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ABSTRACT: Acyl peptide hydrolase (APEH) catalyzes the removal of acetyl-
amino acids from the N-terminus of peptides and cytoplasmic proteins. Due to
the role played in several diseases, and to the growing interest around N-
terminal acetylation, studies on APEH structure, function, and inhibition are
attracting an ever increasing attention. We have therefore screened a random
tetrapeptide library, N-capped with selected groups, and identified a
trifluoroacetylated tetrapeptide (CF3-lmph) which inhibits the enzyme with
a Ki of 24.0 ± 0.8 μM. The inhibitor is selective for APEH, shows an
uncommon uncompetitive mechanism of inhibition, and in solution adopts a
stable bent conformation. CF3-lmph efficiently crosses cell membranes,
blocking the cytoplasmic activity of APEH; however, it triggers a mild pro-
apoptotic effect as compared to other competitive and noncompetitive
inhibitors. The unusual inhibition mechanism and the stable structure make
the new compound a novel tool to investigate enzyme functions and a useful
scaffold to develop more potent inhibitors.

■ INTRODUCTION
Acyl peptide hydrolase (APEH) is a ubiquitous enzyme that
belongs to the prolyl-oligopeptidase (POP) family of proteins.
It mostly catalyzes the removal of N-acetyl-amino acids from
the N-terminus of short peptides deriving from protein
degradation processes and bearing residues with small hydro-
phobic side chains on position 1.1 It has been also postulated
for many years that it could be a key regulator of protein N-
terminal acetylation; however, only very recently it has been
shown that APEH can process a large set of full length
cytoplasmic proteins, thus suggesting that their structure and
function can be tightly regulated by the activity of this enzyme.2

Indeed, treatment of cells with potent and highly specific APEH
inhibitors leads to an accumulation of N-terminal acetylated
proteins over the nonacetylated variants and to a sustained
proliferation of mouse T cells, an effect not observed in
untreated cells. Because a relevant fraction of cellular proteins is
N-terminally acetylated3 and this modification plays a critical
role in the protein folding/misfolding process, thus on protein
fate,4 an obvious involvement of APEH in the protein turnover
mechanism has been also hypothesized.2,5

We have recently demonstrated that APEH can influence the
activity of proteasome,6 a well-established target for a number
of cancer diseases, including multiple myeloma.7,8 APEH
inhibitors have a potential as antitumor agents working as

indirect regulators of the proteasome activity or more in general
of the ubiquitin proteasome system (UPS).5,9 In particular, we
have reported that competitive inhibitors of APEH derived
from the reactive site loop (RSL) of the first protein inhibitor
of APEH isolated from the archaeon Sulfolobus solfataricus,
SsCEI,10 block the enzyme activity by a mechanism that leads
to a concomitant downregulation of proteasome function,
inducing a potent pro-apoptotic stimulus in human colon
carcinoma cells (Caco-2). Remarkably, the same effects are
seen using, alone or in combination with the peptide inhibitor,
the trans10-cis12 isomer of conjugated linoleic acid (CLA),
which instead shows a noncompetitive mechanism of APEH
inhibition. These findings open a new important perspective for
the development of APEH inhibitors, especially in the field of
multiple myeloma, an incurable tumor disease whose current
treatments are mainly based on the use of proteasome
inhibitors.6 A further important role for APEH has been
hypothesized in neurodegenerative diseases, such as Alzheim-
er's disease (AD), because administration of the acetylcholi-
nesterase inhibitor dichlorvos to rat hippocampal slices also
efficiently inhibits enzyme activity, and this correlates with
improved synaptic efficacy.11
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To further investigate the role played by APEH and their
inhibitors on cell activity, we have undertaken the screening of
a random library made of short synthetic peptides to select new
compounds able to modulate the enzyme functions. Peptides
are particularly suitable for this purpose for their capability to
mimic the structures of natural substrates and of modulating
enzyme activity by different mechanisms; in particular, small
linear peptides could best fit in catalytic pockets and, given the
high flexibility, they can adopt suitable conformations in an
effective and timely way. Random screenings are very useful in

this instance, as the protein structure is unknown and inhibitors
cannot be designed on a rational basis. In addition, libraries of
small peptides made of three to four residues and containing
only subsets of amino acids are of particular interest for the
rapid identification of small hits, which more favorably can be
converted to more rigid and stable organic scaffolds.12

