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Protein-Templated Ugi Reactions versus In-Situ Ligation
Screening: Two Roads to the Identification of SARS-CoV-2

Main Protease Inhibitors

Rebekka Wamser,™ Xinting Zhang,”” Benno Kuropka,™ Christoph Arkona,” and

Jérg Rademann*®

Protein-templated fragment ligation was established as a
method for the rapid identification of high affinity ligands, and
multicomponent reactions (MCR) such as the Ugi four-compo-
nent reaction (Ugi 4CR) have been efficient in the synthesis of
drug candidates. Thus, the combination of both strategies
should provide a powerful approach to drug discovery. Here,
we investigate protein-templated Ugi 4CR quantitatively using a
fluorescence-based enzyme assay, HPLC-QTOF mass spectrome-
try (MS), and native protein MS with SARS-CoV-2 main protease
as template. Ugi reactions were analyzed in aqueous buffer at
varying pH and fragment concentration. Potent inhibitors of the

Introduction

Protein-templated fragment ligation is an alternative to conven-
tional high-throughput screening allowing to evolve and
identify super-additive, bioactive fragment combinations from
low-affinity fragments in presence of the target protein."’ While
initially reversible ligation reactions were employed,” more
recently the method was extended to irreversible ligation and
to CC-coupling reactions.?®® As the first example of a protein-
templated multicomponent reaction (MCR), the three compo-
nent Mannich ligation reaction was reported catalyzed by the
human transcription factor STAT5.P! Isocyanide-based MCR such
as Passerini and Ugi reactions,” as well as modifications™
thereof, have gained fundamental importance in drug discovery
in recent years.”” Prominent products include the HIV protease
inhibitor Indinavir (Crixivan) and inhibitors of SARS-CoV main
proteases.®<’® The Groebke-Blackburn-Bienaymé reaction was
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protease were formed in presence of the protein via Ugi 4CR
together with Ugi three-component reaction (Ugi 3CR) prod-
ucts. Binding of inhibitors to the protease was confirmed by
native MS and resulted in the dimerization of the protein target.
Formation of Ugi products was, however, more efficient in the
non-templated reaction, apparently due to interactions of the
protein with the isocyanide and imine fragments. Consequently,
in-situ ligation screening of Ugi 4CR products was identified as
a superior approach to the discovery of SARS-CoV-2 protease
inhibitors.

the first isocyanide-based MCR investigated in target-guided
synthesis using urokinase plasminogen activator as the protein
template,”) however, van der Veken et al. did not observe the
protein-templated formation of inhibitors. Hirsch et al. reported
protein-templated Ugi four-component reactions (4CR) using
the protein targets endothiapepsin and the B-sliding clamp
DnaN with NMR- and HPLC-based methods, albeit without
product quantification."” Considering the broad relevance of
Ugi 4CR in drug discovery, we decided to take a closer look at
protein-templated Ugi reactions to investigate their potential in
drug discovery, focusing at the quantification and kinetics of
product formation.

The main protease (MP™) of SARS-CoV-2, essential for viral
proliferation in host cells, was selected as the target protein to
investigate protein-templated Ugi 4C reactions. To get first
insights, we studied the influence of common additives in
enzyme-based assays on the Ugi 4CR and its side products to
optimize the buffer composition under physiological conditions.
Afterwards, we investigated the catalytic effect of the SARS-
CoV-2 MP® on the Ugi 4CR with three different methods, a
fluorescence-based enzymatic assay for the detection of
enhanced inhibitory activity, HPLC-QTOF-MS analysis for the
quantification of formed Ugi products, and native MS for
binding studies. The aim of this study was to develop a suitable
screening method for fragments forming inhibitors of SARS-
CoV-2 main protease in an enzyme activity assay, using the Ugi
4CR in-situ without the time-consuming step of isolation and
purification of the final products.
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Results and Discussion
Ugi reactions in aqueous buffer

Protein-templated Ugi reactions were investigated in buffer
systems employed for SARS CoV-2 protease assays targeting
Ugi product 1 (Figure 1)."' All starting fragments F1-F4,
nicotinaldehyde F1, 4-(pyridine-2-yl)-aniline F2, (S)-(—)-o-meth-
ylbenzyl isocyanide F3, and furan-2-carboxylic acid F4 were well
soluble in DMSO and buffer at concentrations suitable for the
enzyme assay. The ICs, value of isolated Ugi product 1 of
0.82 uM was determined in an enzyme assay using the
fluorogenic substrate Dabcyl-KTSAVLQ/SGFRKM-E(Edans)-amide
as a FRET probe, slightly better than the reported value of
1.81 uM (Figure 1 and Supplementary Figure 1). Inhibition of
the protease by Ugi product 1 was rationalized by the binding
of the 3-pyridinyl residue of aldehyde building block F1 into the
S1 pocket as a glutamine mimetic forming a hydrogen bond to
His163,% in accordance with a previous study on inhibitory
fragments targeting the S1 site with pyridine (Figure 1a and
b).'" The 4-(pyridiny-2-yl)-phenyl residue, originating from the
amine F2 and the (S)-1-phenyl-ethyl residue from the
isocyanide F3 were proposed to occupy the S2 and S3/54

pockets, respectively, and the furyl residue of carboxylic acid
F4, was located at the S1’ site, forming a hydrogen bond to the
backbone NH of Gly143.% For control, the Ugi 3CR product 2
was synthesized as well displaying an ICs, value of 300 uM in
the SARS-CoV-2 MP™ assay.!'?

