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High-Throughput Synthesis and Screening of a Cyanimide Library
Identifies Selective Inhibitors of ISG15-Specific Protease mUSP18
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Marta Campos Alonso, Günter Fritz, Klaus-Peter Knobeloch, and Paul P. Geurink*

In memory of Prof. Huib Ovaa, an inspiring scientist who passed away May 19, 2020

Abstract: High-throughput screening (HTS) of large compound collections is a critical early step in many drug discovery
programs. Its success depends heavily on the quality of the compound libraries used, and as such, the development of
targeted libraries has emerged to enhance the effectiveness of HTS efforts. However, the acquisition of such libraries
remains costly and labor-intensive, often yielding compound quantities far exceeding required amounts. We present a high-
throughput synthesis-to-screening method for the efficient in-plate generation and immediate HTS of a deubiquitinase
(DUB)-focused compound library. Central to our approach is the Echo acoustic liquid handler, which transfers nanoliter
volumes of DMSO-based solutions, facilitating miniaturized synthesis directly in 1536-well plates. We constructed a library
of 7536 compounds featuring a DUB-privileged cyanimide warhead and screened against twelve ubiquitin(-like) proteases.
This identified two structurally related molecules with selective inhibitory activity against the interferon-stimulated gene
15 (ISG15) protease mUSP18, which we further developed into a first-in-class mUSP18 inhibitor with 35 nM potency.
This compound, BB07CA902, demonstrated exceptional specificity for mUSP18 across 41 DUBs and effectively increased
ISGylation levels in cells by inhibiting mUSP18 activity. Our technology enables the efficient preparation of large DUB-
targeted cyanimide-based libraries, which will accelerate future DUB inhibitor development.

Introduction

Despite the modern-day availability of various virtual meth-
ods, many drug discovery projects often commence with the
physical high-throughput screening (HTS) of large compound
libraries to identify lead compounds.[1] In addition to a robust

[*] R. Kooij+, V. Pol+, Dr. J. Gan+, B. R. van Doodewaerd,
Dr. A. Sapmaz, Dr. P. P. Geurink
Department of Cell and Chemical Biology, Division of Chemical
Biology and Drug Discovery, Leiden University Medical Center,
Einthovenweg 20, ZC, Leiden 2333, The Netherlands
E-mail: p.p.geurink@lumc.nl

M. Campos Alonso, Dr. K.-P. Knobeloch
Institute of Neuropathology, Faculty of Medicine, University of
Freiburg, 79106 Freiburg, Germany

Dr. G. Fritz
Department of Cellular Microbiology, University of Hohenheim,
70599 Stuttgart, Germany

Dr. K.-P. Knobeloch
Signalling Research Centres BIOSS and CIBSS, University of
Freiburg, 79106 Freiburg, Germany

[+] These authors contributed equally to this work.
Additional supporting information can be found online in the
Supporting Information section

© 2025 The Author(s). Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution License, which
permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

screening assay, the success of a screening campaign depends
heavily on the availability of high-quality libraries of drug-
like molecules. Poor-quality or poorly designed libraries can
lead to false positives, delaying the identification of viable
drug candidates.[2] Compound libraries come in different
flavors, such as large, diverse compound libraries, composed
of a wide range of chemical scaffolds and functional groups,
fragment libraries[3] containing small, low molecular weight
compounds that serve as the building blocks for larger
drug-like molecules, and focused or targeted libraries,[4]

which are curated collections that target specific proteins or
biological pathways, offering a more streamlined approach
to drug discovery but with a potentially narrower scope.
The production of high-quality screening libraries remains
a significant challenge. Traditional methods for synthesizing
compound libraries are often costly, labor-intensive, and time-
consuming, requiring extensive synthetic chemistry expertise
and infrastructure. Therefore, a number of strategies have
been developed for the rapid and efficient generation
of screening libraries, such as diversity-oriented synthesis
(DOS),[5] DNA-encoded library (DEL) technology,[6] and
parallel and combinatorial synthesis.[7] In recent years,
advances in automated synthesis platforms and miniatur-
ized chemistry have further accelerated the generation of
screening libraries.[8]

A major technological advancement in screening sensitiv-
ity and throughput was introduced with the development of
acoustic dispensing (i.e., tipless dispensing using soundwaves),
which opened novel avenues for parallel reagent delivery,
analysis, and in-situ testing.[9] The Echo acoustic liquid
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handler accurately transfers DMSO or aqueous liquids in
droplets of 2.5 or 25 nL from a source plate to an inverted
destination plate positioned above the source plate by using
ultrasonic acoustic energy. It was initially developed for
improved compound handling in drug discovery screens, but
its applications have expanded into the fields of sequencing,
genomics, protein crystallography, and microarrays. Recently,
some groups have started to explore the possibilities of
acoustic liquid transfer in synthetic organic chemistry.[10–15]

Upon recognizing its great potential in terms of the rapid
miniaturized synthesis of large compound sets (even possible
in 1536-well format), only requiring microliter reaction
volumes, and the fact that the reaction plates can be directly
used in HTS, again using acoustic dispensing, we opted to
investigate whether we could implement Echo-mediated in-
plate synthesis to boost our ongoing efforts of developing
inhibitors for the highly challenging class of deubiquitinating
enzymes (DUBs) and related proteases of ubiquitin-like
proteins (UbL).