In this study, we have identified N-terminally modified small
peptides (average MW 500−600 amu), selected from
completely random synthetic libraries, which inhibit APEH in
a very specific manner. The most active molecule also exhibits

Figure 1. Iterative screening of the Yi-X1-X2-X3-X4 library to identify APEH inhibitors. The library was assembled in a simplified format (see
Marasco et al.12) using a reduced set of residues accounting for all the different chemical groups present on natural amino acid side chains. D-Amino
acids were used to obtain enzymatically stable peptides. Also the N-terminus was modified by a set of carboxylic acids in order to explore the
chemical space around the N-terminus where APEH is known to operate. In part a, a plot with inhibition by the first sublibraries, distinguishable by
the different carboxylic acids on the N-terminus, is reported. In part b, a plot with inhibition by the second set of sublibraries all N-terminally
trifluoroacetylated, distinguishable by the different residues on position X1, is reported. In part c, a plot with inhibition by the third set of
sublibraries, all having in common TFA-D-Leu, distinguishable by the different residues on position X2, is reported. In part d, a plot with inhibition
by the fourth set of sublibraries, all having in common TFA-D-Leu-D-Met, distinguishable by the different residues on position X3, is reported. In part
e, a plot with inhibition by the fifth set of sublibraries, all having in common TFA-D-Leu-D-Met-D-Pro, distinguishable by the different residues on
position X4, is reported. In part f, the dose−response assay of TFA-D-Leu-D-Met-D-Pro-D-His to porcine liver APEH using acetyl-Ala-pNA as
substrate is reported. The hyperbolic curve indicates the best fit for the percentage inhibition data obtained, and the IC50 value was calculated from
the graph.
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an uncommon mechanism of inhibition and a bent
conformation induced by the presence of a D-proline on
position 3. The peptide is not toxic compared to the
commercially available APEH inhibitor ebelactone, efficiently
crosses cell membranes, and blocks the activity of APEH in
cancer cells. Although it exhibits only minor effects on cell
proliferation and caspase 3 activity, its novel mechanism of
action opens new perspectives for the understanding of the
cellular processes involving APEH and the mechanisms
associated to the parallel inhibition of proteasome activity.6

■ RESULTS
Library Preparation and Characterization. After the

synthesis of the first library, an average 10 mg amount of
material was obtained. Assuming an average MW of 600 amu
and considering the synthesis scale of 20 μmoles, a rough 83%
yield could be calculated. Data from amino acid analysis of
peptide pools performed on the first (complexity 124 = 20 736
peptides) and second library (complexity 123 = 1728 peptides)
were in agreement with a pretty equimolar distribution of
peptide components within the mixtures. The third library
(complexity 122 = 144 peptides) was not characterized. LC-MS
analysis of 12-component mixtures also suggested that peptide
components were essentially at the same concentration within
mixtures. The synthesis of single peptides proceeded very
smoothly. After HPLC purification, an average 50% yield was
obtained. After semipreparative purification, tetrapeptides were
all >95% pure, as determined by RP-HPLC as well as LC-MS
analyses.
Library Screening. After the first screening step, the

sublibrary trifluoroacetylated on the N-terminus was selected as
the most active in inhibiting the APEH activity. It indeed
provided an overall 78% enzyme inhibition at a concentration
of 200 μM (see Figure 1a).
From the screening of the second library, tested at 40 μM,

