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Abstract A titrant for the SARS-CoV-2 main protease (Mpro) was developed that enables, for the first

time, the exact determination of the concentration of the enzymatically active Mpro by active-site titration.

The covalent binding mode of the tetrapeptidic titrant was elucidated by the determination of the crystal

structure of the enzymeetitrant complex. Four fluorogenic substrates of Mpro, including a prototypical,

internally quenched Dabcyl-EDANS peptide, were compared in terms of solubility under typical assay

conditions. By exploiting the new titrant, key kinetic parameters for the Mpro-catalyzed cleavage of these

substrates were determined.
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1. Introduction

The outbreak of the coronavirus disease (COVID-19) pandemic in
2019 led to a global health crisis of unprecedented proportions.
COVID-19 is caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), an enveloped (þ)-ss RNA virus
with high similarities to other members of the betacoronavirus
genus1. Once the spike protein has mediated host cell entry and
endocytosis through receptor engagement2, the viral genomic
RNA is released into the cytoplasm and translated by the host cell
machinery into two large polyproteins, pp1a and pp1ab, from
which the main protease (Mpro) and the papain-like protease are
excised. These enzymes process the viral polyproteins into non-
structural proteins (nsps). The viral replication and transcription
complex, composed of nsps, is required for the assembly of new
virions, which are ultimately released from the host cell via
exocytosis3.

SARS-CoV-2 Mpro plays the predominant role in poly-
protein processing that is indispensable for the viral life cycle.
The enzyme is a homodimeric cysteine protease with each
protomer consisting of three domains of which the
chymotrypsin-like domains I and II form and enclose the Mpro

substrate-binding site4. The catalytic dyad of each protomer
comprises the residues Cys145 and His41, the latter facili-
tating deprotonation of the catalytic Cys145. The nucleophilic
attack of the resulting thiolate on the carbonyl carbon of the
scissile peptide bond initiates the acyl-transfer mechanism,
leading to the release of the first product, while the N-terminal
part of the substrate becomes covalently attached to the active
site cysteine. Subsequent hydrolysis of the intermediate thio-
ester generates the second product4,5.

Its crucial role in SARS-CoV-2 replication, the low mutation
rate of its binding domain as well as the lack of a homologous
protease in humans renders Mpro a primary target for COVID-19
treatment6-8. Hence, Mpro inhibitors are constantly being devel-
oped and characterized as potential therapeutics9-11, as well as
activity-based probes12-14.

The assessment of the inhibitory activity of such drug
candidates is commonly based on biochemical assays to
determine the kinetics of the Mpro-catalyzed conversion of
artificial substrates. For comprehensive kinetic analyses, it is
indispensable to know the exact molar concentration of
enzyme active sites in a reaction mixture. Due to factors such
as misfolding, inactivation, or self-degradation, a substantial
fraction of the enzyme protein may be inactive. Active-site
titration is the gold standard method to determine the active
proportion of the total enzyme and to quantify the active
enzyme concentration15,16.

Our study aimed to introduce an active-site titrant for
SARS-CoV-2 Mpro. Despite the overwhelming number of re-
ports on Mpro inhibitors, such a tool compound is still lacking.
We developed an aza-tetrapeptide derivative that is susceptible
to being nucleophilically attacked by the active-site thiolate,
resulting in an irreversible enzymeetitrant complex. Cocrys-
tallization of the compound with Mpro conclusively showed its
binding mode. By means of the new titrant, we determined the
active-site concentration in Mpro samples and appraised the
data for a comparative analysis of fluorogenic SARS-CoV-2
substrates.
2. Materials and methods