There are about 100 DUBs in human, which reverse
ubiquitination, a post-translational modification that involves
the instalment of (chains of) the 8.5 kDa protein ubiq-
uitin (Ub) and that plays a major role in almost all
cellular processes.[16] DUBs are classified into several fam-
ilies, including USP (ubiquitin-specific proteases), UCH
(ubiquitin carboxy-terminal hydrolases), MJD (Machado–
Josephin domain-containing proteases), OTU (ovarian tumor
proteases), MINDY (motif Interacting with Ub-containing
novel DUB family), and JAMM (JAB1, MPN, and MOV34
family).[17] Although most DUBs are cysteine peptidases,
the JAMMs are zinc metallopeptidases. DUBs effectively
erase the signal given by a certain polyUb chain, thereby
regulating the stability, localization, and function of substrate
proteins.[18] For many DUBs, it has been shown that their mal-
functioning contributes to a wide variety of diseases, including
cancer[19] and neurodegenerative disorders,[20] which has
initiated several drug discovery programs aimed at developing
selective DUB inhibitors. Despite several reports on DUB
inhibitors, it remains highly challenging to obtain compounds
that potently target specific members of the DUB family.[21]

The Ub-like protein ISG15, Interferon Stimulated Gene
of 15 kDa, is strongly induced by Type-I interferons (IFN)
as part of the innate immune response upon viral and
bacterial infections.[22] Similar to ubiquitination, ISGylation is
a reversible process. Ubiquitin-Specific Protease 18 (USP18)
is a member of the USP subfamily of DUBs but lacks deubiq-
uitinase activity and is the major ISG15-specific deconjugating
enzyme.[23] USP18 also functions as a feedback regulator
of type I interferon signaling by binding to the interferon
receptor 2 (IFNAR2) subunit, in a STAT2-dependent manner,
thereby preventing dimerization and subsequent signaling.
This activity is vital but independent of USP18’s enzymatic
activity.[24,25] Interestingly, USP18-deficient mice suffer from
brain injuries and premature death, whereas transgenic
mice expressing catalytically inactive USP18 are healthy,
have increased levels of ISG15 conjugates and are resistant
to vaccinia virus, influenza B virus, and coxsackievirus
infections.[26,27] As such, an effective USP18 inhibitor may
serve as a suitable lead for the development of antiviral

Figure 1. Structures and inhibition data (IC50 (µM) values after 30 min
incubation) of cyanimides 1–5 on a panel of DUBs. Colors indicate
inhibitory potency: green IC50 <1 µM; light green IC50 1–20 µM; white
IC50 20–100 µM; pink IC50 >100 µM.

agents, but to date, no inhibitors specifically and effectively
targeting USP18 have been reported.

An interesting compound class reported to act as (semi)-
reversible covalent DUB inhibitors are compounds equipped
with a cyanimide moiety. This group of compounds was
initially identified as targeting cathepsins, where they react
with an active site cysteine residue, resulting in the forma-
tion of an isothiourea adduct. Cyanimides are remarkably
stable under physiological conditions; they do not easily
react with alcohols and amines,[28] and they are stable
toward free cysteine and glutathione,[29] indicating minimal
change in unspecific reactions in a cellular environment. In
particular, compounds having the cyanopyrrolidine scaffold
or derivatives thereof have been identified as potent DUB
inhibitors. For example, compounds 1–4 (Figure 1) were
reported as nanomolar inhibitors of USP30,[30] and compound
5 (Figure 1) was reported as a UCHL1 inhibitor.[31] This com-
pound class has now been designated as “DUB-privileged”,
which is underscored by the reporting of several cyan-
imide inhibitors for different DUBs, including UCHL1,[32–35]