pools having D-Leu, D-Pro, and D-Arg on position X1 were
selected as the most active. They provided inhibition of 67%,
64%, and 51%, respectively (Figure 1b). Testing of these
sublibraries in a range of concentrations between 10 and 200
μM allowed the selection of the library with D-Leu as the most
active (not shown). The 12 pools of the third library with TFA
and D-Leu at the N-terminus were assayed at 100 μM. Pools
with D-Cys(Acm), D-Met, and D-Leu were selected for the
dose−response test and, as shown in Figure 1c, the library with
D-Met on the X2 position was then selected for resynthesis.
The 12 pools of the fourth library having the N-terminal
common sequence TFA-D-Leu-D-Met were tested at 50 μM. In
this assay, only pools with D-Pro and D-Arg on position X3
inhibited the enzyme (both 21%, Figure 1d). A dose−response
test allowed selection of the pool with D-Pro as the candidate
for resynthesis (not shown). The fifth library, composed of
twelve single tetrapeptides, was tested at 50 μM. As reported in
Figure 1e, peptides having D-Arg, or D-His, or D-Phe, or D-Tyr
on position X4 were capable of inhibiting APEH for more than
25%; however, after testing in a dose−response assay, the
peptide of sequence TFA-D-Leu-D-Met-D-Pro-D-His-NH2
(hereafter termed only CF3-lmph), was the one selected as
an efficient inhibitor, as it was the only peptide able to block
enzyme activity in a dose-dependent fashion. In Figure 2a the
drawing structure of the selected tetrapeptide is reported,
whereas in Figure 2b and 2c the structure of the inactive TFA-
D-Leu-D-Met-D-Pro-D-Ala-NH2 and TFA-D-Leu-D-Met-D-Pro-D-
Asp-NH2 (hereafter termed CF3-lmpa and CF3-lmpd, respec-

tively), used as negative controls in the subsequent experi-
ments, are reported.

Assessment of Peptide Selectivity and Mechanism of
Inhibition. The inhibition activity of CF3-lmph peptide was
assessed using APEH purified from porcine liver, which shares
more than 90% sequence identity with the homologous human
enzyme. The selectivity of CF3-lmph toward APEH was initially
evaluated in biochemical assays using a panel of eukaryotic
proteases (trypsin, α-chymotrypsin, elastase, carboxypeptidase
Y, subtilisin, and proteinase K). Results (Table 3) show that the
best protein target for CF3-lmph was APEH with a maximum of
72% inhibition reached at 150 μM. This inhibition did not
increase even using the peptide at 1 mM. The inhibition curve
of porcine APEH followed a hyperbolic pattern with increasing
inhibitor concentrations and gave an IC50 value of 98.0 ± 6.4
μM (Figure 1f). The affinity of CF3-lmph toward porcine
APEH was witnessed by a Ki value of 24.0 ± 0.8 μM. Data
indicated that the peptide was also able to slightly affect
carboxypeptidase activity (Table 3), reaching a maximum of
30% inhibition at 1.0 mM; the IC50 was only 210 ± 0.8 μM (see
Figure SI 1 in Supporting Information). To determine the
mechanism of APEH inhibition, we set out to use the peptide
in several inhibition experiments, varying both substrate and
peptide concentrations. Data are reported in Figure 3 as the

Figure 2. (a) Drawing structure of the selected active tetrapeptide
TFA-D-Leu-D-Met-D-Pro-D-His-NH2 (named CF3-lmph). (b and c)
The structures of the inactive variants TFA-D-Leu-D-Met-D-Pro-D-Ala-
NH2 and TFA-D-Leu-D-Met-D-Pro-D-Asp-NH2 (termed CF3-lmpa and
CF3-lmpd, respectively), used as negative control in the subsequent
experiments, are shown.
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classical Lineweaver−Burk double reciprocal plot, and the
straight lines obtained at different inhibitor concentrations
resulted in a series of parallel lines, which indicate that the
tetrapeptide acts as a typical uncompetitive inhibitor. This very
uncommon type of inhibition is based on a mechanism where
the inhibitor binds to the enzyme, enhancing the binding of the
substrate (so reducing Km), but, due to a reduced reaction rate
of the resultant enzyme−inhibitor−substrate complex, Vmax is
also decreased.13

Also the activity of the acetylated and nonacetylated variants
was tested against porcine APEH to assess the role of the N-
terminal trifluoroacetyl group. As reported in Figure 4, the

presence of this moiety confers a high specificity to peptide
activity, because no enzyme inhibition was seen with the
acetylated and the NH2-free peptides.