At first, the impact of the pH value on the Ugi reaction was
investigated. Considering that SARS-CoV-2 MP is active in the
range of pH6.0-8.0 with an optimum at 7.0-7.5% 3-(N-
morpholino)-propanesulfonic acid (MOPS) and 4-(2-hydroxyeth-
yl)-1-piperazine-ethanesulfonic acid (HEPES) were employed as
buffer salts at concentrations of 100 mM, typical for 3C and 3CL
protease assays. EDTA was omitted from the assay composition
to avoid additional carboxylates competing with fragment F4.
All four fragments were dissolved with final concentrations of
50 mM in buffer, and after 24 h at room temperature, the
reaction mixtures were analyzed by HPLC-MS to monitor
product formation at 254 nm (Figure 1d and Supplementary
Figure 2). In all experiments, the 4C Ugi product 1 and the 3CR
Ugi product 2 were the two dominant products. Highest
conversion of the starting fragments was observed at pH 6 in
MOPS buffer yielding about 50% of 1 and 30% of 2. Conversion
was reduced at higher pH, for example at pH 8 in HEPES buffer.
Possible reasons for the more efficient product formation at
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Figure 1. a. Ugi four-component reaction (Ugi 4CR) of fragments F1-F4 yielding product 1 with annotated positions of the fragments into the S1-54 and S1'
pockets of SARS-CoV-2 MP® ) b, Proposed binding mode of 1 with the SARS-CoV-2 MP. Color code: white and grey sticks — carbon atoms, yellow sticks —
sulfur atoms, blue sticks — nitrogen atoms, red sticks — oxygen atoms. c. By-products observed from Ugi 4CR. d. Investigation of the Ugi 4CR in different
buffers and at different pH values over 24 h at room temperature (50 mM fragment concentration). The amount of 1 was determined with the AUC from the
254 nm UV chromatogram and normalized to the highest amount of compound 1 in reaction 1. e. Impact of fragment concentration, DTT and TCEP on the
formation of Ugi product 1 over 24 h at room temperature in HEPES buffer (100 mM), pH 8. The amount of 1 was determined by integration of the extracted

ion chromatogram and was normalized to reaction 1.
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Figure 2. a-c. FRET-based inhibitor screening of fragments and fragment combinations (final concentrations after addition of substrate of F1 and F2: 0.8 mM,
F3 and F4: 1.6 mM) after 2 h incubation at 20 °C with or without the MP* of SARS-CoV-2 at pH 8. a. HEPES-TCEP buffer (100 mM and 50 pM, respectively). b.
HEPES buffer (100 mM, without reducing agent). c. HEPES-DTT buffer (100 mM and 100 pM, respectively). d-e. Quantitative monitoring of the Ugi 4CR and
3CR with or without SARS-CoV-2 MP* in HEPES-TCEP buffer (100 mM and 50 uM, respectively) with HPLC-QTOF-MS for 150 min (F1 and F2: 1.5 mM, F3 and F4:
3.0 mM during incubation). The concentrations of 1 and 2 were plotted against the time and fitted with an exponential saturation function c(t) =, + (Cnay-
Co)(1-e (—kt)). (For more details see Table 1 or Supporting Information); PC: positive control.

lower pH could be a better solubility of the employed
fragments, accelerated imine formation or isonitrile addition to
the imine. Differences in product formation between MOPS or
HEPES buffer were negligible. In addition to Ugi products 1 and
2, traces of an amidine by-product 3 were found, formed from
amine F2 and isocyanide F3, especially at lower pH values
(Figure 1¢)." Several reaction pathways of carboxylic acids and
isocyanides were reported in the literature,™ however, prod-
ucts of F3 with the acid F4 were not detected in our
experiments. Only traces of the Passerini product 4 were
detected at all tested pH values."® In conclusion, HEPES buffers
at pH7 and pH 8, respectively, were selected for the inves-
tigation of the protein-templated reaction, in order to reduce
the non-templated Ugi background reaction and formation of
by-product 3. As a reducing agent is typically required to
maintain the activity of SARS-CoV-2 main protease and to
protect the active cysteine from oxidation,” tolerance of the
Ugi reaction for the reducing agents dithiothreitol (DTT) and
tris(2-carboxyethyl) phosphine (TCEP) was investigated (Fig-
ure 1e). Addition of 50 mM DTT to 50 mM of each fragment F1-
F4 in HEPES buffer pH 8 reduced the amount of the Ugi 4C

Chem. Eur. J. 2024, 30, €202303940 (3 of 10)

product 1 to about 20% of the control reaction without DTT as
determined by HPLC-MS. At a DTT concentration of 5 mM, only
a modest reduction of the conversion to 1 to about 80% was
observed. In contrast, Ugi reactions in the presence of 5 or
50 mM TCEP showed no reduction of product formation.