2.1. General biochemical settings

If not stated otherwise, all measurements were performed on a
FluostarOptimaplate reader (BMGLabtech,Ortenberg,Germany) in
black 96-well plates with a clear and flat bottom (Greiner Bio One,
Kremsmünster, Austria). The assay buffer was 50 mmol/L 3-(N-
morpholino)propanesulfonic acid (MOPS) buffer, pH 7.2, containing
10 mmol/L NaCl, 1 mmol/L EDTA and 0.01% (v/v) Triton X-100.
Mpro was expressed with an N-terminal Mpro autocleavage site and
a C-terminal His10 tag linked via an HRV 3C protease cleavage site.
The C-terminally His-tagged Mpro was purified as previously
described17. To obtain the native protease, the His tag was cleaved off
using an HRV 3C protease as described17. The enzymewas stored in
50 mmol/L tris(hydroxymethyl)aminomethane (TRIS) buffer, pH
7.8, containing 100 mmol/L NaCl, 1 mmol/L ethylenediaminetetra-
acetic acid (EDTA) and 1mmol/L dithiothreitol (DTT).Mpro batches
were employed as solutions in concentrations ranging from 0.10 to
0.27 mg/mL (His-tagged protease) or as a 2.5 mg/mL solution (native
Mpro), respectively. The substrate stock solutions were prepared in
DMSO. The Dabcyl-EDANS substrate conversion was detected with
an excitation filter of 340 nm and an emission filter of 490 nm; con-
version of AMC substrates was detected at an excitation wavelength
of 360 nm and an emission wavelength of 460 nm. The product for-
mation was monitored at 37 �C. Data analysis was performed using
Graph Pad Prism 8. The Dabcyl-EDANS substrate 5 (Dabcyl-Lys-
Thr-Ser-Ala-Val-Leu-Gln-Ser-Gly-Phe-Arg-Lys-Met-Glu-EDANS)
was purchased from Bachem (Bubendorf, Switzerland) and Merck
(Darmstadt, Germany).

2.2. Mpro inactivation by the active-site titrant 1

The second-order rate constant of inactivation, kobs/[I], was
determined by means of a pre-incubation assay. In 21 mL of assay
buffer, 2 mL of a 2.5 mmol/L solution of titrant 1 in DMSO was
preincubated with 2 mL of a 0.11 mg/mL solution of His-tagged
Mpro at 37 �C for three different time periods ranging from 30
to 60 s. Pre-incubation concentrations of Mpro and 1 were 8.8 ng/
mL and 200 nmol/L, respectively. Two control reactions were
performed, whereby 2 mL of DMSO was preincubated with 2 mL
of the Mpro solution for 20 and 70 s. To start the reaction, 75 mL of
a solution containing 73 mL of assay buffer and 2 mL of a substrate
solution in DMSO (2.5 mmol/L in the case of substrate 2 and 5,
10 mmol/L in the case of substrates 3 and 4) was added and the
reaction was monitored for 180 s. The final concentrations
amounted to 50 nmol/L of 1, 2.2 ng/mL of the enzyme, 50 mmol/L
of substrate 2 or 5, 200 mmol/L of substrate 3 or 4, and 4% (v/v) of
DMSO. The total volume per well was 100 mL. For each time of
pre-incubation, initial velocities of product formation were
determined by linear regression, related to the mean rate of the
control reactions and plotted as residual initial rates against pre-
incubation times (Supporting Information Fig. S1). The curve
was analyzed by nonlinear regression using Eq. (1):

viZ vi;0 � e�kobs�t ð1Þ
where vi is the initial rate after pre-incubation with 1, vi,0 is the
mean initial rate of the control, kobs is the first-order rate constant
of inactivation, and t is the incubation time. Dividing this value by
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the pre-incubation concentration of 1 yielded kobs/[I], the second-
order rate constant of inactivation. Due to limitations in the
experimental setting with respect to shorter pre-incubation times,
only a limit for kobs/[I] of >70,000 L/mol$s was obtained.

