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ABSTRACT: Metallocarboxypeptidases (MCPs) are involved in many biological processes such as fibrinolysis or inflammation,
development, Alzheimer’s disease, and various types of cancer. We describe the synthesis and kinetic characterization of a focused
library of 22 thiirane- and oxirane-based potential mechanism-based inhibitors, which led to discovery of an inhibitor for the
human pro-carboxypeptidase Al. Our structural analyses show that the thiirane-based small-molecule inhibitor penetrates the
barrier of the pro-domain to bind within the active site. This binding leads to a chemical reaction that covalently modifies the
catalytic Glu270. These results highlight the importance of combined structural, biophysical, and biochemical evaluation of
inhibitors in design strategies for the development of spectroscopically nonsilent probes as effective beacons for in vitro, in cellulo,
and/or in vivo localization in clinical and industrial applications.
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he human genome is reported to have about 600

proteases of which approximately 150 are believed to be
zinc-dependent.” These can cleave within a stretch of a
polypeptide (endopeptidases) or release amino acids from
either termini of the polypeptides (exopeptidases). Metal-
locarboxypeptidases (MCPs) excise one amino acid at a time
from the C-terminal end of the polypeptide substrates. These
enzymes had been historically considered important for
digestive functions, as exemplified by the now-classical
examples of the bovine pancreatic carboxypeptidases A and B.
This limited role for these enzymes has been refuted on the
basis of the genomic information and biochemical discoveries in
recent years.z’3 Now, MCPs are subdivided into the A/B
subfamily (M14A according to MEROPS), the N/E subfamily
(M14B), the y-p-glutamyl-meso-diaminopimelate peptidase I
(M14C), and the complex cytosolic carboxypeptidases, CCPs
(M14D).»> These enzymes are currently known to be
expressed in all tissues and likely have functions in maturation
of neuropeptides, hormones, and cytokines, in blood
fibrinolysis, in anaphylaxis, among others. A variety of MCPs
have been linked to human diseases such as acute pancreatitis,
type 2 diabetes, Alzheimer’s disease, and various types of
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cancer.”™"" Due to their proteolytic nature, MCP functions are

strictly regulated by means of controlled secretion, compart-
mentalization, substrate specialization, or expression as inactive
enzymes (zymogens), typically seen in the M14A subfamily.

Small-molecule inhibitors of various types have been
developed to target MCPs specifically; among them, there
has been considerable interest in irreversible mechanism-based
enzyme inhibitors.'”~"* These compounds are inert species that
bind to their respective target enzymes based on inherent
affinity designed into the molecular scaffolding. Upon binding,
a reaction leading to covalent inhibition irreversibly modifies
the enzyme active site limiting the opportunity for unwanted
cross-reactions. The prolonged longevity of the covalently
inhibited species confers to these compounds’ desirable
attributes as pharmaceuticals, imaging reagents, mechanistic
tools, and diagnostic agentsls’16

A few strategies for mechanism-based inhibition of zinc
proteases have been described in the literature.'>"’ ™" Two are
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based on the chemistries of oxiranes and thiiranes, whose
structural scaffolds dock into the S1” specificity pocket, typically
through a single amino acid side chain. The terminal
carboxylate, as a recognition element for the MCPs, is matched
by a positively charged amino acid on the part of the enzyme.
These interactions bring the heteroatoms in the thiirane or
oxirane into the coordination sphere of the zinc ion,
predisposing the compounds for covalent modification by an
active-site nucleophile, typically the catalytic glutamate of
MCPs (Scheme 1).>%*' The thiirane-based mechanism-based

Scheme 1. Recognition of a Polypeptide Substrate within the
MCPs Active Site (Top Panel; Boxed), Mimicked by That of
a Thiirane- or Oxirane-Based Inhibitors®
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“The metal-ion coordination chemistry is necessary for the onset of
covalent modification.

inhibitors may also lead to a reaction that generates a thiolate
within the active site, which results in tight-binding inhibition of
the target enzyme.'*"”