Circular Dichroism. CF3-lmph was characterized by CD
and NMR spectroscopy in order to determine its conforma-
tional preferences and a possible correlation between its
structure and the inhibition activity. For this purpose, CD
spectra of the peptide at both pH 7.0 and pH 5.0 were acquired.
In parallel also the CD spectrum of the N-terminally free
variant was investigated under the same conditions. As can be
seen in Figure 5, the peptide adopted a well-organized structure

with a minimum at 195 nm and a maximum at 220 nm.
Considering the presence of all-D amino acids, which normally
show inverted values, these spectra suggest that the peptide has
a twisted or bent conformation at both pH values and that the
structure is not grossly affected, at a qualitative level, by
removing the trifluoroacetyl group.

NMR Spectroscopy. NMR investigation was performed on
both the tetrapeptide inhibitor CF3-lmph and on the inactive
analogue CF3-lmpa. The ala4 variant, instead of that used as
control in biochemical as well as cellular assays, was chosen
because of its higher solubility at millimolar concentration.
NMR analyses in plain water showed that the two peptides

CF3-lmph and CF3-lmpa adopt very similar conformations.
Indeed, they showed comparable proton chemical shifts
(Tables SI 1a, SI 1b of the Supporting Information), αCH
chemical shifts deviations from random coil values14 (Figure SI
2 of the Supporting Information) and NOE patterns.
Interproton distances, evaluated from NOE intensities, were
used in restrained molecular dynamics simulations to obtain
solution molecular models of both peptides. Starting models
were energy-minimized in a cubic box of water using Gromacs
4.0 program, as described in the Supporting Information.
Before starting the dynamics simulations, the systems were
further energy-minimized adding the NMR restraints, and the
solvent was relaxed by a 200 ps MD at 300 K. Then, for each
peptide, two simulations were run for 10 ns with (r) and
without (u) NMR restraints to evaluate the stability of the
peptide structure. The backbone root-mean-square deviations
(rmsd) of both peptides along the trajectory at 300 K show
small deviations (∼1−1.5 Å) from the starting model, either for
the restrained or for unrestrained molecular dynamics
simulations, pointing to a stable structure over the observation
time. The structural stability is well represented by the
backbone superposition of molecular frames, collected during
the last 2 ns of restrained MD simulations, of CF3-lmph (rmsd
0.25 ± 0.10 Å) and CF3-lmpa (rmsd of 0.34 ± 0.24 Å), and
reported in Figure 6a and 6b. It should be noted that no

Figure 3. Double-reciprocal plots of the velocity against substrate (Ac-
Ala-pNA) concentration at three different CF3-lmph concentrations
(no inhibitor ◆, 50 μM ■, and 100 μM ▲). The velocity of the
reaction is expressed as μmol of p-nitroaniline released/min/mL on
incubation at 37 °C. Ki value was determined from the equation of the
uncompetitive inhibition (see insert for a plot of [(1 + i/Ki)/Vmax] vs
inhibitor concentration).

Figure 4. APEH inhibition by CF3-lmph and the corresponding
acetylated and NH2-free peptides. Only the trifluoroacetylated peptide
shows inhibition.

Figure 5. CD spectra of CF3-lmph at pH 5.0 (solid line) and 7.0
(dashed line) at 200 μM. The spectrum of the NH2-free peptide at pH
7.0 and at the same concentration (dotted line) is also reported. CD
values at all wavelengths have been multiplied by −1 to take into
account for the presence of all D residues.
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structural differences were observed from restrained (r) and
unrestrained (u) molecular dynamics simulations, and the
comparison of the final r and u structures showed backbone
rmsd of 0.34 Å and 0.20 Å for CF3-lmph and CF3-lmpa,
respectively. The final molecular models obtained by restrained
molecular dynamics simulations showed a good agreement with
experimental NMR data and were chosen as representative of
peptide structures. They look very similar in the conserved
region (see Figure 6c) with a global backbone rmsd of 0.21 Å.
Cell Assays. The pro-apoptotic/cytotoxic effect produced