USP7,[36] Cezanne,[37] JOSD1,[38] and some that display
broad-spectrum DUB inhibition.[39,40] Because the DUBs
targeted by these cyanimides are structurally diverse and
belong to different subfamilies, this compound class offers
great potential for inhibiting many other DUBs. We reasoned
that the large-scale production of thousands of compounds
equipped with a cyanimide-based warhead, in combination
with DUB activity screens, would yield novel cyanimide DUB
inhibitors. This provided us with a unique opportunity for our
envisioned high-throughput in-plate synthesis coupled to HTS
strategy. We here present the Echo-mediated miniaturized
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synthesis of a library containing 7536 cyanimides in 1536
well plates. The subsequent HTS on a panel of 12 DUBs
and UbL proteases identified several hits for different DUBs.
Re-synthesis, validation, and chemical optimization of two
of these hits resulted in the development of a first-in-class
inhibitor for ISG15 protease mUSP18 with 35 nM potency
in vitro. This compound, BB07CA902, showed full mUSP18
specificity amongst a panel of 41 DUBs, and we showed this
inhibitor to be active in cells, as it increased cellular protein
ISGylation by inhibiting mUSP18. With our technology, we
enabled the efficient preparation of large DUB-targeted
cyanimide-based libraries, which will accelerate future DUB
inhibitor development.

Results and Discussion

Although compounds 1–4 were reported as potent inhibitors
of USP30 and compound 5 to target UCHL1 (Figure 1), no
data on cross-reactivity with other DUBs were disclosed.[30,31]

To gain insights into the selectivity and inhibitory potency
of compounds 1–5 toward DUBs other than their respective
targets, the compounds were synthesized, purified, and sub-
jected to IC50 determination on a small panel of DUBs from
different DUB families (Figures 1, S1). This panel included
five proteases from the USP family, two from the UCH
family, and one OTU. The IC50 values were determined in a
well-established biochemical activity assay using the fluoro-
genic substrate Ub-Rho-morpholine.[33] For USP18, which is
unreactive to Ub but specific for ISG15, we used the ISG15CT-
Rho-morpholine (consisting of the C-terminal domain of
ISG15) substrate to monitor its activity (see Supporting
Information for preparation of this substrate). Reported
UCHL1 inhibitor 5, with an inverted amide bond compared
to the other compounds, indeed potently inhibited UCHL1
and showed about 20–40 fold less potency toward USP18 and
USP30 (Figure 1). Other DUBs were not significantly inhib-
ited by compound 5. Compounds 1 and 2 not only showed
nanomolar potency toward their target USP30, but also
toward USP18 and USP32, while leaving the activity of other
DUBs largely unchanged. Interestingly, compounds 3 and
4, comprising an identical (R)-3-amino-1-cyanopyrrolidine
moiety, proved much less potent, with only compound 4 show-
ing potent USP30 inhibition. These findings highlight that
small modifications on these types of cyanimide inhibitors,
such as altering the amide orientation or carboxylate side,
can significantly affect the potency and selectivity of DUB
inhibition. We therefore opted to exploit this observation to
develop more potent and DUB-selective inhibitors.

Rather than going through a laborious, time-consuming
endeavor of synthesizing, purifying, and testing individual
compounds, we adopted a more efficient, high-throughput-
based synthesis strategy, which encompassed reaction minia-
turization by in-plate synthesis, as outlined in Figure 2a. The
key component of this strategy is the Echo acoustic liquid
dispenser. The approach was as follows: DMSO solutions of
reagents and reactants are transferred from Echo-compatible
source plates and combined in new plates (the destination
plates), where the product-forming reactions take place.

These plates then serve as the compound library plates for
HTS. The resulting crude mixtures of the newly formed
compounds are subsequently transferred to multiple copies
of assay plates for DUB inhibition screening. To ensure
effectiveness, this strategy needs to meet certain criteria:
the chemical reaction should work in DMSO, be efficient,
high-yielding, and proceed without significant side-product
formation, all while avoiding reagents that might interfere
in subsequent (biochemical) assays. Retro-synthetically, the
target cyanimide inhibitors can be formed through an amide
coupling between a cyanimide moiety-containing amine and
a carboxylic acid (Figure 2b). This well-established, often
high-yielding amidation reaction can be executed in DMSO,
making it well-suited for the in-plate synthesis strategy.
To optimize the amidation procedure, we tested several
reaction conditions for synthesizing model compound 3 in
DMSO, by varying different coupling reagents, bases, and
the molar ratios between reactants and reagents (Figure 2c
and Supporting Information). Reactions were monitored by
LC-MS analysis, and the optimal reaction conditions were
chosen based on the degree of consumed amine, highest
product formation, and the least amount of undesired side
product formation. The best results were achieved using
1 equiv. amine, 5 equivs carboxylic acid and 5 equivs of
a combination of N,N’-diisopropylcarbodiimide (DIC) and
1-hydroxybenzotriazole (HOBt) (Figures 2d, S2).