2.3. Active-site titration of Mpro

In order to evaluate the total concentration of active Mpro enzyme
in the assay, product formation was monitored for mixtures of the
substrate Boc-Abu-Tle-Leu-Gln-AMC (2) (unless noted other-
wise) and C-terminally His-tagged or native Mpro which was
preincubated with the titrant 1 (in at least 8 final concentrations
ranging from 2 to 27.5 nmol/L) in assay buffer. Into a well con-
taining 14 mL of assay buffer and 1 mL of the titrant solution in
DMSO (or 1 mL of DMSO for the control, respectively), a volume
of 10 mL of a mixture of enzyme solution (with the final protein
concentration being noted for each experiment) and assay buffer
was added. In order to achieve stoichiometric inactivation of the
enzyme by the active-site titrant, incubation was performed for
5 min (unless noted otherwise) at 37 �C prior to starting the re-
action by adding 25 mL of a mixture of 24 mL of assay buffer and
1 mL of substrate solution into the well. The final concentration of
substrate 2 was 50 mmol/L and the final DMSO concentration was
4% (v/v). Product formation was monitored for 10 min and
analyzed by linear regression. The product formation rate of the
control without the titrant was set to 100%, to which the initial
rates of the reactions with varying concentrations of titrant were
related. The obtained values were plotted against the different
titrant concentrations including the control. Linear regression of
this plot provided an x-intercept which equals the active-site
concentration of Mpro.

2.4. Determination of Km values

Prior to Km determinations, active-site titrations of the corre-
sponding His-tagged or native Mpro batches were performed and
the active-site Mpro concentration was adjusted. Initial velocities
of substrate conversion by Mpro were determined at 13 or 15
different substrate concentrations ranging from 2.5 to 100 mmol/L
or 2.5e125 mmol/L for 2, at 16 different substrate concentrations
of 2.5e200 mmol/L for 5, and at 20 different concentrations be-
tween 0.1 and 10 mmol/L for 3 and 4. A volume of 2.5 mL of the
substrate solution was added to 22.5 mL of assay buffer in each
well. The reaction was started by adding 25 mL of a mixture of the
enzyme solution and assay buffer and monitored at 37 �C. The
total volume in each well was 50 mL and the final DMSO con-
centration was 5% (v/v). The final concentration of active enzyme
was 33 nmol/L. Initial velocities were determined by linear
regression of the first 10 min for each substrate concentration. Km

and Vmax for 2 and 5 were determined by fitting the data to the
MichaeliseMenten equation. Vmax

app values for 3 and 4 were
obtained by means of a fourth-order polynomial equation.

2.5. Translation of fluorescence into product concentrations and
determination of kcat values

2.5.1. Boc-Abu-Tle-Leu-Gln-AMC (2) and Dabcyl-Lys-Thr-Ser-
Ala-Val-Leu-Gln-Ser-Gly-Phe-Arg-Lys-Met-Glu-EDANS (5)
Inner filter effect (IFE) corrections were applied for each con-
centration employed in the Km determination of 2 and 5. The
correction factors (f) were determined as follows. To 47.5 mL of
assay buffer, 2.5 mL of a solution of 2 or 5 was added. The final
substrate concentrations were either zero or corresponded to those
from the Km determinations and the final DMSO concentration
was 5% (v/v). Fluorescence intensity was monitored for 5 min
prior to the addition of 1 mL of a 51 mmol/L solution of free AMC
(for 2) or free EDANS (for 5) (final concentration: 1 mmol/L each)
and further monitoring for 5 min. Mean fluorescence (F) was
calculated for each sample with and without the free fluorophore.
The correction factors were determined as Eq. (2):

f Z
�
Fsubstrateþfluorophore e Fsubstrate

� � �
Fcontrolþfluorophore e Fcontrol

�

ð2Þ

The corrected fluorescence (Fcorr) for the Km determination
was calculated as Eq. (3):

FcorrZFobs = f ð3Þ
with Fobs being the observed fluorescence (Supporting
Information Fig. S4).