Ugi reactions in presence of SARS CoV-2 main protease

To investigate protein-templated Ugi reaction, fragments F1,
F2, F3, and F4 were incubated at different concentrations with
SARS-CoV-2 MP in HEPES buffer at pH 7 and pH 8 for 2 h alone
and in all possible combinations of two, three or four fragments
(Figure 2a—c). Either TCEP (50 uM) or DTT (100 uM) or no
reducing agent was added. For the non-templated control
experiments, every fragment and every fragment combination
was incubated under identical conditions without protein,
which was added after the 2 h incubation time. Subsequently,
the activity of the protease was determined by addition of the
fluorogenic substrate to the protein-templated reactions and
the non-templated controls. No significant differences were
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observed between the experiments conducted at pH 7 and 8,
so that we employed pH 8 for all subsequent studies. Frag-
ments F1 and F2 showed no significant inhibition of the
protease at 0.8 mM, fragments F3 and F4 at 1.6 mM. Therefore,
all templation experiments were conducted at these fragment
concentrations. In the experiments with TCEP as reducing
agent, all microtiter plate wells containing protein (“templated
reactions”) during the incubation showed stronger inhibition of
the protease (up to >80%) than the non-templated controls
(Figure 2a). Strongest inhibition was observed for the combina-
tion of all four fragments (F1-F4), the three-fragment combina-
tion F1, F2, F3, the two-fragment combination F3, F4 and single
fragment F3 displayed similarly high inhibition in case of the
templated reaction and less inhibition in the non-templated
controls (Figure 2a). In comparison, incubation of fragments
with protease in DTT-containing buffer did not result in higher
inhibition in the protein-templated reactions (Figure 2c). While
the reaction of four fragments F1-F4 might lead to Ugi 4C
product 1, the observed inhibition in the three-fragment case
(F1, F2, F3) might result from the formation of the Ugi 3CR
product 2. The combination of aldehyde F1 and amine F2
showed also enhanced inhibition (about 50%) in the templated
case. As both fragments alone were almost inactive at the
tested concentration, imine formation was suspected as the
source of this inhibition and indeed in a solution of fragments
F1 and F2 in DMSO an aldehyde-amine-imine equilibrium of
1:1:2 was observed by NMR spectroscopy, which of course
might change in buffer at pH 8 (Supplementary Figure 3).'®
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Isocyanide F3 inhibited SARS-CoV-2 main protease after 2 h
incubation in the presence of TCEP, but not with DTT, an
observation demanding further investigation. Protease without
freshly added reducing agents was inhibited by incubation with
isocyanide as well, suggesting a direct interaction of the protein
with the isocyanide (Figure 2b)."” Incubation of isocyanide F3
with TCEP in buffer did not show a reaction product in HPLC-
MS, whereas the reaction of F3 with DTT (both at 1 M) in HEPES
buffer (100 mM, pH 8) at room temperature overnight yielded
two novel peaks in the HPLC, one with a mass corresponding to
the addition product of DTT and F3, methanimidothioate 5
(MH*™ =286 m/z),"” and the second one corresponding to the
hydrolysis product of F3, formamide 6 (MH*=150m/z)
(Supplementary Figure 4). Isolation of 5 was conducted by
MPLC (Supplementary Figure 4, middle), and an NMR spectrum
of the evaporated product fractions contained a mixture of
formamide 6 together with the cyclic oxidation product of DTT
(Supplementary Figure 4 bottom, Supplementary Figure S5).
Similar interference of DTT as a competing nucleophile in
fragment ligation assays has been reported recently and was
resolved by replacement with TCEP as reducing agent.”® The
observed reactivity of isocyanide F3 with the thiol DTT might
explain the observed time-dependent inhibition of the protease
through a reaction with the active-site thiol.
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Figure 3. Characterization of Ugi product 1 binding to SARS-CoV-2 Mpro with native MS at pH 8. a. Raw spectrum of partially His-tagged SARS-CoV-2 Mpro
(19 uM) in the presence of 0.5% DMSO measured under native conditions (left) and corresponding deconvoluted spectrum (right). b. Raw spectrum of partial
His-tagged SARS-CoV-2 Mpro (19 uM) in the presence of 0.5% DMSO and compound 1 (38 pM) measured under native conditions (left) and corresponding
deconvoluted spectrum (right). Mass shifts induced by compound binding (theoretical MW: 502.2 Da) are indicated by red arrows.
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Figure 4. In-situ ligation screening of fragments forming Ugi-4CR products with MP™ of SARS-CoV-2. a. Monitoring of the in-situ reaction of fragments F1-F4

to compound 1 and 2 after 24 h at room temperature in various solvents. b. Inhibitors and their ICs, values.