After optimizing synthesis conditions, we proceeded with
a first in-plate synthesis attempt (Figure 3a). We selected
89 carboxylic acids from our in-house collection, ensuring
that they lacked any moiety that could interfere with the
amide coupling reaction. Additionally, 16 cyclic cyanimide
amine building blocks were synthesized in-house from readily
available cyclic diamines (for details, see Supporting Informa-
tion). This panel (Figure 3b) was designed to cover a broad
range of cyanimide reactivity by for example varying the ring
size (BB01, BB04, and BB05) and amine location (BB02,
BB04, and BB11), by including electron-withdrawing moieties
(BB13, BB15), and by using multicyclic systems (BB06, BB07,
BB12, and BB14). For the initial test, we combined the 89
carboxylic acids with seven cyanimide building blocks (BB1-
4 and BB6-8) in two 384-well low-dead-volume (LDV) Echo
plates (final volume was 10 µL per well), pre-charged with
DIC/HOBt in the above-described ratios and using the plate
layout as shown in Figures 3c, S3. The success rate of the in-
plate synthesis was assessed by LC-MS analysis. Out of 623
potential newly formed compounds, 274 compounds (44%)
were evaluated by LC-MS analysis and labelled according to
the quality of product formation as depicted in Figures 3c,
S3. Product formation was confirmed for 232 compounds,
resulting in a success rate of ∼85%. Encouraged by these
results, we aimed to expand the library and concomitantly
reduce the reaction volume. As such, we purchased an
additional 382 carboxylic acids, taking into account the
previously set requirements (see Supporting Information for
a detailed description of the selection criteria), bringing the
total to 471 carboxylic acids (CA1-471), and combined them
with the full panel of 16 cyanimide amines (BB1-16) in a
1536-well format with a total volume of 2.5 µL per well.
This resulted in the theoretical formation of 7536 unique
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Figure 2. Echo synthesis set-up and reaction conditions optimizations. a) Schematic representation of in-plate Echo synthesis coupled to
high-throughput screening strategy. Reactants are transferred from “Echo source” to “Echo destination” plates by acoustic liquid transfer. Formed
crude products are then transferred by acoustic liquid transfer to assay plates for high-throughput screening. b) Retro-synthesis of a representative
target compound. The compounds are formed through an amide coupling between a carboxylic acid (CA) and the cyanimide-containing amine
building block (BB). c) Model reaction used to optimize reaction conditions and explanation of compound numbering: Compound ID’s are unique
combinations of the amine (BB number) and carboxylic acid (CA number). d) HPLC analysis chromatogram (UV trace) of the model reaction shown
in panel C under optimized conditions (BB 1 equiv., CA 5 equiv., DIC 5 equiv., HOBt 5 equiv., 10 mM (BB) in DMSO, room temperature, overnight).

compounds distributed over five 1536-well plates as outlined
in Supporting Information Figure S4. This time, the product
formation assessment by LC-MS analysis was performed
using a so-called hockey stick or checkmark approach, which
involves diagonally scanning through the plate to cover all
rows and columns. For each plate, a different “hockey stick”
pattern was chosen to avoid analyzing the same wells from
every plate. Similar to the 384 well-plate, this analysis also
indicated an overall success rate of ∼85% (Figures 3d, S5, S6).

Since the in-plate synthesis was conducted in 1536-well
Echo plates, the compounds could readily be transferred from
these plates into 1536-well assay plates using acoustic liquid
dispensing (Figure 2a) and subjected to HTS. We screened
the whole 7536 compound library against a panel of twelve
enzymes, including three DUBs from the UCH family, two
DUBs from the OTU family, five DUBs from the USP family,
plus ISG15 protease USP18, and SUMO protease SENP1.
Each compound was tested at a single dose of 1.25 µM,
assuming full conversion (10 mM in DMSO of the formed
products) during the in-plate synthesis, using the fluorogenic

assay described above. For each compound, the percentage
inhibition was calculated after normalizing the data to the
positive (10 mM NEM, 100% inhibition) and negative
(DMSO, 0% inhibition) controls (Supplementary Data 1).
The heatmap in Figure 4a shows the percentage inhibition
of each compound for each of the tested enzymes. The
compounds are sorted by the amine building blocks (BB1-
16), and within each BB, sorted by carboxylic acid (CA1-471),
thereby providing a comprehensive and systematic overview
of the overall inhibition by each BB and CA combination.
Some interesting patterns can be obtained from this map.
DUBs from the UCH family are hardly inhibited by these
compounds, with the only exception of the BB10-derived
compounds efficiently targeting UCHL1. Indeed, BB10 is
the privileged scaffold for UCHL1 as it originates from
UCHL1 inhibitor 5 (Figure 1). Other DUBs, like OTUB2,
USP8, USP16, USP24, and SUMO protease SENP1, were
generally not inhibited, although a few compounds showed
activity against some of these enzymes. On the other hand,
OTUD1 and USP32 show a much higher hit rate, and this
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Figure 3. In-plate Echo synthesis of a library of 7536 cyanimide screening compounds. a) DMSO solutions of 471 carboxylic acids (CA) and 16 amines
(BB) were transferred from 384-well Echo plates and combined and treated with DIC/HOBt coupling reagent in DMSO in Echo plates, resulting in a
compound library of 7536 compounds. b) Overview of the in-house prepared 16 cyanimide-containing amines with their corresponding BB
identification number. c) LC-MS analysis of the first-generation compound library in 384-well format. All compounds from two quadrants in the plate
were analyzed as indicated. d) LC-MS analysis of the second-generation compound library in 1536-well format. A representative number of
compounds covering all rows and columns in the plate were analyzed as indicated. c),d) Colors represent product quality. Green: main product
formation with (almost) no side products; yellow: medium product formation with some side products observed; red: little product formation or no
product observed; grey: not analyzed.