Inspired by the known inhibitors BEBA and BTBA, we
report herein the preparation of a focused library of 22 thiirane-
and oxirane-based potential MCP irreversible inhibitors (Figure
1). This library was first screened for inhibition of the activated
bovine caboxypeptidases A (bCPA) and B (bCPB). Then,
promising inhibitors were screened against the human
pancreatic CPA1 proenzyme (hproCPAl). In hproCPAl, the
prodomain is loosely capping the active site of the enzyme, and
small molecules can gain access to the active site. We identified
one compound, the racemic mixture of trans-4-methyl-2-
(thiiran-2-yl)pentanoic acid (11), as a covalent modifier of
the enzyme. We also report the X-ray structure of the
hproCPAl-inhibitor 11 complex at 1.8 A resolution, which
represents the first for a covalently inhibited zymogen. This
study provides for the first time structural evidence on the
capacity of low-molecular-weight compounds to diffuse into the
active site of a zymogen, as previously inferred from the
intrinsic activity of pro-CPs.”” It is important to note that the
inhibitor was prepared as a racemate, but only one enantiomer
was seen within the active site (discussed below).

Scheme 2 shows the general synthetic method for the
preparation of the library. The synthesis of oxiranes and
thiiranes began with alkylation of vinyl acetic acid with eight
different alkyl halides in moderate to good yields.”” The
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Figure 1. Library of synthetic oxiranes and thiiranes. Each compound
was synthesized as a racemic mixture.

Scheme 2. General Synthetic Scheme for the Preparation of
Compound Libraries
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racemic a-substituted f,y-unsaturated carboxylic acids were
esterified as methyl or benzyl ester by standard methodologies.
Epoxidation of the substituted 2-vinyl propanoate esters 25
provided the separable mixture of trans (26; major) and cis (27;
minor) epoxides.”* With the derivatives 26 in hand, the trans
oxiranes 1, §, 9, 13, 15, 17, 19, and 21 were obtained by
treatment with lithium hydroxide or hydrogenolysis over Pd/C.
However, treatment of derivatives 26 with thiourea, followed by
hydrolysis afforded the corresponding cis thiiranes 4, 8, and 12.
It is worth noting that conversion of the epoxide to the
corresponding thiirane occurs with inversion of configuration.”’
Similarly, syntheses of the cis oxiranes 2, 6, 10, and 14 and the
trans thiiranes 3, 7, 11, 16, 18, 20, and 22 were accomplished
from the derivatives 27 by the same strategy. All compounds
were prepared in racemic forms. Cognizant of the fact that only
the trans oxiranes and thiiranes have been shown to be active
against carboxypeptidases,”> we synthesized all the trans
analogues of these two families. Regardless, we also synthesized
some cis derivatives (from compounds 26 and 27) to test their
activity and to confirm that they are less active than the trans
ones.

The library was first screened against the commercially
available bovine CPA and CPB (see Supporting Information,
Table S1). The two aforementioned oxirane and thiirane
inhibitors for bCPA, compounds designated as BEBA and
BTBA,*' were also included as positive controls. The
observation of time dependence for inhibition by mechanism-
based inhibitors is a diagnostic criterion. As such, the screening
comprised a short (2 min) and a long (3 h) preincubation of
the compounds with the enzyme prior to activity assays. This
criterion identified 15 compounds that inhibited bCPA activity
(of which, incidentally, none inhibited bCPB; data not shown).
Based on the ICg, values that we evaluated (Table S1), six
compounds of the 15 (3, 11, 19, 20, 21 and 22) were selected
for further analysis with the human pancreatic CPA (hCPAl;
Table S2).

The inactivation reaction of hCPA1 by the above-mentioned
inhibitors could be represented by eq 1 in the Supporting
Information. The values of k., were calculated from plots of
In(v/v,) vs incubation time (see Supporting Information). The
parameters K*P and k;,,. for the process were obtained from
the plot of ky, vs [I] in a double-reciprocal fashion.*® The
kinetic parameters for hCPALI inactivation for all the selected
inhibitors are included in Table S2. All efforts in crystallization
of the activated human CPA1 (lacking the pro domain) in
complex with the selected inhibitors were not successful.
Hence, we focused our attention on the crystallization of
human pro-CPA1 (the zymogen).