Calibration of fluorescence readout versus concentration of
free AMC (for 2) or EDANS (for 5) was employed to allow for the
translation of Fcorr into product concentrations. To do so, 47.5 mL
of assay buffer was supplemented with 2.5 mL of the respective
fluorophore solution (or only DMSO), yielding final concentra-
tions of 0e1000 nmol/L (AMC) or 0e10 mmol/L (EDANS),
respectively. Fluorescence intensity was monitored for 5 min and
mean values were calculated for each sample. DFU was defined as
the difference of the fluorescence signal in the presence of the
fluorophore at given concentration from the value at
[fluorophore] Z 0. The calibration lines of DFU versus [AMC]
and DFU versus [EDANS] were applied for the determination of
the product formation rate of 2 and 5 (Supporting Information
Fig. S7).

2.5.2. Ac-Abu-Orn-Leu-Gln-AMC (3) and Succinyl-Abu-Tle-
Leu-Gln-AMC (4)
For each substrate, calibration was performed on the basis of nine
different concentrations of AMC in the presence of the respective
substrate in a constant concentration equaling the substrate peak
concentration [S]p. To 49 mL of a solution consisting of 47.5mL assay
buffer and 1.5 mL substrate in DMSO, 1 mL of an AMC solution in
DMSO (or only DMSO) was added. The final concentrations were
3.48 mmol/L of 3, 3.30 mmol/L of 4, 0e15 mmol/L of AMC and 5%
(v/v) of DMSO. Fluorescence intensity was monitored for 1 min and
meanvalueswere calculated for each sample.DFUwas defined as the
difference of the fluorescence signal in the presence of AMC at given
concentration from thevalue at [AMC]Z 0.Calibration lines ofDFU
versus [AMC] were generated for 3 and 4 separately (Supporting
Information Fig. S7) and applied for the translation of the
maximum initial fluorescence formation rate into a maximum initial
product formation rate at the substrate peak concentration [S]p.

2.6. Determination of substrate solubility, X-ray
crystallography, synthetic chemistry

The corresponding material can be found in the Supporting
Information.

3. Results and discussion

In search of an active-site titrant for Mpro, we considered several
chemotypes of covalent Mpro inhibitors, including peptide ni-
triles18, of which the representative nirmatrelvir has already



Figure 1 Co-crystal structure of 1 with SARS-CoV-2 Mpro (PDB

ID: 8QDC, chain A). (A) Covalent binding of 1 to the Mpro active site

and accessible subsites. The (2Fo‒Fc)-type electron density of the

ligand and Cys145 is shown as yellow mesh (contoured at 1 s). (B) 2D

interaction diagram of 1 with Mpro.
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gained market approval as an oral medication with substantial
clinical efficacy19,20. Nirmatrelvir acts as an active-site directed,
covalent drug, with Mpro inhibition being time-dependent and
reversible21-23. For the design of an active-site titrant, the azani-
trile structure was chosen, known to provoke a blockade of the
active-site cysteine residue of human and schistosomal cysteine
proteases due to the formation of a highly stabilized iso-
thiosemicarbazide adduct24,25. Towards SARS-CoV-2 Mpro, such
agents exhibited an irreversible mode of action17. The peptido-
mimetic structure of the envisaged titrant 1 (Scheme 1) comprised
aza-phenylalanine-nitrile at P1, and phenylalanine, tert-leucine
and 2-aminobutyric acid at P2eP4 positions. The synthetic route
included the preparation of the hydrazide 6, which, after separa-
tion from the terminally methylated isomer, was condensed with
benzaldehyde to yield 7. The subsequently applied conditions led
to the hydrogenolytic Cbz-deprotection and the concomitant
reduction of the hydrazone moiety. The resulting hydrazide
functionality was not affected in the following steps of extending
the peptide by two amino acids. Intermediate 9 was subjected to
an electrophilic cyanation yielding azanitrile 1. Compound 1
showed pronounced and time-dependent inhibition of Mpro and the
fast enzyme inactivation was reflected by a second-order rate
constant of >70,000 L/mol$s (Supporting Information Fig. S1).