is even more pronounced for USP30 and ISG15 protease
mUSP18, each showing many active compounds distributed
over several BB’s. Interestingly, BB1 (derived from com-
pounds 1–4, Figure 1), but not its enantiomer BB3, yielded
many inhibitors for mUSP18, USP30, and USP32, indicating
a stereochemical preference for the (R) configuration of
the 3-aminopyrrolidine moiety. USP30 showed an elevated
preference for BB9, which can be considered as an extended
version of BB1, as nearly all compounds derived from this
BB acted as USP30 inhibitors. The individual BB’s were also
taken along in the screens (plate NCN-5, see Figure S4), which
revealed no significant inhibition of any of the enzymes. In

line with the above-described findings, the only exceptions
were BB9 and BB10, which showed ∼35% inhibition of
USP30 and UCHL1, respectively (Supplementary Data 1).

To validate our method, we included the components
forming compound 1 (Figure 1), here BB01 and CA66, in the
high-throughput synthesis. The inhibition data for this crude
compound, BB01CA66, (e.g., ∼90% inhibition of USP30
and mUSP18; Supplementary Data 1), were in line with the
inhibition obtained for the pure compound 1 (Figure 1),
indicating effective formation of the compound through
in-plate synthesis. To evaluate potential inhibition by the
individual CA’s and interference from the coupling reagents,
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Figure 4. High-throughput screening results and USP18 hits validations. a) Heatmap representing the percentage inhibition of each of the 7536
compounds (1.25 µM final concentration) on 12 Ub(-like) proteases. b) Heatmap representing the percentage inhibition of two USP18 screening hits.
Color gradient as in panel A. c) Structures of the USP18 screening hits. d) IC50 curves showing the dose-dependent inhibition of USP18 by the two
screening hits. Hits were cherry-picked directly from the library plate (crude, solid lines) and re-synthesized and purified (re-synthesis, dashed lines)
for testing. IC50 values shown below the graph were obtained with the pure compounds (mean ± SD n = 3; error bars are too small to be displayed).

we screened all CA’s and controls (DMSO and NEM) with
and without DIC/HOBt on mUSP18 (Supplementary Data
1). This revealed that DIC/HOBt did not inhibit mUSP18
and that only five CA’s (e.g., CA96, 245, 302, 391, and 392,
each containing a pyrrole moiety) could inhibit mUSP18.
Therefore, any hit compound derived from any of these five
CA’s should be handled with caution.

Instead of focusing solely on potency, we sought enzyme-
specific inhibitors. In this regard, our attention was drawn
toward two compounds that specifically inhibited ISG15 pro-
tease mUSP18, both derived from bicyclic cyanimide BB7, a
BB that hardly yielded any actives overall. USP18 counteracts
the host’s viral defense by deconjugating ISGylated proteins.
As such, a USP18 inhibitor may serve as a starting point for
the development of antiviral agents. The crude mixtures of
BB07CA28 and BB07CA48 showed 95% and 75% inhibition
of mUSP18 activity, respectively, and a negligible inhibition
of all other enzymes tested (Figure 4b,c). To confirm that
the inhibition could indeed be attributed to the compounds,
we synthesized, purified and characterized both compounds,
and subjected them to IC50 determinations, along with their

corresponding in-plate prepared crudes. This showed both
compounds to be potent mUSP18 inhibitors (Figure 4d) with
IC50 values in the nanomolar range, and confirmed their
selectivity over USP30 (IC50 of 13–17 µM, Figure S7). As
expected, the pure compounds were more active than the
crude ones, most likely because the actual concentration of
the in-plate prepared compounds was lower than the assumed
concentration (e.g., 10 mM stocks based on 100% conversion).
Together, these results demonstrate the feasibility of our
high-throughput synthesis-coupled-to-screening strategy.

