inhibition at 1:2. The secondary amines 30b and 30c show
comparable inhibition at an enzyme/ligand ratio of 1:1 but are
fully preventing MP™ activity at 1:2. The e ect of 30c with the
hydroxyl group seems to be slightly better. In the case of the
tertiary amine 31c, weak inhibition is visible at 1:2 and full
inhibition is reached at 1:6, showing that the pyridine moiety
decreases ligand activity.

To characterize the extent of reversible versus irreversible
binding mode, we investigated the DTT presence with aged
7604 during the activity assay (Figure 6(c)).”°™® If DTT is
absent, the activity is nearly fully inhibited with a 2-fold excess
of ligand. The presence of DTT during both preincubation and
cleavage leads to no inhibition. If DTT is added after the
preincubation but before substrate addition, a regain of
function is obtained. This is also the case if DTT is added 1
h after substrate addition. Although we have not proven
reversible covalent binding, our data strongly suggest that there
is no irreversible covalent bond.

I CONCLUSIONS

In conclusion, we report here a systematic approach to develop
hits from initial fragments for which binding was detected by
NMR structural screens. Our comparative analysis of four
di erent screening campaigns shows that initial screening
results are strongly dependent on exact bu er conditions and
threshold settings to classify binding. These results strongly
necessitate follow-up validation experiments, therefore we
conducted a thermal shift assay and SPR experiments to
prioritize from a large set of initial binding fragments.

We have designed and conducted follow-up medicinal
chemistry experiments to improve the a nity and activity of
compounds derivatized from a single initially prioritized ligand.
From these experiments, we can derive a structure—function
relation of the developed hits. During the development of new
compounds, analysis of binding and activity showed that a
large number of new compounds can be synthesized using one-
pot condensation chemistry, which allows a versatile
combinatorial synthesis for new hits and leads.

With new and reference compounds, we could derive
binding epitopes for binding by NMR spectroscopy for all hits
and by X-ray crystallography for one selected compound. For
35b, we consistently find a second remote binding site by X-
ray and NMR with very di erent binding a nitiesof 80 M
and 2 mM. This finding is interesting for exploring dual-
inhibitor strategies for further medicinal chemistry campaigns.

I METHODS

Protein. The expression and purification of MP™ constructs have
been described elsewhere.** FLAG;-Hiss-SAVLQ-nsp9 expression has
been described elsewhere.®* The Sf9 insect cells were lysed by
microfluidization in 30 mM HEPES (pH 7.6), 250 mM sodium
chloride, 5 mM magnesium acetate, 10% glycerol, 0.02% Triton X-
100, 5 mM imidazole, and 10 mM -mercaptoethanol. The cleared
cell lysate was purified by Ni?*-a nity chromatography by use of the
above-mentioned bu er with 500 mM imidazole. This was followed

571

by size-exclusion chromatography (HiLoad 16/60 Superdex 75 pg
(GE Healthcare)) in 25 mM sodium phosphate bu er (pH 7.5), 150
mM NaCl, and 2 mM TCEP-HCI.

Primary Screening. See Table 1 for a summary of screening data
collection and the SI Methods section for detailed protocols.

Resonance Assignment. Experiments for protein resonance
assignment employed a 530 M uniformly 2H, 13C, >N-labeled nsp5
sample in 25 mM sodium phosphate bu er (pH 7.0), containing 2
mM TCEP, 5% D,0, and 0.15 mM DSS as the internal chemical shift
reference. BEST-TROSY versions of 3D HNCO, HNCA, HNCACB,
and HN(CO)CACB experiments®>®® were acquired at a sample
temperature of 298 K on a Bruker AvIIIHD spectrometer with a H
frequency of 800.13 MHz equipped with a 5 mm TCI *H[**C/%N]
cryogenic probe. Comparison with the published assignment of the
active site mutant (BMRB: 51455) helped in cases with some degree
of uncertainty due to the monomeric protein, giving rise to a second
signal set, which gets more populated with time. Data analysis and
assignment were done in Bruker TopSpin 4.0.9 and Sparky 3.114.%*

Ligand Interaction and Mapping. For protein-detected ligand
interactions, we recorded 2D [*H, ®N]-NMR experiments with 100—
200 M uniformly *N-labeled MP™ with 10-fold excess for 2604 and
its derivatives, 1.5-fold for ~ -X77, and 2-fold for Carmofur, and
corresponding reference spectra without ligands with the same
amount of DMSO. For CSP analysis and time-resolved experi-
ments, we used [*H, ®N]-BEST-TROSY and [*H, ®N]-SOFAST-
HMQC pulse sequences, respectively.®>®® Dissociation constants
were determined as described elsewhere by plotting the largest CSP
against the ligand concentration and fitting with the following
equation: & oo =B ([ 1 +1 1+ oML 1+[1+ ™41
[ 114%/2[ 1.% Data analysis was done in Bruker TopSpin 4.0.9 and
NMRFAM-Sparky 1.470.60.54

Crystallization. See the SI Methods section for detailed protein
expression, purification, and crystallization protocols.

Activity Data. All preincubations and cleavage reactions were
carried out with wt MP™ in 50 mM sodium phosphate bu er (pH
7.0), 1 mM TCEP (only used as control without ligand), and 4%
DMSO (when the ligand is added or for the DMSO control) with
0.5—10-fold excess of ligand. The preincubation was with protein at
200 M for 1 or 24 h at 22 °C. For the cleavage reaction, we diluted
MP® to 100 M with the addition of the substrate FLAG;-Hisg-
SAVLQ-nsp9 to a final concentration of 235—296 M, allowing a
multiple-turnover reaction with 2.35—2.96 excess of substrate over the
enzyme. The cleavage reaction was detected for a time period of 1
min up to 24/48 h. For each activity experiment, we used apo MP™®
with and without TCEP, or DMSO as references. Initial activity data
and preincubation time dependence are tested at an enzyme/ligand
ratio of 1:10, meaning 200 M MP® and 2 mM ligand during the
preincubation, which then are diluted to 100 M and 1 mM,
respectively, for the cleavage reaction. For the concentration-
dependent activity data, we used 24 h of preincubation and changed
the ligand amount to reach ratios of protein/ligand 2:1, 1:1, 1:2, 1:4,
1:6, 1:8, and 1:10 for all compounds but aged Z604; for aged Z604,
we used 1 h of preincubation and changed the ligand amount to reach
ratios of 2:1, 1:1, and 1:2. For the DTT-dependent activity data, we
used 1 h of preincubation and the corresponding ligand amount to
reach ratios of 1:2 and 2 mM DTT. These reactions were analyzed by
16/5% (w/v) tricine SDS-PAGE as described elsewhere.®®
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