18 ¢, Screening of the in-situ products 1 and 7-12

against the SARS-CoV-2 MP™, Reactions were performed in methanol and ethanol at room temperature over 24 h and diluted with DMSO to result in a
concentration of 10 uM of Ugi 4C product under the assumption of full conversion.

Quantitative analysis of Ugi product formation with and
without SARS-CoV-2 MP"°

Next, formation of Ugi products 1 and 2 was monitored over
time in the presence and absence of SARS-CoV-2 MP™, Stock
solutions of F1 and F2, F3 and F4 in DMSO were added to
100 mM HEPES buffer with 50 uM TCEP and incubated with and
without protein for 150 min. Fragment concentrations were the
same as in the protein templation experiments above before
addition of substrate solution (F1 and F2: 1.5 mM, F3 and F4:
3.0 mM). Samples were analyzed quantitatively using HPLC-
QTOF-MS. Concentrations of products 1 and 2 were determined
from the integration of extracted ion signals using calibration
curves, which were recorded from solutions of the analytes in
the same buffer. Product concentrations were plotted over time

Chem. Eur. J. 2024, 30, €202303940 (5 of 10)

and fitted to an exponential saturation function c(t) = cy+ (Crnac
co)(1-e(—kt)) (Figure 2d-e, Table 1). Without protein (non-tem-
plated reaction), formation of products 1 and 2 followed
saturation kinetics with half reaction times of 100 and 47 min,
respectively, yielding maximal concentrations of 79 and
244 nM. Incubation with SARS-CoV-2 MP®, to enable a tem-
plated reaction, decreased product formation to 24 and
165 nM, respectively, with 0.28 uM of protein, and to 9 and
106 nM with 2.8 uM protein. While higher protein concentration
reduced product formation, the saturation rates increased in
presence of the protein, suggesting a direct interference of the
protease with the Ugi reaction. These results differed from
those of protein-templated reactions, in which the acceleration
of product formation and increase of product concentration
were observed.”*®* Similar observations of protein interference
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Table 1. Quantitative determination of the product formation of com-
pound 1 and 2 under the influence of SARS-CoV-2 MP° after 24 h.
Experiments were conducted with the direct addition of the single
fragments (F1, F2, F3, F4) and a preincubated stock solution of F1 and F2
(F1+4F2, F3, F4). Fitting of the determined concentrations against the time
with the saturation function c(t)=c,+ (Cpax-Co)(1-€ (—Kt)) resulted in the
following values for the experiment with the preincubated mixture F1+F2.
(For raw data see Supplementary Table 1)

F1+F2° F3,F4

Cosn Crnax Saturation t,
[nM] [nM] rate k [min]
[min™]
Cpd. 1 w/o MP™ 79 79 0.007 100
MP™ (0.28 uM) 22 24 0.033 21
MP™ (2.8 uM) 13 9 0.118 6
Cpd. 2 w/o MP™ 244 244 0.015 47
MP™ (0.28 uM) 178 165 0.021 34
MP™ (2.8 uM) 128 106 0.105 7

[a] Preincubation of F1 and F2 for 19.5 h at 20°C.

have been reported in case of the Groebke-Blackburn—
Bienaymé reaction earlier.”’ Several reasons might explain the
absence of protein-templated Ugi reactions in our experiments.
Fragment concentrations required for efficient product forma-
tion were higher than in the reported successful examples of
protein-templated reactions. Especially the rate-determining
step within the Ugi reaction sequence, the addition of isonitrile
to the imine requires high concentration to reach an acceptable
turnover. These high fragment concentrations resulted in
interactions of the imine (F1+F2) or isocyanide F3 fragments
with the protein leading to the observed inhibition of the
protease and decreased the yield of the Ugi reaction.

Native MS of SARS-CoV-2 main protease with Ugi product 1

Protein-templated Ugi reactions of fragments F1-F4 were
additionally investigated by native mass spectrometry of SARS-
CoV-2 main protease, a method which is capable of detecting
protein-ligand complexes formed due to both covalent and
non-covalent interactions. For native MS, the buffer of SARS-
CoV-2 MP was exchanged to 200 mM ammonium acetate pH 8
and protein mass spectra were recorded with and without the
addition of the resynthesized Ugi product 1. The mass spectrum
of MP® without inhibitor revealed two main charge state
distributions corresponding to a mixture of the monomeric and
dimeric proteins with the His-tag partially cleaved (Figure 3a).
Dominant signals were measured at 33,795 Da (monomer) and
67,590 Da (dimer), respectively, and corresponded to the
protein without the His-tag (theoretical MW: 33,796 Da for the
monomer and 67,592 Da for the dimer). After incubation with
Ugi product 1, the monomeric protein signals disappeared,
while the dimer signals dominated the spectrum (Figure 3b).
These findings indicate the ligand-induced dimerization of the
SARS-CoV-2 MP® and the stabilization of the dimeric form,
which is demonstrated here for the first time by native MS.
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Dimerization of SARS-CoV-2 MP has been reported before in
protein crystallization and has been confirmed for SARS-CoV-1
MP® by using analytical ultracentrifugation.”” Accordingly, in
our experiments with the addition of Ugi product 1 (theoretical
MW: 502.2 Da), additional signals became dominant in the
spectrum, which were in agreement with the binding of one
and two inhibitor molecules to the protein dimer (Figure 3b).
The presence or absence of the His-tag showed no influence on
the interaction. Using source-induced dissociation (SID) the
inhibitor was dissociated from the dimer at higher collision
energies in the gas-phase, showing the non-covalent nature of
the interaction (not shown). In summary, native MS confirmed
the specific non-covalent binding of two molecules of Ugi
product 1 to the protein dimer of SARS-CoV-2 MP® in a 2:1
stoichiometry.