To understand the binding mode of titrant 1 to Mpro in detail,
we used X-ray crystallography to acquire a complex structure at a
resolution of 1.77 Å (Fig. 1). Two protein chains are present in the
asymmetric unit. In chain A, the titrant has higher B-factors and
the electron density is not as well defined as in chain B
(Supporting Information Fig. S10A), in which the ligand is
involved in crystal packing interactions (see Supporting
Information, X-ray crystallography section, for further details).
The sulfur of the active site Cys145 and the cyano carbon of the
warhead were covalently bonded generating an eN(Me)eN(Bn)‒
C(ZNH)eS‒ linkage between the titrant and the target protease.
The thioimidate nitrogen occupied the oxyanion hole and formed
a hydrogen bond with the backbone NH of Cys145. The aromatic
ring of the P1 building block did not penetrate deeply into the S1
pocket and was located above the S1 amino acid Glu16626-28 and
established hydrophobic contacts with Asn142 including a p-
stacking interaction with the Leu141‒Asn142 peptide bond. The
P1 phenyl ring and residue Asn142 had weaker density and
elevated B-factors indicating flexibility. The side chain of P2
Scheme 1 Synthesis of the active-site titrant 1.
phenylalanine was accommodated in the hydrophobic S2 pocket
formed by Met49, Met165, and His41. Glu166 was involved in
backboneebackbone hydrogen bonding interactions with 1. The
carboxamide group of Gln189 formed hydrogen bonds to the NH
and CO groups of aminobutyric acid at P4 position. An involve-
ment of Gln189 in such a hydrogen bond network has so far rarely
been observed in Mpro‒inhibitor complexes9. The terminal benzyl
group exhibited significant flexibility in chain A as indicated by
the lack of electron density (Fig. 1A). Its conformation was
modeled according to the well-defined density in chain B. To
further characterize the binding mode of 1 in the active site of
Mpro, we compared it with the complex of a peptidic substrate and
Mpro whose catalytic Cys145 was mutated to Ala (Fig. S10B)26.
The superposition of both complexes showed significant rear-
rangements of the loops with the residues Met49, Asn142, and
Gln189 which leads to the required binding pocket expansion to
accommodate 1. Overall, the crystallographically confirmed co-
valent binding mode and the fast and irreversible inhibition
characteristics suggested 1 to react with the active site in a 1:1
stoichiometry and to therefore constitute an appropriate probe for
active-site titration of Mpro.

Since our titrant exhibited a very high second-order rate con-
stant of inactivation, we were able to follow recommendations for
an accurate active-site titration15,16, i.e., a final titrant concentra-
tion not exceeding 50 nmol/L and representing up to 0.7 equiva-
lents. In our typical setting, a sufficient pre-incubation time of
5 min was chosen and a 7-amino-4-methyl-coumarin (AMC)-
based substrate (2, for the structure see Supporting Information
Fig. S8) was used for the subsequent reaction. An exemplary
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experiment to determine the molar active-site concentration of
the enzyme, [E]0, is depicted in Fig. 2. The results were repro-
ducible when varying the pre-incubation time (Supporting
Information Fig. S2) or employing substrates other than 2
(Supporting Information Fig. S3). For the calculation of the
proportion of active enzyme, a mass of 34.21 kDa per monomer
was assumed5.

The quantification of the active enzyme is a fundamental
prerequisite for analyzing enzyme-catalyzed reactions and
enzymeeinhibitor interactions while abiding by the principles of
MichaeliseMenten kinetics. Hence, as a first application of our
titrant, it was employed to characterize the four fluorogenic Mpro

substrates 2e5 (Table 1, Supporting Information Fig. S8). The
AMC-based substrate 2 has already proven to be suitable for the
kinetic investigation of potential Mpro inhibitors17. Substrates 3
and 4 constitute more polar derivatives of 2, which were newly
prepared (Supporting Information Scheme S1) in order to
improve their solubility, thus making the substrates applicable at
higher concentrations and beneficial for the examination of
particularly potent inhibitors. Substrate 5 is a commercially
available and commonly employed, internally quenched
fluorogenic substrate29,30. Its structure comprises the quencher
4-((4-(dimethylamino)phenyl)azo)benzoic acid (Dabcyl) and the
fluorescent donor 5-((2-aminoethyl)amino)naphthalene-1-
sulfonic acid (EDANS) on opposite sides of the GlneSer scis-
sile bond.

