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Activity-based probes (ABPs) are covalent chemical tools that are
widely used to target proteases in chemical biology. Here, we
report a series of novel ABPs for the serine protease furin with
phosphonate and phosphinate esters as reactive electrophiles. We
show that these probes covalently label furin and have nanomolar
potencies, because of proposed interactions with the different
recognition pockets around the active site of furin.

Introduction

Proprotein convertases (PCs) are serine proteases of the subtili-
sin/S8 family." They are type I transmembrane proteins that
carry their protease domain extracellularly or in the lumen of
the organelle. PCs occur in the secretory pathway and cleave
their substrates in the Golgi, secretory granules, endosomes, at
the cell surface or extracellularly. They are involved in the acti-
vation of proproteins and prohormones, and sometimes in the
inactivation of proteins.

The human genome codes for nine PCs, of which furin is
probably the most well-known member. Furin participates in
many physiological functions including the processing of cyto-
kines, growth factors and receptors.” Interestingly, it is
involved in various aspects of carcinogenesis, including
increased cell proliferation, angiogenesis, metastasis and
immune evasion.’> Furthermore, furin contributes to entry of
respiratory viruses such as SARS-CoV-2 by processing the viral
spike protein, which binds to the human ACE2 receptor.”

The substrate specificity of furin (see Fig. 1a for general
nomenclature) comprises Arg-Val-Arg/Lys-Arg in the P4-P1 posi-
tion of its substrate. This has formed the basis for the design
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and synthesis of many peptide-based inhibitors, both covalent
and non-covalent.” Because furin inhibitors have potential as
therapeutic drugs in the treatment of several human diseases,’
tools to monitor furin or PC activity in complex proteomes will
aid characterization of cellular or in vivo inhibition, or may even
find future use as diagnostic tools. Furthermore, it may contrib-
ute to our understanding of the complex trafficking of PCs from
the secretory pathway to the cell surface and back. In order to
detect active furin and potentially track its location, we started a
research program to develop activity-based probes (ABPs) for
covalent labelling of furin.

ABPs are mechanism-based small molecule probes that co-
valently react with the active site residue of enzymes. They have
been particularly useful for the investigation of proteases.®’
Generally, ABPs are assembled by the combination of three parts
(Fig. 1b): (1) perhaps the most crucial element is the reactive elec-
trophile, sometimes referred to as ‘warhead’. The warhead
engages in a mechanism-based reaction with the active site
nucleophile of a protease and results in covalent bond formation.
The nature of the reactive electrophile determines whether a
cysteine or serine protease is targeted. (2) A linker that acts as
specificity element. This is usually a peptide derived from the
substrate specificity of the target protease. (3) A tag, for example
a fluorophore, a biotin, or biorthogonal group such as an alkyne
amenable to click chemistry. It is used for detection of the
covalent probe-protease complex.

For furin, a limited number of irreversible electrophilic
inhibitors have been reported from which ABPs may be
derived. They include the chloromethylketone®® and diphenyl
phosphonate'® electrophiles (Fig. 1c). To the best of our knowl-
edge, in 2016 Ferguson et al. reported the only ABP for furin
thus far, with a phosphonate ester as warhead.'® Recently, our
group synthesized and applied a series of novel phosphinate
ester ABPs for the S1 family of serine proteases, particularly
the neutrophil serine proteases.'™'? Here, we explore whether
phosphinate esters can be exploited as ABPs for the S8 family
of serine proteases. Specifically, we report a series of new
furin-targeting ABPs with different peptide elements and phos-
phinate or phosphonate esters as warhead.
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Fig. 1 Proteases and activity-based probes. (a) Proteases recognize
substrates by using pockets around the scissile bond. The nomenclature
of the pockets is S1, S2, etc. on the N-terminal side of the scissile bond,
and S1' etc. on the C-terminal side. The substrate side chains are named
similarly: P1, P2 etc. on the N-terminal side and P1" etc. on the
C-terminal side. (b) The three elements that make up an ABP: a tag
(lamp) that enables detection, a recognition element (peptide linker) for
selectivity, and a warhead (fishhook) that covalently binds the target
enzyme. (c) Different covalent inhibitors for furin: chloromethylketones
react first with active site serine S368 and subsequently alkylate histidine
H194. Diphenyl phosphonates react with the active site serine of serine
proteases, giving rise to a phosphonate ester. Upon ‘ageing’ the second
phenyl ester is hydrolysed. Phenyl phosphinates also react with the
active site serine, but cannot undergo a second hydrolysis reaction.