Next, the protein-templated Ugi reaction of the MP*° was
investigated by native MS. For a protein-templated formation of
Ugi 4 CR products, the fragments were hypothesized to bind to
the protease and might also lead to a shift in the monomer-
dimer equilibrium. Therefore, MP° (18 pM) was incubated with
500 uM of fragments F1-F4 for 2 h in ammonium acetate buffer
and diluted with buffer prior to the native MS measurements.
The resulting spectra showed additional mass peaks corre-
sponding to the 4CR Ugi product of F1-F3 and acetic acid,
proving again the occurrence of the Ugi reaction even at high
excess of ammonium acetate buffer and at lower fragment
concentrations (Supplementary Figure S6). The formation of Ugi
product 1, however, was not observed, most likely due to the
high concentration of acetate in the buffer which participated
instead of F4 in the Ugi reaction. Native protein MS showed no
additional mass signals due to ligand binding and no increased
signals of the protein dimer, confirming that no ligand had
shifted the monomer-dimer equilibrium.

In-situ ligation screening for inhibitors of SARS-CoV-2 MP™
using the Ugi 4C reaction

Having demonstrated the fast and efficient conversion of
reactive fragments to Ugi 4CR product 1 and the interference of
the protein target with templated reactions, in-situ ligation
screening of Ugi products as SARS-CoV-2 MP® inhibitors was
investigated as a potential alternative method.”? The aim was
to identify reaction conditions operated in microtiter plates
which enabled maximal conversion to Ugi 4C products and
direct testing in the enzyme assay without the need for work-
up or purification. Various solvents were investigated for the in-
situ preparation of a library of Ugi products using compound 1
as a reference. Neat DMSO, the standard solvent for screening
libraries used in automated bioassays, yielded no Ugi 4CR
product 1. Thus, neat methanol and ethanol were investigated
in combinations with DMSO. For the purpose, stock solutions of
the four fragments F1-F4 were prepared in DMSO, methanol,
and ethanol (500 MM or 1 M) and reacted in mixtures with
fragment concentrations of 125 mM at room temperature. After
24 h, the crude mixtures were analyzed by HPLC-MS for product
formation. The 1:1 mixture of methanol and DMSO furnished

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

35US01 7 SUOWIWIOD dAIRR.D 3|qedl|dde sy Aq pausenoh ale sojone YO ‘3N JO sa|nJ 104 Arelq i auluQ AS|IAA UO (SUO 11 IPUOD-pUe-SLLLIBY W0 A3 | IM" ARed 1jU 1 UO//:SdNY) SUORIPUOD pUe SWB | 84} 38S *[7202/770/80] U0 ARiq1TaulluO A3|IM ‘Ov6E£0€202 WaYd/200T OT/I0p/Wod A | Im: Areiq 1 puluoadoins-Als iweyo//:sdny woJj popeoumoq ‘LT ‘24z ‘S9LETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202303940

the 3CR product 2 as the major product (integration 100%) and
less than 20% of the 4C product 1 was formed (Figure 4a). In
contrast, neat methanol accelerated the Ugi 4CR and showed
almost complete conversion to product 1 suppressing con-
version to the 3CR product 2 to less than 15%. Interestingly,
already 12.5% of DMSO enhanced the 3CR to more than 20%.
In ethanol, being less volatile and having a higher viscosity than
methanol, the 4CR-product 1 was still the major product,
however, approximately one third of the of 3CR product 2 was
formed.