by APEH inhibition was preliminarily investigated in HeLa cells
exposed for 24 h to increasing concentrations of a widely used
noncompetitive APEH inhibitor (i.e., ebelactone).15 The
marked (5-fold) increase of caspase 3 was produced by cell
incubation with 30 and 50 μM ebelactone (P < 0.001) whereas
its maximum cytotoxic effect (28%) was produced by cell
exposure to 100 μM concentration. (Figure 7a).
Next, to determine the influence of CF3-lmph or the control

peptide TFA-D-Leu-D-Met-D-Pro-D-Asp-NH2 (CF3-lmpd) on
cell viability, cell proliferation was evaluated upon exposure of
HeLa cells for 24 h to increasing concentrations of the selected
peptides. The dose-dependent antiproliferative effect was

produced by cell exposure to different ebelactone concen-
trations (positive control), but only minor changes were
produced by the treatment with CF3-lmph or CF3-lmpd (Figure
7b).
In order to evaluate the ability of the peptide to inhibit

APEH in in vitro experimental models, two cancer cell lines
(A375 and HeLa) were exposed for 24 h with increasing
concentrations of CF3-lmph or of the control peptide CF3-
lmpd. As shown in Figure 8a and 8b, CF3-lmph markedly
reduced APEH activity in a dose-dependent manner, reaching
their maximum effect at 150 μM, where enzyme activity was
decreased in HeLa and in A375 cells by 80% and 50%,
respectively. Notably, undetectable inhibition resulted from the
treatment with CF3-lmpd control peptide.
To determine the effects of CF3-lmph or CF3-lmpd on cell

viability, their cytotoxic or pro-apoptotic effects were also
studied. As apoptosis has been associated with APEH
inhibition,16 the caspase 3 activity, a key enzyme in the
apoptotic cascade, was measured upon the cell treatments.
Specifically, cells exposed to 100 or 150 μM CF3-lmph,
triggered a mild, but significant, increase in caspase 3 activity as
compared with cells incubated with the same amount of control
peptide (P < 0.01 or 0.005). In addition, undetectable toxicity,
measured as LDH release in the medium, resulted from the
CF3-lmph-mediated inhibition of APEH (Figure 8c, 8d insert).

■ DISCUSSION AND CONCLUSIONS

APEH and other aminopeptidases are known to be essential for
basic physiological processes, such as protein maturation17 and

Figure 6. Backbone superposition of ten molecular frames collected
during the last 2 ns of restrained molecular dynamics for (a) CF3-
lmph; (b) CF3-lmpa. (c) Backbone superposition of CF3-lmph (green)
and CF3-lmpa (gray) molecular models after 10 ns of restrained
molecular dynamics.

Figure 7. Pro-apoptotic and toxic effect of ebelactone on HeLa cells.
The modulation of a commercially available APEH inhibitor on cell
viability was preliminarily evaluated on HeLa cells. Caspase 3 activity
and LDH release was evaluated upon 24 h exposure with increasing
concentrations of ebelactone (a). Caspase 3 activity was expressed as
fold increase as compared to untreated culture. Culture media from
untreated culture were used as control, and those from cells exposed to
1% TritonX-100 were used as positive control (100% release). The
dose-dependent effect of CF3-lmph (open titled squares) or with the
control peptide CF3-lmpd (black circles) on cell viability was
compared with that produced by ebelactone treatment (white
triangles) (b). The data from triplicate analysis from three different
experiments are expressed as means ± SD. ***, ** Significantly
different P < 0.005 or 0.01, from respective controls.
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cell cycle control.18 Their inhibition disrupts protein turnover,
leading to decreased cell survival and proliferation; thus,
targeting this pathway has been indicated as a suitable approach
for anticancer therapies.19,20 Also a role in protein structure and
function regulation has been persistently evoked for APEH due
to its capability to remove acetyl-amino acids from the N-
terminus of a large set of cytoplasmic proteins,2 which,
depending on the presence/absence of this small post-
translational modification, could not properly fold and thus
be tagged for degradation.4,6 A more extensive understanding of
APEH functions is thus needed, also in view of the recently
reported involvement in the regulation of proteasome activity.
This necessarily involves the development of specific
modulators of enzymatic activity and a more detailed view of
its interaction network and of related modulators. In this
instance, enzyme inhibitors and interactors, with different
mechanisms of action and structure, can play a major role, as
they enable elucidation of downstream effects mediated by
processed substrates or by interrupted or promoted inter-
actions.
With the aim of developing new APEH inhibitors, we have