We further explored the potential of our mUSP18 hits.
With BB07CA28 being the more potent inhibitor, we initially
conducted a small chemical optimization of this compound
with respect to the substituents on the aromatic moiety.
This yielded compound BB07CA902, having the bromide
in BB07CA28 replaced by an isopropyl group, as the most
potent mUSP18 inhibitor with an IC50 value of 35 nM
(Figure 5a,b). Its stereoisomer, BB06CA902, showed a >300-
fold reduction in potency, making it an appropriate negative
control compound for future biological experiments. Based
on previous data, these cyanimides likely bind to mUSP18 in
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Figure 5. Biochemical characterization of improved USP18 inhibitor. a) Structures of improved USP18 inhibitor and inactive control compound. b)
IC50 determination of USP18 inhibitor and its negative control, (mean ± SD n = 3). c) Deconvoluted mass spectra of USP18 before (orange) and after
(blue) reaction with BB07CA902. d) kobs plot to determine the kinetic parameters of covalent USP18 inhibition by BB07CA902, (mean ± SD n = 3). e)
Commercial DUB inhibition screen using a Ub-Rho activity assay with BB07CA902 (250 nM final compound concentration), n = 1. Data for mUSP18
inhibition was generated separately in an ISG15CT-Rho activity assay using the same buffer, compound concentration, and 30 min incubation time.

a covalent manner. Indeed, intact protein mass spectrometry
analysis confirmed the formation of a covalent stoichiometric
mUSP18-BB07CA902 complex, showing a mass difference
of 311 Da, which corresponds to the addition of exactly
one molecule of BB07CA902 (Figures 5c, S9). Enzyme
kinetics measurements showed that BB07CA902 covalently
inhibits mUSP18 with an enzyme inactivation rate (kinact)
over inhibition constant (Ki) ratio (kinact/Ki) of 4646 M−1s−1

(Figure 5d), thereby outperforming the initial screening hits
BB07CA28 and BB07CA48. (Figure S9). These experiments
also showed that the type of reducing agent present in the
buffer (e.g., cysteine or TCEP) to keep the USP18 active
site cysteine in a reduced state did not significantly affect the
inhibitory potency.

To gain further insights into the selectivity of BB07CA902
for mUSP18, the compound (250 nM concentration) was
tested on a DUB panel comprising 41 different recombi-
nant DUBs, including 22 from the structurally related USP
family. Strikingly, none of these DUBs was inhibited by the
compound, whereas it showed a near complete inhibition of
mUSP18 at the same concentration (Figure 5e). In addition,
the unrelated cysteine protease papain was only inhibited at

an IC50 value of 27 µM, which was similar for both screening
hits (Figure S7). Thus, BB07CA902 is a highly potent and
selective covalent mUSP18 inhibitor. The compound proved
to be less potent toward human USP18, which was inhibited
at an IC50 value of 1.2 µM (Figure S7).

To assess the cellular target engagement and cell perme-
ability of these inhibitors, we performed activity-based pro-
tein profiling. Live HEK293T cells transiently overexpressing
Flag-mUSP18 were treated with increasing concentrations
of screening hits BB07CA28 and BB07CA48, optimized
inhibitor BB07CA902, and its inactive control BB06CA902.
Following washing and cell lysis, cell extracts were incubated
with a Rhodamine-tagged murine ISG15 C-terminal domain
propargylamide activity-based probe (Rho-mISG15ct-PA),
which covalently labels the active site cysteine of active deIS-
Gylating enzymes.[41] The labelled enzymes were resolved
by SDS-PAGE and imaged by in-gel fluorescence, where
inhibition of USP18 is reflected by disappearance of the
USP18-probe-labelled bands around 55 kDa (Figures 6a,
S11A). All three inhibitors engaged with cellular mUSP18 in
a dose-dependent manner, with BB07CA902 and BB07CA28
showing efficient inhibition already at 1 µM concentration. In

Angew. Chem. Int. Ed. 2025, 64, e202510941 (7 of 11) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 6. Inhibition of murine USP18 activity in living cells. a) Gel-based
ABPP potency assessment using a Rho-mISG15ct-PA probe in HEK293T
cells overexpressing Flag-mUSP18. At 24 h following transfection, cells
were incubated with DMSO or increasing concentrations of indicated
inhibitors for 4 h, lysed, and treated with Rho-mISG15ct-PA probe. Top
panel: fluorescence scan. Middle panel: anti-Flag western blot. Bottom
panel: anti-GAPDH western blot confirms equal loading. b)
Accumulation of ISGylation in mouse IFN-β-stimulated EL4 cells. At
24 h following mouse IFN-β treatment, cells were incubated with DMSO
or increasing concentrations of indicated inhibitors for 4 h, lysed, and
treated with Rho-mISG15ct-PA probe. Top panel: anti-mISG15 western
blot. Middle panel: fluorescence scan. Bottom panel: anti-β-actin
western blot confirms equal loading.