Next, in-situ ligation screening of fragments forming a small
collection of SARS-CoV-2 MP™ inhibitors®’ was conducted. Stock
solutions of 10 fragments (500 mM) in methanol and ethanol
were prepared, furnishing in Ugi products (Figure 4b). After
20 h, the crude mixtures were analyzed regarding their
conversion rates to the Ugi 4CR product. In all experiments and
in both solvents, the Ugi 4CR products were formed; the
conversion and purity of products were quantified by HPLC-MS
using integration of the UV signals at 254 nm (Supplementary
Figures S7 and S8). All crude reaction mixtures were diluted
with DMSO to the concentration of 10 uM Ugi product, under
the assumption of full conversion, and tested in the described
fluorescence-based assay for their inhibition of SARS-CoV-2 MP™
(Figure 4c). This dilution protocol resulted in methanol and
ethanol concentrations in the assays below 0.01% (v/v), which
did not affect the enzyme activity as demonstrated by control
samples. All inhibitors with ICs, values around or below 10 pM
showed inhibition >50% in the assay, indicating a strict
correlation between the results of in-situ ligation screening of
fragments and the testing of isolated Ugi 4CR products. The
highest inhibition of over 95% was detected for the reaction
mixture yielding 7 in both solvents, corresponding to the lowest
IC5, value of all investigated compounds (IC5,=0.66 pM). Only
Ugi products 11 and 12 with IC50 values of >20 uM displayed
<40% inhibition in the in-situ ligation assay, identifying these
negative control compounds as inactive. In summary, at least
for this small selection of reactions and for this specific protein
target, in-situ ligation screening of fragments forming Ugi
products appears to be a fast and efficient method for the
synthesis and testing of compounds with considerably com-
plexity, which are capable to occupy up to four adjacent
binding pockets with one small molecule. The method has
been established here for the identification of SARS-CoV-2
protease inhibitors, suggesting that this concept should be
applicable to other protein targets as well. For the Ugi reaction,
in-situ ligation screening of fragments appears to be superior to
the protein-templated formation of inhibitors.

Conclusions

In summary, we have investigated protein-templated Ugi four-
component reactions (4CR) with SARS-CoV-2 main protease and
their potential and limitations for the efficient screening for
protease inhibitors. We have demonstrated that Ugi 4CR
proceeded efficiently in aqueous protein buffers over a broad
pH range using TCEP but not DTT as a reductant and in alcohols
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such as methanol and ethanol. Starting from fragments F1-F4
inhibition of the enzyme SARS-CoV-2 MP* was observed in the
enzyme activity assays and formation of the potent inhibitor 1
in presence of the protein was confirmed by HPLC-QTOF-MS
analysis. Fragment concentrations required to observe inhib-
ition of the protein, however, were much higher (0.8-1.6 mM)
than those typically employed in fragment ligation screening
(max. 0.1-0.2 mM), supposingly as the rate-determining step in
the Ugi reactions, the isocyanide addition to the imine, was
significantly slower as in those reactions studied earlier. At
these concentrations, the protein, SARS-CoV-2 MP°, did not
accelerate inhibitor formation as defined for protein-templated
reactions. There are several observations which might explain
the reduced turnover of the fragments in presence of the
protein target. The isocyanide fragment and the imine fragment
combination were found to inhibit the protease, possibly
blocking the active site for conversion to the final Ugi product
and resulting in the reduced turnover of the protein-templated
reaction. While product 1 fits into the active site as indicated by
its inhibitory activity, the key intermediary imidate, which
undergoes the Mumm rearrangement to the Ugi product,®”
might not be able to bind to the protein target. Native MS
studies confirmed the binding of the Ugi 4CR product 1 to
SARS-CoV-2 MP®. Binding of the inhibitor shifted the protein
equilibrium from the protein monomer to the protein dimer,
resulting in the protein dimer with two inhibitor molecules
bound as the dominant protein-ligand complex. Ugi 4CR were
also observed under native MS conditions, however, not the
inhibitor 1 was formed but the Ugi product with the buffer
component acetic acid as the acidic component. The suspected
addition product between the active site cystein and the
isocyanide could not be detected in native MS.

Considering the limitations of protein-templated Ugi reac-
tions, in-situ ligation screening of Ugi 4CR products with SARS-
CoV-2 MP™ was found to be a powerful alternative. Ugi products
were formed in high purity when using methanol or ethanol for
the in-situ reactions and could be screened in the SARS-CoV-2
main protease assay after dilution with DMSO. Enzyme inhib-
ition recorded in this assay corresponded precisely with the
reported 1Cs, values for all tested Ugi products. Thus, for Ugi
four-component reactions in-situ ligation screening is a viable
and very efficient alternative to protein-templated reaction as a
strategy to identify more potent, fragment-based inhibitors. We
anticipate that this conclusion does apply not only for the main
protease of SARS-CoV-2 as a target but to other proteases and
target classes with binding sites constructed of several adjacent
sub-pockets, which can be addressed by fragment ligation
products.

Experimental Section

General methods

All chemicals, purchased from Sigma-Aldrich (Steinheim, Germany),
abcr GmbH (Karlsruhe, Germany), Carl Roth GmbH & Co. KG
(Karlsruhe, Germany), and TCl Deutschland GmbH (Eschborn,
Germany), were used without further purifications.
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Reaction controls were conducted with an Agilent 1100 LC-MS
system. A Biotage Isolera One (MPLC) or an Agilent 1260 Infinity
Binary LC (HPLC) were used for the purification of the synthesized
compounds. If not specified otherwise, chromatography (silica or
RP-18 HPLC), high-resolution mass spectrometry, and fully assigned
'H- and “C-NMR spectra confirmed the identity and purity (> 95 %)
of the synthesized compounds. 'H and "*C NMR spectra were
recorded with Jeol ECZ600 or AVANCE700 spectrometers.