Results and discussion
Probe design & synthesis

Furin prefers a basic amino acid side chain in the P1 position.
In order to determine which side chain would be optimal in
P1, we selected the reported diphenyl phosphonate building
blocks 1-3 (Scheme 1a), which were synthesized as reported
before (Scheme S11)."*”"” These building blocks were then
coupled with the tripeptide hexynoyl-Arg-Val-Arg-OH to yield a
first probe set (10-12; Scheme 2). Preliminary labelling of
furin revealed that the Arg side chain was most optimal
(Fig. S1t). We therefore chose this side chain for the synthesis
of all subsequent phosphinate-based ABPs. To this end, we
first synthesized phosphinate ester 9 (Scheme 1b). The syn-
thesis of building block 9 started with the reported aldehyde 4,

This journal is © The Royal Society of Chemistry 2023

View Article Online

Communication

a)
NBoc
BocN NHBoc
Y NHBoc BocHN™ “NH
NH
?Phoph ?P%Ph ?P%Ph
H,N ”/ H,N ﬁ/ H,N ﬁ/
10 20 3 0
b) NPhth NPhth NPhth
i i i
I:|’h OH I:|‘h OPh
NS
¢} CbzHN |P|/ CbzHN |P|/
4 5 6
BOCNYNHBOC HNYNHZ
NH, NH NH
iv v
Ph Ph Ph
| _OPh |_OPh |_OPh
CbzHN |P| CbzHN ﬁ H,N II9|
e}
7 8 9

Scheme 1 Phosphonate and phosphinate reactive electrophile war-
heads. (a) Chemical structures of the used diphenyl phosphonate build-
ing blocks of Arg (1), Lys (2), and p-guanidino-phenylglycine (3), an Arg
mimic, synthesized as reported before.’®72® (b) Synthesis of the Arg
phenyl phosphinate building block 9, (i), CbzNH,, dichlorophenylphos-
phine, acetonitrile, 58%; (ii), DIC, DMAP, PhOH, toluene, 84%; (iii),
H>NNH>:-H;0, in i-PrOH, 69%; (iv) 1,3-di-Boc-2-methylisothiourea, EtzN,
HgCl,, yield 68%; (v) 33% HBr/AcOH.

obtained from Swern oxidation of Phth-protected 4-amino-1-
butanol."® The phosphinate scaffold was made from com-
pound 4 with benzyl carbamate and dichlorophenylphosphine.
The latter reagent was chosen, because earlier research by our
laboratory had indicated that a phenyl group attached to the
phosphor atom was necessary for sufficient reactivity with the
active site serine.'” This 3-component reaction led to for-
mation of compound 5 in 58% yield. Compound 5 was sub-
sequently esterified with phenol under influence of DIC and
DMAP to give compound 6. Free amine 7, obtained after
removal of the Phth protecting group was guanidinylated by
using 1,3-di-Boc-2-methylisothiourea and HgCl,, yielding
building block 8. We found that removal of the Cbz group
under hydrogenation conditions with palladium on carbon led
to hydrolysis of the phenyl ester. Therefore, the Cbz protecting
group was removed by 33% HBr-AcOH'® to yield the phosphi-
nate building block 9 (Scheme 1b).

Next, we coupled the Arg phosphonate and phosphinate
building blocks to various hexynoyl-labeled peptides in order
to complete our furin probes. We made use of the known furin
substrate specificity, which is reported as Arg-Val-Arg-Arg (P4-
P1) as well as information on previously reported furin inhibi-
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Scheme 2 ABP synthesis. N-Hexynoyl-capped tri- or tetrapeptides
were synthesized by standard Fmoc solid phase peptide synthesis. These
peptides were coupled in solution to building blocks 1, 2, 3 or 9.
Reagents and conditions: (i) HATU, collidine, DMF. (ii) 95% TFA, 2.5% TIS,
2.5% H,0. The structures of the final probes with their sequences in P5—
P1 and the substituent on the phosphor atom are summarized below
the general probe structure.