line with the IC50 results, BB07CA48 was less potent, showing
evident inhibition between 1 and 10 µM, while inhibition
by control compound BB06CA902 was only observed at
the highest dose of 100 µM. The in-cell selectivity of
these inhibitors for USP18 over DUBs was confirmed in a
similar ABPP experiment using a Rhodamine-tagged ubiqui-
tin propargylamide probe (Rho-Ub-PA),[42] which labels the
active site cysteine of all active cysteine DUBs. None of the
compounds showed any DUB inhibition up to 10 µM. Only
at 100 µM, a few DUBs showed a diminished probe-labelled
DUB band (Figure S10A).

Ultimately, we were interested in whether USP18 inhibitor
treatment could result in a relevant phenotype in cells. USP18
is the major deISGylase to remove ISG15 from target pro-

teins, and genetic inactivation of USP18 isopeptidase activity
leads to enhanced ISGylation in vivo and in cells.[26] We
therefore examined whether the USP18 inhibitors enhance
cellular ISGylation. Accordingly, EL4 cells were stimulated
with IFN-β to induce the ISG15 machinery, prior to treatment
with the inhibitors. After cell lysis and SDS-PAGE, ISGylated
proteins were stained by immunoblotting with an ISG15
antibody (Figure 6b, top panel). Strikingly, treatment with
BB07CA902 or BB07CA28 significantly elevated cellular
ISGylation in a dose-dependent manner, and a maximum
accumulation of ISGylation reached 10 µM, while the inac-
tive control BB06CA902 hardly affected ISGylation, even
at 100 µM. To confirm inhibition of endogenous USP18
in these experiments, samples were post-lysis treated with
Rho-mISG15ct-PA probe. Fluorescence scanning after SDS-
PAGE indeed showed a dose-dependent decrease of the
endogenous USP18 probe-labelled bands upon treatment
with both inhibitors (Figure 6b, middle panel, Figure S11B).
Notably, inhibitor treatment of IFN-β stimulated EL4 cells
did not lead to attenuated DUB activity as revealed by
post-lysis incubation of the samples with Rho-Ub-PA DUB
probe (Figure S10B). Altogether, these results show that
selective inhibition of endogenous USP18 by BB07CA902
and BB07CA28 causes increased cellular ISGylation in IFN-
stimulated EL4 cells. A similar ISGylation assay in human
IFN-β-stimulated SUP-T1 cells revealed no accumulation of
ISGylation upon treatment with BB07CA902, which shows
that the compound does not inhibit human USP18 in cells
(Figure S12).

In addition to its protease function, USP18 also acts as
a negative feedback regulator of type I IFN signaling by
forming a complex with STAT2, which binds the IFNAR and
counteracts proximal signaling. We tested whether our USP18
activity inhibitor could also affect USP18’s nonenzymatic
function using our recently developed NanoBRET assay to
monitor the interactions of USP18 with STAT2 and ISG15.[43]

HEK293T cells expressing NanoLuc (NLuc) luciferase-fused
USP18 and HaloTag-fused ISG15 or STAT2 were treated
with increasing concentrations BB07CA902 and BB06CA902.
The in-cell mUSP18/ISG15 interaction was inhibited by
BB07CA902 in a dose-dependent manner, resulting in an
IC50 of 2.0 µM, whereas control compound BB06CA902
did not show any inhibition (Figure S13). On the other
hand, the mUSP18/STAT2 interaction was hardly affected by
BB07CA902, with only a small 20% decrease in BRET signal
at the highest compound concentration (10 µM). Potential
nonspecific effects were excluded by assessing the interaction
of a p53-MDM2 negative control pair, and a cell viability
assay confirmed that BB07CA902 was not toxic to the cells
(Figure S14). In line with the obtained results for human
USP18, we did not observe any inhibition of the interactions
of hUSP18 with ISG15 and STAT2 (Figure S15).