Detailed explanations of additional methods, protocols, and
chemical syntheses are reported in the Supporting Information.

FRET-based enzyme assay for the detection of a protein
templated Ugi reaction

The assays were measured with a TECAN Infinite M1000 microplate
reader. The stock solution of SARS-CoV-2 main protease was diluted
with buffer (100 uM DTT or 50 uM TCEP, 100 mM HEPES, pH 8),
resulting in 1 uM protein (MP°_a). The four fragments F1-F4 were
dissolved in DMSO (100 mM). Fragment F1 and F2 were mixed prior
to the experiment (1:1). In 384 well plates (Corning 3766, black
with clear flat bottom, non-binding surface), buffer (20 ul) and
protease solution (10 pl) were added first, followed by the addition
of the fragment stock solutions F1+F2, F3, and F4 (1 ul each,
50 mM or 100 mM stock solutions in DMSO). Controls were
prepared with buffer (10 pl) instead of protease for the non-
templated reactions. The well plate was shaken for 30 s (1250 rpm)
and centrifuged (1000 rpm, 10 s). Afterwards, the plate was addi-
tionally shaken for 2 h at 20°C. After the incubation, buffer (10 pl)
was added to the wells with protease, and protease solution (10 pl)
was added to the non-templated reaction controls. The plate was
shaken for 30's (1250 rpm) and centrifuged (1000 rpm, 10 ). The
FRET substrate solution (20 ul of a 10 uM solution of Dabcyl-
KTSAVLQ/SGFRKM-E(Edans)-amide (Biosyntan GmbH, Berlin, Ger-
many) in buffer and 0.5% DMSO) was added, and the plate was
shaken and centrifuged again. Positive controls were recorded with
DMSO instead of inhibitor solution for both, the templated reaction
wells and the non-templated reaction wells. Additionally, negative
controls were prepared with buffer instead of protease solution.
Fluorescence increase [RFU/min] was measured over 15 min and
normalized to the corresponding positive controls. The percentage
of inhibition was calculated and illustrated in Graphpad Prism.

Monitoring of the Ugi product formation with HPLC-QTOF-MS

Protease solution (40 ul, 9 uM or 0.9 uM, MP_b) was diluted with
buffer (80 ul, 100 mM HEPES, 50 uM TCEP) and shaken for a few
minutes at 20°C to adjust to room temperature. Afterwards, stock
solutions of the four fragments in DMSO (F1, F2: 2 ul, 100 mM, F3,
F4: 4 pl, 100 mM) were added to result in total concentrations of
2.8 or 0.28 uM MP°, 1.5 mM F1 and F2, and 3.0 MM F3 and F4. The
resulting fragment concentrations were chosen accordingly to the
concentrations during incubation of the FRET-based enzyme assays.
For the investigation of the effect of a premixed imine stock
solution, F1 (20 pl, 100 mM) and F2 (20 ul, 100 mM) were mixed
and shaken for 19.5 h at 20°C. To the diluted protease solution
(40 pl MP®°_b (9 uM or 0.9 uM) and 80 pl buffer (100 mM HEPES;
50 uM TCEP)), the preincubated mixture F1-+F2 (4 ul, 50 mM), F3,
and F4 (4 pl, 100 mM, respectively) were added. Controls without
protease were prepared, using buffer (40 pl, 700 mM HEPES; 50 uM
TCEP) instead of protease solution for both experiments. The six
mixtures were shaken at 20°C (1250 rpm) and samples were taken
every 15 minutes for 150 min and after 24 h. Every sample was
quenched with formic acid, diluted with acetonitrile (1:2), and
analyzed by HPLC-QTOF-MS (Agilent 1290 Infinity Il coupled with
an Agilent 6550 iFunnel QTof), using an adapted version of the
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previously reported instrument method."" For quantification of the
formed Ugi products, calibration curves were recorded by plotting
the integrated signal intensities (AUC) of the extracted ion
chromatograms of Ugi products 1 and 2 from dilution series of the
Ugi products 1 and 2 in the range of 3.9-250 nM and 5.6-1000 nM,
respectively, with the same amounts of HEPES-TCEP buffer (48 %),
DMSO (5%), formic acid (5%) and acetonitrile (42%) and were
measured with the same method as for the templation experiments
in duplicates (Supplementary Figure S9). Evaluation was conducted,
using Masshunter QTOF-Quantification Software of Agilent and
Graphpad Prism for fitting of the amount of product against the
time to an exponential saturation function c(t)=cy+ (Crpax-Co)(1-
e(—Kt)). HPLC parameters: injection volume: 1 pl, column: Zorbax
Eclipse plus C18 RRHD (1.8 uM, 95 A, 2.1x50 mm) from Agilent,
mobile phase: water (A) and acetonitrile (B) with 0.1% formic acid,
flow rate: 0.5 ml/min, gradient: 0-8 min from 95/5 (A/B) to 5/95 (A/
B), 8-9 min 5/95 (A/B), 9-10 min from 5/95 (A/B) to 95/5 (A/B), O-
2 min waste. QTOF parameters: positive mode, gas temperature
200°C, gas flow 11 I/min, nebulizer 35 psig, sheath gas temperature
375°C, sheath gas flow 11 I/min, octopole RF peak 750, fragmentor
175V, nozzle voltage 500 V, VCap 3500 V.