Initially, to determine key kinetic parameters, concentration-
dependent measurements of the cleavage of the fluorogenic sub-
strate 2 catalyzed by either the C-terminally His-taggedMpro or the
native Mpro were performed. We considered the influence of the
inner filter effect (IFE)31, a phenomenon resulting in an attenuation
of the ratio of fluorescence signal to the concentration of the fluo-
rescent cleavage product due to absorbance of the emitted light by
the substrate (Supporting Information Fig. S4). The comparison of
the catalytic efficiency of both constructs necessitated the knowl-
edge of the active site concentrations, determined by means of the
titrant 1 (Fig. 2, Supporting Information Fig. S5). In our experiment,
a higher fraction of the active enzyme, relative to the total protein
content, was observed for the His-tagged Mpro (56%) than for the
native Mpro (20%). We obtained kcat/Km values of 2170 L/mol$s
for the native Mpro and of 2030 L/mol$s for the C-terminally His-
tagged Mpro (Fig. 3A, Supporting Information Fig. S6). It has
been reported that a His tag at the C-terminus of Mpro has a less
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Figure 2 Active-site titration of His-tagged SARS-CoV-2 Mpro

(2.0 ng/mL) with 1 under use of substrate 2 (50 mmol/L). The data are

means from five independent experiments performed with aliquots

from the same enzyme preparation. The equivalent point, obtained by

linear regression as the x-axis intercept, corresponded to an active

enzyme concentration of 32.6 � 3.8 nmol/L and a proportion of 56%

active enzyme. The standard deviations refer to the linear regression.



Figure 3 Determination of kinetic parameters for conversion of substrates 2e5 by His-tagged SARS-CoV-2 Mpro. Data are means of triplicate

measurements. (A, D) IFE-corrected fluorescence was translated into product concentration. (B, C) IFE correction was not implemented. (A)

Determination of kcat, kcat/Km, and Km values of substrate 2. (B) Determination of the kcat
app value of substrate 3. (C) Determination of the kcat

app

value of substrate 4. (D) Determination of kcat, kcat/Km, and Km values of substrate 5.
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pronounced effect on the specific activity, whereas anN-terminal His
tag was detrimental to its activity32,33.

Next, kinetic parameters of the His-tagged Mpro-catalyzed
cleavage of the substrates 2e5 were determined and compared.
Substrate consumption was observed by means of fluorescence
emitted by the cleavage product AMC in case of substrates 2, 3,
and 4, and by the EDANS-containing peptide portion in case of 5,
respectively. The MichaeliseMenten curves of 2 (Fig. 3A) and 5
(Fig. 3D) yielded Vmax and Km values, the latter were similar to
literature data for substrate 2, used under somewhat different
conditions17, and for 534,35. Our data were also in the same order
of magnitude as those reported for closely related Dabcyl-EDANS
substrates (Dabcyl-Lys-Thr-Ser-Ala-Val-Leu-Gln-Ser-Gly-Phe-
Arg-Lys-Met-Glu(EDANS)-OH, Dabcyl-Lys-Thr-Ser-Ala-Val-
Leu-Gln-Ser-Gly-Phe-Arg-Lys-Met-Glu(EDANS)-NH2)

36-38.
Substrates 3 and 4 displayed decreasing initial velocities at

high substrate concentrations (Fig. 3B and C). Apart from the IFE,
a common cause for the observed phenomenon, substrate inhibi-
tion might be another confounder contributing to the seemingly
decreasing product formation rates. It occurs in approximately
20% of all studied enzymes, has diverse biological functions and
is especially probable at high substrate concentrations39,40. Owing
to this non-conforming MichaeliseMenten appearance, curves of
3 and 4 were analyzed by means of a fourth-order polynomial
equation. An apparent maximum velocity Vmax

app was determined
as the rate corresponding to the substrate peak concentration [S]p,
which relates to the optimum of the respective curve. [S]p values
of 3 and 4 were 3.48 and 3.30 mmol/L, respectively.