tors: an additional basic residue in the P5 position boosts
potency of non-covalent peptide-based inhibitors.>* Moreover,
replacement of the of the P2 Arg by Lys decreases in vivo tox-
icity in mice.*! For our final probe set 13-19, we therefore used
a peptide with Arg or Lys in the P2 position and an optional P5
element consisting of an Arg or a 4-aminomethyl-phenyl-
alanine non-natural amino acid (Scheme 2). The probes were
created by coupling the warhead building blocks to the hexy-
noyl-capped tri- or tetrapeptides, which were generated by
general solid phase peptide synthesis on chlorotrityl resin
(Scheme 2a). With this probe set in hand, we proceeded to
labeling experiments with recombinantly expressed furin.

Probe evaluation

To test labeling of furin by the obtained phosphonate and
phosphinate ABPs 10-19, we transfected HEK293T cells with a
plasmid coding for recombinant, flag-tagged furin.”* Because
furin is partially shed from the membrane, we concentrated
the serum-free conditioned medium and used this for our lab-
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elling experiments. Reactions were performed in an optimized
buffer containing 2 mM CaCl, (Fig. S2f). Treatment with
10 uM of probes 10-19 followed by click chemistry with a
TAMRA-azide fluorophore showed clear fluorescent bands at
the molecular weight of furin (Fig. 2a). This band was absent
in the dmso control, indicating no click chemistry back-
ground. Importantly, the bands diminished upon pretreatment
with Furin I inhibitor, a widely used active-site directed chloro-
methyl ketone based inhibitor (see Fig. S31 for structure), con-
firming the specificity of the probes for the active site.

To gain insight into the differences in potency of these
probes, we determined the apparent ICs, values using the
commercially available fluorescent Furin substrate Pyr-Arg-Thr-
Lys-Arg-AMC. In the phosphonate series, the pentapeptide
probes 13 and 14 were most potent, with ICEP values of 65
and 23 nM, respectively (Fig. 2b and Fig. S47}). Of all phosphi-
nates, the pentapeptide probe 18 was the most potent inhibi-
tor with an IC2*P value of 99 nM (Fig. 2b). When comparing
phosphonate probes and phosphinate probes carrying the
same peptide recognition element, the phosphonates display
an overall somewhat better inhibitory capacity than the
phosphinates.
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Fig. 2 Probe evaluation experiments. (a) Labeling of furin with probes
10-19. Pretreatment with Furin | inhibitor completely blocked labeling.
(b) ICégp determined by a serial dilution of probes 10-19 with measure-
ment of residual activity by a fluorogenic furin substrate. (c) Probe label-
ling by a titration series of probes 10-19. (d) Furin labelling in live
HEK293T cells expressing FLAG-tagged furin. Furin labelling appears as
a band at approximately 100 kDa. Note that the anti-FLAG western blot
reveals two furin bands, the upper being the proenzyme. Ponceau stain
as loading control is provided as Fig. S5.1
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Labeling of furin with a serial dilution of the probes fol-
lowed by click chemistry detection of the covalent complex
also revealed differences in the probe potencies (Fig. 2c). The
general trend matches with the ICs, differences, with ABP 14
being the phosphonate that most sensitively detects furin and
ABP 18 as the best phosphinate. Both were able to visualize
furin on gel at 16 nM probe concentration (Fig. 2c).

Before performing experiments on live cells, we evaluated
the probes for cytotoxicity. Fortunately, ABPs displayed no sub-
stantial negative effects on cell viability (Fig. S6T). We next per-
formed labelling of furin in live cells. To this end, HEK293T
cells, transfected to express recombinant furin, were incubated
with the different probes at 20 pM concentration. After cell
lysis using a buffer compatible with click chemistry, probe-
labeled furin was tagged with a TAMRA-azide fluorophore
under influence of copper(u)sulfate, sodium ascorbate and a
Cu' ligand. All probes, except probe 11, showed labelling of
furin, which appeared at a MW of approximately 100 kDa, in
contrast to shed furin, which misses the transmembrane
domain and has a lower molecular weight. Labeling intensity
shows a similar trend as on shed furin, with the most efficient
labelling for probes 13, 14 and 18 (Fig. 2d).