Native mass spectrometry with SARS-CoV-2 MP™

The expression buffer of SARS-CoV-2 MP° (42 uM, MP™_a) was
exchanged using a Vivaspin 500 cut-off filter (MWCO 10,000) for an
ammonium acetate buffer (200 mM, adjusted to pH 8 with NH,OH).
To avoid precipitation during buffer exchange due to high protein
concentrations, the protease was diluted 1:2 prior to centrifugation
with the ammonium acetate buffer and then centrifuged at 12,000
xg at 4°C for 3 minutes. This procedure was repeated 16 times in
order to ensure quantitative buffer exchange. The protein was
stored in aliquots at —80°C (final concentration: 19 uM).

For native MS measurements, a DMSO stock solution of Ugi product
1 (50 mM) was diluted with 200 MM ammonium acetate buffer. The
diluted stock solution was mixed with the MP® to result in final
concentrations of 18 uM MP*° and 38 uM Ugi product 1 with 0.5%
DMSO. As a control, 18 uM MP™ with 0.5% DMSO was prepared. In
addition, stock solutions of the four fragments F1-F4 (400 mM)
were prepared in DMSO and mixed to result in concentrations of
100 mM each. After further dilution with ammonium acetate, the
fragment mix was added to the SARS-CoV-2 MP™ and incubated for
2 h at room temperature (MP: 18 uM, F1-F4: 500 uM, 0.5% DMSO).
Before measurement, the sample was diluted 1:5 to avoid ion
suppression due to the high fragment concentrations, resulting in
4 uM MP® and 100 uM F1-F4.

The native MS measurements were performed on a Q Exactive HF
mass spectrometer using direct injection with an offline nanoESI
source head on the NanoFlex ion source (Thermo Scientific). The
intact protein mode was activated, and the trapping gas pressure
was set to 0.2 (available with Biopharma option). All spectra were
recorded for at least 30 s in the profile mode with positive polarity
using the following settings: scan range 1,500 to 6,000 m/z,
resolution 15,000, microscans 5, AGC target 3e6, maximum inject
time 200 ms, spray voltage 2.2 kV, capillary temperature 175°C, S-
lens RF level 200, source-induced dissociation (SID) 75eV. For
fragment detection the lower limit of the scan range was set to
100 m/z. The software tool UniDec was used for data processing
and deconvolution.” First, an averaged spectrum was generated
from each measurement followed by spectral deconvolution using
the default settings with following modifications: charge range 5-
20, Mass range 30-70 kDa, sample mass every 1 Da.
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In-situ screening for inhibitors against the M of SARS-CoV-
2 with the Ugi-4CR

Stock solutions (500 uM) in methanol and ethanol were prepared
for the following fragments: 3-pyridinecarboxaldehyde, 4-imidazo-
lecarboxaldehyde, 4-aminobiphenyl, 4-(2-pyridyl)-aniline, 4-tert-bu-
tylaniline, 4-benzylaniline, (S)-(—)-a-methylbenzyl isocyanide, tert-
butyl isocyanide, benzyl isocyanide, 2-furoic acid. Solubility prob-
lems occured for 4-aminobiphenyl and 4-(pyridine-2-yl)-aniline in
methanol.

Four-fragment combinations were mixed accordingly in equimolar
volumes and reacted over night for 24 h at room temperature to
obtain the seven Ugi products 1 and 7-12. Samples (1 ul) were
taken from each reaction and diluted with water-acetonitrile
mixture (399 pl, 1/1) and analyzed on an Agilent 1100 HPLC-MS
system with an UV detector at 245 nm using the previously
published instrument method."" Evaluation of the chromatograms
were performed with Agilent ChemStation and GraphPad Prism.
HPLC parameters: injection volume: 3 pl, column: Luna C18(2)
(3 uM, 100 A, 100x4.6 mm) from phenomenex, mobile phase: water
(A) and acetonitrile (B) with 0.1% formic acid, flow rate: 1 ml/min,
gradient: 0-5.5 min from 95/5 (A/B) to 1/99 (A/B), 5.5-10 min 1/99
(A/B), 10-12 min from 1/99 (A/B) to 95/5 (A/B).

For the in-situ screening, the crude mixtures were diluted with
DMSO to result in product concentrations of 10 uM with the
assumption of complete conversion (0.01% methanol and ethanol
content) and were screened in the fluorescence-based protease
assays described above (see “Activity screening with SARS-CoV-2
MP™ and determination of ICs, values”). Positive and negative
controls with the same methanol or ethanol content were
prepared.

Supporting Information®

Supplementary Table 1, Supplementary Figures 1 to 15, and
Supplementary Methods are provided in the Supporting
Information.
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