In order to calculate the turnover number kcat, the true kinetic
parameter, we applied Eq. (4):

kcatZVmax

�½E�0 ð4Þ

The active-site concentration [E]0 was accessible with the help
of our titration reagent 1 (Fig. 2). Since product formation was
initially quantified by means of the fluorescence signal, Vmax was
obtained in fluorescence units per time, which required the
translation of the numerator into corresponding product concen-
trations. To allow for this conversion while taking a possible IFE
into account, we performed different types of calibrations.

For substrates 2 and 5, fluorescence values at each concen-
tration were corrected by the IFE by means of experimentally
determined correction factors4,41. While only a slight effect was
observed for 2 within the concentration range up to 150 mmol/L,
substrate 5 exhibited a pronounced IFE (Supporting Information
Fig. S4). Calibration lines of fluorescence versus concentration
of the free fluorophore AMC (2) or EDANS (5) were applied for
the translation of the corrected fluorescence into product con-
centrations (Supporting Information Fig. S7A and S7D).

In case of substrates 3 and 4, the IFE was considered only for
the substrate concentration [S]p that caused the highest fluores-
cence readout per time (Fig. S7B, S7C). The apparent turnover
numbers were calculated using Eq. (5):

k app
cat ZV app

max

�½E�0 ð5Þ

and are listed in Table 1. Km values were not accessible for
both substrates.

In addition to the kinetic examination, an HPLC-based determi-
nation of the solubility of the four substrates under assay conditions,
in the absence of Mpro, was performed (Table 1; Supporting
Information Fig. S9). We applied a thermodynamic shake-flask sol-
ubility method to quantify the saturation concentration of the com-
pounds in equilibrium with an excess of undissolved solid42. As
expected, the solubility of 3 and 4was improved in comparison to the
parent compound 2; the introduction of additional solubilizing groups
led to a 250-fold increase. The Dabcyl-EDANS substrate 5 exhibited
a 2.5-fold higher solubility than 2. It should be noted, however, that
biochemical Mpro assays occur under conditions of kinetic solubility
of the substrates, which may attain a high degree of supersaturation,
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supported by soluteesolute interactions between substrate and
enzyme43. Since the kinetic solubility is typically higher than the
thermodynamic solubility, the application of substrates in concen-
trations exceeding their thermodynamic solubility limits is acceptable
in enzyme assays43,44. Solubility properties are relevant for kinetic
investigation since they define the maximum substrate concentration
in biochemical assays which, in turn, affects the competition of
substrate and inhibitor for the active site.

With the kinetic data for 2e5 in hand, obtained by applying the
active-site titrant 1, and under consideration of the physico-
chemical parameters, the four substrates were compared (Table 1).
While 2 and 5 displayed moderate, double-digit micromolar Km

values, the latter had the better kcat/Km value, the decisive kinetic
parameter. Hence, the difference is driven by the higher turnover
rate that governs the Mpro-catalyzed conversion of substrate 5.
This finding might indicate that favorable interactions of the
C-terminal heptapeptide of 5 with the primed subsites of Mpro

facilitate the rate-limiting formation of the acyl-enzyme inter-
mediate. Both substrates, 2 and 5, are poorly soluble, prohibiting
their application in higher concentrations. The apparent first-order
rate constants kcat

app of 3 and 4 are similar to the kcat value of 2. In
comparison to 5, the presence of the coumarin in substrates 2e4
might exert a detrimental effect on the turnover rate. Substrates 3
and 4 allow for a fast conversion and, thus, an adequate readout,
only when employed in millimolar concentrations. This, however,
is possible because the newly synthesized substrates 3 and 4
exhibit remarkable solubility in accordance with their polar mo-
lecular structure. The apparent second-order rate constants of 3
and 4 are comparably low (175 and 567 L/mol$s versus kcat/Km of
2030 and 8200 L/mol$s, Table 1). This poor kinetic performance,
as well as the absence of precise Km values assigned to these two
substrates, make them less attractive for the application in Mpro

assays. The kcat/Km value of the Dabcyl-EDANS substrate 5 ex-
ceeds the specificity constants of the other substrates, indicating it
to be particularly suited for monitoring the proteolytic activity of
Mpro. However, a practical disadvantage encountered with 5 is the
lower fluorescence yield, compared to 2e4, resulting from the
same amount of cleavage product.