To obtain insight into the binding interactions of the new
phosphinate probes with the furin active site, we performed
covalent molecular docking with the most potent phosphinate
probe, 18. To this end, we used a reported crystal structure of
human furin in complex with a peptidomimetic inhibitor.>* To
minimize the amount of rotatable bonds during docking and
to maximize possible overlap with the co-crystallized inhibitor,
the P5 element and detection tag were removed from probe 18
prior to docking. The phosphinate building blocks have two
chiral centers: one at the a-carbon and one at the phosphor
center. We here only used the R-configuration at the a-carbon,
as this corresponds to the natural L-configuration of the
amino acid in the P1 position and constitutes the active
isomer as shown in previous studies.>® We only obtained a
good docking pose from an S-chirality at the phosphine center
(Fig. S71). We therefore propose that the RS isomer is likely
the (most) active species. Interestingly, a similar preference for
the RS isomer was suggested for S1 family serine proteases.”
Overall, probe 18, covalently bound to active site Ser368, fits
well into the substrate binding cleft (Fig. 3a) It displays very
good overlap with a crystal structure of a previously reported
active-site directed furin inhibitor (Fig. 3b).** The side chains
of the inhibitor make various interactions with the protein.
For example, the P1 Arg interacts with Asp258 and Asp306 as
well as various backbone atoms in the S1 pocket (Fig. 3c¢) and
the P2 Lys hydrogen bonds to Asp154 as well as a backbone
carbonyl (Fig. 3d). The phenyl group of the phosphinate
extends towards the primed site. Future extension of this sub-
stituent may lead to increased potency through interactions
with proximal side chains Arg298, Trp328 or Thr365 (Fig. 3e).
In conclusion, the docking reveals interactions with the furin
active site similar to those of other peptide-like inhibitors.

Lastly, we checked whether these probes also show activity
against other PCs. To this end, we determined ICAP values
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Fig. 3 Covalent docking results of phosphinate probe 18 in the active
site of furin (PDB code: 5JXH). The protein is displayed in cartoon mode,
probe and a few selected residues of the furin active site in stick model.
(a) Probe 18 (in cyan) with the furin protein as semi-transparent surface
reveals a good fit with the substrate binding cleft. (b) Overlay of the
docked structure with the original peptidomimetic inhibitor. Note the
good overlay in the P1, P2 and P3 site. (c) Close-up of the S1 pocket
with interactions of the arginine P1 with Asp258 and Asp306. (d) Close-
up of the S2 pocket shows interaction of the lysine P1 with Asp 154. (e)
Close-up of the primed site with residues indicated for potential future
interactions if the primed site is extended.

against PC1, a PC whose expression mainly occurs in neurons
and endocrine tissues. As for furin, we found that most of our
probes also display nanomolar potencies against PC1 (Fig. S8
and Table S1%), which is unsurprising in view of the similar
substrate specificities amongst the PCs.>®> Hence, the here
reported probes may also be used for labeling other PCs, and
future work may be directed towards obtaining higher probe
selectivity.

Conclusions

Here, we have reported the first pentapeptide phosphonate
ABPs and the first phosphinate-derived inhibitors and ABPs
for furin. Activity assays revealed that attaching a basic residue
in the P5 position increases the potency of the probes towards
human furin. Although in general the phosphonates had
higher potency, the best phosphinate, compound 18, still dis-
played an ICAP value of 99 nM, and could sensitively detect
furin by gel-based ABPP. Molecular docking experiments
suggest a good fit into the substrate binding cleft and possibi-
lities to extend the phenyl substituent on the phosphinate in
order to increase interactions with the furin primed site. With
the ability of these ABPs to covalently label furin at low concen-
tration and in live cells, we think that attaching fluorophores
to these molecules will result in probes compatible with fluo-
rescent microscopy. Conveniently, the phosphinates contain
one single leaving group to which potentially a fluorescent
quencher may be added, resulting in quenched fluorescent
ABPs,”®?” which may be amenable to live cell imaging. We
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therefore expect that the probes reported here hold promise as
powerful new tools for detection and imaging of active furin in
disease models.
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