Conclusion

One of the prerequisites for a successful screening campaign
is the availability of an appropriate compound library.
Specifically, the use of a targeted compound library can

Angew. Chem. Int. Ed. 2025, 64, e202510941 (8 of 11) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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increase the chances of obtaining suitable hit compounds,
which would be especially beneficial for DUBs and UbL
proteases, as they are known to be highly challenging to
target. Here, we developed a high-throughput synthesis
methodology that enabled the highly efficient preparation of
a 7536-member DUB-targeted cyanimide compound library
for direct application in high-throughput screening. Key to
our approach is the use of acoustic liquid transfer, using
an Echo acoustic liquid handler, to rapidly combine small,
microliter volumes of different reaction components in a
1536-well plate. There are some major advantages of this “in-
plate synthesis” over conventional methods. Each well in the
1536-well plate represents a single reaction, which allows for
a rapid production of large compound sets. The volume per
reaction is kept small (2.5 µL), resulting in very small required
amounts of reactants and reagents and a concomitant cost
reduction. As the compounds are directly prepared in Echo-
compatible plates, further handling can readily be achieved
by the Echo acoustic liquid dispenser, which we showcased by
conducting LC-MS quality control and by screening the entire
library against a panel of 12 Ub/UbL proteases.

In this study, we chose the amidation reaction for our
high-throughput synthesis because this reaction is compat-
ible with the cyanimide moiety in the target compounds
and can be conducted in DMSO, the default solvent for
acoustic dispensing and high-throughput screening. Recently,
the amidation reaction was successfully applied for the in-
plate synthesis and direct screening of a chloroacetamide
compound library targeting DUBs from the OTU family.[44]

But in-plate synthesis is not limited to amidation, and other
chemistries have been reported, including Ugi multicompo-
nent reactions and catalyzed reactions of diazo compounds,
either in combination with Echo acoustic dispensing[10–15] or
using other means of liquid transfer.[45,46] Although the in-
plate strategy allows for a rapid production of thousands of
compounds, a compromise had to be made on the compound
purity as the scale (e.g., many compounds in small amounts)
does not allow for purification. We tackled this problem by
optimizing reaction conditions, allowing for a high conversion
with little side-product formation, and by using reagents
that do not interfere with the screening assay. Despite these
efforts, a complete formation of all library compounds is
hard to accomplish, and indeed, our MS analysis revealed a
∼85% success rate over several plates. This underscores the
importance of an appropriate validation of any screening hit
to eliminate false positives. Nevertheless, the confirmation
after re-synthesis of both mUSP18 hits (BB07CA28 and
BB07CA48), as well as our results for USP30 inhibitor
BB01CA66/compound 1, taken along as control, prove the
validity of our strategy.

We identified two screening hits for mUSP18, the main
protease for Ub-like protein ISG15. Optimization of these
hits resulted in the development of the nanomolar active,
covalent inhibitor BB07CA902, which we showed to selec-
tively target mUSP18 amongst a panel of 41 recombinant
DUBs, including 22 from the structurally related USP
family. This mUSP18 selectivity was also observed in cells,
and we showed a significant increase in cellular protein
ISGylation by inhibiting mUSP18. ISGylation plays a critical

role in antiviral response by modifying either viral or host
proteins.[47] Genetic inactivation of USP18 enzymatic activity
in cells or (USP18C61A/C61A knock-in) mice leads to enhanced
ISGylation upon IFN-β stimulation, and elevated ISGylation
is accompanied by increased viral resistance against vaccinia
virus, influenza B virus, and coxsackievirus infections.[26,27]

Moreover, the level of ISG15 and ISGylation is found
to be enhanced in many cancer cells; however, the role
of ISGylation in antitumor or protumor function in cell-
based studies is controversial.[48,49] An in vivo study using
immunocompetent mice provided evidence for a tumor-
suppressor function of the ISG15-ISGylation network in
breast cancer. Polyomavirus mT-induced breast tumor growth
was found to be enhanced in ISG15 E1 enzyme Ube1l-deleted
(KO) mice, and suppressed in USP18C61A/C61A mice.[50] These
studies indicate that USP18 is a promising target in antiviral
and potential antitumor treatment. Our USP18 inhibitors can
be a good starting point to test USP18-targeted therapeutic
hypotheses in mouse models and serve as a valuable research
tool to further investigate USP18’s function, regulation, and
biochemical mechanisms.

In summary, we developed a highly efficient method for
the high-throughput synthesis of large compound libraries,
making use of acoustic dispensing, which can be directly
used for high-throughput screening. The as such created
7536-member DUB-targeted cyanimide library can easily
be expanded, simply by increasing the number of amines
and carboxylic acids, but already yielded potent and selec-
tive inhibitors for mUSP18, which were shown to increase
ISGylation in cells. We believe that our high-throughput
synthesis-to-screening method will open new opportunities
for the swift preparation and screening of targeted compound
libraries, which will accelerate future drug development
programs.

Supporting Information

Supporting Information containing Supplementary Figures,
experimental procedures, compound synthesis and character-
ization data is provided as a separate file (PDF). Information
and screening data of the compound library is provided as
a separate file (Excel, Supplementary Data 1). A list of all
carboxylic acids (CA) structures used for library synthesis is
provided as separate files (Excel and PDF, Supplementary
data 2).
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