4. Conclusions

We have designed, synthesized and applied an aza-tetrapeptide
nitrile as an active-site titrant for Mpro. Its binding mode was
elucidated by means of the X-ray crystal structure of the enzyme
complexed with the titrant at high resolution. We exploited
the newly gained knowledge of the protease’s active-site con-
centration to comprehensively characterize four fluorogenic
substrates (2e5) regarding their kinetic properties. For
the commercially available substrate 5, a kcat/Km value of
8200 L/mol$s was determined. This is a result of general in-
terest, since this prototypical, internally quenched fluorogenic
substrate is frequently used in medicinal chemistry approaches
towards SARS-CoV-2.

The titrant 1 could prove valuable for applications beyond
those presented in this work. As the potency of newly developed
Mpro inhibitors continues to improve8,20,45-47, making them
applicable in low nanomolar concentrations, a sufficient excess of
inhibitor over enzyme needs to be secured via active-site titration,
in order to determine kinetic parameters under MichaeliseMenten
conditions. When evaluating tight-binding Mpro inhibitors, Ki

values are regularly calculated by means of the Morrison equation
under consideration of the total enzyme concentration28,48,49,
where the exact determination of [E]0 by employing a titration
reagent allows for higher accuracy of the calculated kinetic
parameters.

Moreover, artificial substrates with poor kinetic performance,
i.e., low turnover numbers, require relatively high enzyme con-
centrations to generate a sufficient analytical readout, which, in
turn, may counteract the stoichiometric surplus of the inhibitor.
Such a scenario is common in the course of Mpro inhibitor
development and necessitates the precise determination of the
active-site concentration by titration. The active-site titrant 1
introduced in this study is therefore expected to serve as a valuable
tool compound for anti-SARS-CoV-2 drug discovery.
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the German Research Foundation (RTG 2873) and Norbert Sträter
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et al. COVID-19: drug targets and potential treatments. J Med Chem

2020;63:12359e86.
7. Gao S, Huang T, Song L, Xu S, Cheng Y, Cherukupalli S, et al.

Medicinal chemistry strategies towards the development of effective

SARS-CoV-2 inhibitors. Acta Pharm Sin B 2022;12:581e99.

8. Li G, Hilgenfeld R, Whitley R, De Clercq E. Therapeutic strategies for

COVID-19: progress and lessons learned. Nat Rev Drug Discov 2023;

22:449e75.

9. Gao K, Wang R, Chen J, Tepe JJ, Huang F, Wei GW. Perspectives on

SARS-CoV-2 main protease inhibitors. J Med Chem 2021;64:

16922e55.

10. La Monica G, Bono A, Lauria A, Martorana A. Targeting SARS-CoV-

2 main protease for treatment of COVID-19: covalent inhibitors

structureeactivity relationship insights and evolution perspectives. J

Med Chem 2022;65:12500e34.

11. Ding D, Xu S, da Silva-Júnior EF, Liu X, Zhan P. Medicinal chemistry

insights into antiviral peptidomimetics. Drug Discov Today 2023;28:

103468.

12. van de Plassche MAT, Barniol-Xicota M, Verhelst SHL. Peptidyl

acyloxymethyl ketones as activity-based probes for the main protease

of SARS-CoV-2. Chembiochem 2020;21:3383e8.
13. Cheng Y, Borum RM, Clark AE, Jin Z, Moore C, Fajtová P, et al. A
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