All six compounds were tried in crystallographic character-
ization with the human enzyme; only inhibitor 11 produced
results for a complex. The crystals diffracted to 1.8 A resolution,
and the crystallographic and refinement statistics details are
presented in Table 1. The structure reported herein represents
the first crystal structure of any zymogen of the carboxypepti-
dase family in complex with a small-molecule mechanism-based
inhibitor.

Figure 2A shows a stereoview of the hpro-CPA-inhibitor 11
complex. The pro-domain, albeit capping the entrance to the
active site, displays a flexibility that allows for a measurable
intrinsic activity due to the diffusion of small-molecular-weight
substrates.”” The presence of contiguous electron density
clearly indicated that the atoms constituting the thiirane moiety
of the inhibitor were covalently attached to the side chain of
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Table 1. Data Collection and Refinement Statistics

data collection inhibitor: hproCPA1

space group P12,1

cell dimensions

a, b, c (A) 53.90, 52.54, 133.97
a, B, v (deg) 90.00, 95.00, 90.00
resolution” (A) 44.50—1.77 (1.86—1.77)
Ryperge” 0.07 (0.13)
I/ol 10.2 (4.2)
completeness (%) 94.1 (66.0)
redundancy 3.1 (22)
refinement
resolution (A) 43.68—1.80
no. of reflections 63,800
R/ R 1545/21.18
no. of atoms 6751
protein 6283
water 443
r.m.s. deviations
bond lengths (A) 0.022
bond angles (deg) 1.852
PDB code SOM9

“Statistic for highest resolution shell is shown in parentheses. meerge =
2| — (I)I/ZI, where I, is the ith measurement of the intensity of an
individual reflection or its symmetry-equivalent reflections and (I) is
the average intensity of that reflection and its symmetry-equivalent
reflections. ‘R, = Z||F,| — IF.||/ZIF,|, for all reflections and Ry, =
2||F,) — IF||/ZIF,], calculated based on the 5% of data excluded from
refinement.

Glu270, producing an ester bond with the newly formed C—O
bond length at 1.3 A. The attendant thiirane ring opening
results in the thiolate of the covalently linked inhibitor as the
fourth ligand to the tetrahedral catalytic zinc ion, along with
three ligands from the protein (His69, His 196, and Glu72), as
stipulated by design paradigms. The position of the thiolate as a
zinc ligand was previously occupied by a water molecule in the
apo enzyme. Furthermore, the inhibitor establishes a salt bridge
to Argl4S via its carboxylate group and hydrogen bonds to
Tyr248 and Asnl44 side chains. Its isobutyl side chain is
ensconced in the center of the hydrophobic pocket of the active
site. The hydrophobic pocket is defined by approximately 9 A
of separation from top to bottom (Thr268 to Ala250) and left
to right (Ser253 to 1le247), with Ile243 and Ile25S pair at the
deep end. The conserved, CPA-type specificity-determinant
residue Ile255 lies 6.3 A from the inhibitor, the longest
separation when comparing the bound and unbound CPA
structures (hproCPA4, 52 A; hproCPA2, 5.7 A; hCPA4
(peptide-bound), 5.6 A; bCPA (inhibitor-bound), 5.8 A). A
schematic representation of the binding of inhibitor 11 is
shown in Figure 2C. An analysis of the contact areas between
the catalytic domain and the pro-domain is given in Figure S2.

Inhibitor-induced conformational changes have been studied,
both in the active and zymogenic forms of MCPs.”>*® As
compared to “unliganded” pro-CPA crystal structures,”””” the
most striking difference is that of Tyr248, which undergoes an
inhibitor-induced conformational change, whereupon the ring
switches its position 120° between the surface-located “open”
conformation to the “close” conformation, where the phenolic
hydroxyl of the amino acid establishes a hydrogen bond to the
carboxylate of the inhibitor (2.7 A).”>*° As indicated earlier, the
terminal carboxylate of the inhibitor makes additional hydrogen
bonds to Argl4S and Asnl44 (NG1). All these contacts are
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Figure 2. (A) Stereoimage of human proCPAIl in complex with
compound 11. The backbone of the pro and the catalytic domains are
shown in gray and blue, respectively. The inhibitor is shown in capped
sticks. (B) 2pops-Fec electron-density map showing the hCPAL1 active
site covalently bound inhibitor 11, calculated by deleting the Glu270
side chain and inhibitor coordinates, is contoured at 1.5¢ level. The
inhibitor and residues important for binding (labeled) are shown in
capped sticks (green and yellow, respectively). The catalytic zinc ion is
in magenta, while the sulfur is in yellow. Oxygen and nitrogen are
colored red and blue, respectively. A continuous electron density is
clearly observed along the bond linking Glu270 side chain and the
inhibitor. (C) Schematic representation of the binding of inhibitor 11.

important for the proper sequestration of the inhibitor within
the active site. Geometric details of inhibitor—enzyme
interactions are listed in Table S3.

As with the benzyl moiety in phenylalanine in a typical
peptide substrate of CPA, the isobutyl group of the inhibitor
makes close contacts with the residues that configure the
hydrophobic pocket, namely, Ala250 (3.4 A), 1le243 (3.7 A),
and Thr268 (3.8 A). In the present structure, we can observe
substantial conformational changes, compared to other CPA1
(the activated enzyme) structures with bound ligands.’"**
Thr268 reorients its side chain to contact the inhibitor via its
hydroxyl group, changing its most common rotamer con-
formation of the y, dihedral angle from gauche to anti.*® These
rearrangements would reflect the ability of the enzyme to adapt
the size and the shape of the hydrophobic pocket to the
characteristics of the ligand molecule, despite it being different
from that of the natural peptide substrate. We add here that the
basis for lack of inhibition of the related CPB by compound 11
and its analogues is likely the presence of an acidic residue at

the distal end of the hydrophobic pocket. This acidic residue
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interacts with a positively charge amino acid from the substrate,
which penetrates the recognition pocket; hence, inhibitor 11
discriminates against the CPB.

The crystal structure of thiirane-bound hpro-CPA1 has been
used for molecular modeling of the spectroscopically nonsilent
inhibitor 22 as an example of compounds that may act as
tracking or imaging probes. As can be seen in Figure 3, such

Figure 3. Molecular modeling of the hCPAl—fluorine inhibitor
complex structure. The inhibitor and residues important for binding
are shown in capped sticks, in green and yellow, respectively. The
catalytic zinc ion is in magenta, the sulfur is in yellow, and the fluorine
is in light blue. Oxygens and nitrogens are in red and blue, respectively.
The model has been constructed with PyMOL using PDB file SOMO9.

fluorinated inhibitor molecule would fit into the active site of
hCPALI with the fluoro-substituted phenyl ring anchoring in the
hydrophobic S1" pocket of the enzyme. No steric clashes are
observed in the model, consistent with the favorable kinetic
results that we measured.

We have documented that our thiirane- and oxirane-based
library of aliphatic and substituted aromatic compounds were
able to inhibit a well-studied zinc protease, CPA. We can
conclude that the inhibitory activity of these compounds was
CPA-specific, as opposed to CPB, which was not inhibited. Per
design paradigms, the time-dependence of kinetics and the
high-resolution X-ray structure of 11 in complex to human
CPAI zymogen support it as a mechanism-based inactivator.
The structure presented in this work represents the first human
carboxypeptidase zymogen in complex with a mechanism-based
inhibitor. Although all inhibitors were prepared as racemic
mixtures, the crystal structure of the enzyme inhibited by
compound 11 reveals that only the 2R3R configuration, the
one that corresponds to the p-amino-acid series,” could fit to
the electron-density map. This indicates that the enzyme is
enantioselective in its interaction with the inhibitor, coincident
with what was reported for an oxirane inhibitor.”®

Interestingly, the small-molecule thiirane is able to negotiate
the physical barrier of the pro-domain in human pro-CPAL.
This illustrates the feasibility of employing such a technology
for tracing the fate and the location of the target enzymes using
imaging technology, as exemplified by the fluorinated derivative
(Figure 3). The fact that these compounds are agents that are
converted to the inhibitory species only within the active site of
the target enzyme holds the promise for new tools in
biomedical research.
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