prepared and screened a complex library of synthetic peptides
modified on the N-terminus by a set of diverse chemical groups
in order to investigate the space around the enzyme site of
action and also to prevent undesired substrate-like behaviors of
the peptides exposed to the enzyme. After five iterative rounds
of screening and resynthesis needed to elucidate the whole
peptide structure, we have identified the peptide CF3-lmph as
the one best inhibiting APEH in vitro. At variance with
inhibitors previously described, the one we report in this study

shows an uncommon uncompetitive mechanism of inhibition
which is generally characterized by the binding of inhibitors to
enzyme:substrate (ES) complexes and their inactivation
induced by a delay in the release of processed substrates.
CF3-lmph shows selectivity toward APEH, because, among

the different serine proteases we have tested, it only blocks to a
limited extent (30%) carboxypeptidase Y, with an IC50 which is
more than twice that exhibited toward APEH (about 210 μM
for carboxypeptidase Y and about 98 μM for APEH). The
inhibition specificity is also demonstrated by the lack of activity
of the acetylated and NH2-free variants, indicating a direct
involvement of fluorine atoms in the recognition and blocking
of the ES complex. This is consistent with the observation that
several organophosphorus compounds such as chlorpyrifos,
dichlorvos, and naled, which share with the peptide the
multihalogenated structure, also inhibit APEH.21 We can thus
reasonably hypothesize that halogens (bromine, fluorine, and
chlorine), or more generally, highly electronegative centers, are
likely an important discriminant for enzyme recognition.
Also the presence of D-histidine on position 4 of the

tetrapeptide is very important for activity, and indeed mutants
bearing D-Ala or D-Asp on the same position are not active. It is
important to point out that the conformations of the inactive
CF3-lmpa and NH2-lmph peptides are essentially identical to
that of the active CF3-lmph, with a bent conformation around
the D-proline residue on position 3. This suggests that, beyond
fluorines, the imidazole ring on the histidine side chain plays a
crucial role in binding and inhibiting APEH. Again, given the
strong structural similarity between imidazole and triazole rings,
which are the core structures of many potent serine hydrolase
inhibitors, we can reasonably speculate that the peptide shares
with these at least one recognition site. Note that the peptide
we have isolated in our screening does not apparently mimic
any of the substrates recently identified for APEH,2 still in
agreement with the observation that CF3-lmph does not bind
into the catalytic pocket. Nevertheless, because potent triazole
inhibitors have been isolated with competition assays, we can
presume that the peptide inhibitor recognizes APEH on a
region nearby the catalytic site.
While a role for APEH has been more clearly delineated in

neurodegenerative diseases,11 the occurrence of different
phenotypic outcomes on cells treated with APEH inhibitors
renders much more elusive the involvement of this enzyme in
cancer.9 The opposed effects observed certainly depend on the
different experimental settings and cell lines utilized in the
various studies; however, we cannot exclude that they could be
associated to the mechanism of action of the diverse APEH
inhibitors used, thus introducing a further level of complexity
toward the understanding of the overall role played by this
enzyme in cell homeostasis. We have recently reported that
competitive APEH inhibition in Caco-2 cancer cells by SsCEI
peptides reproducing the RSL of a proteic APEH inhibitor is
paralleled by a downregulation of proteasome functions and an
increase of caspase 3 activity that, in turn, induce a sustained
and strong reduction of cell proliferation.6 A similar effect is
observed when the same cells are treated with the non-
competitive inhibitor trans10-cis12 CLA that binds the enzyme
on a site adjacent to the catalytic pocket. Further, the effects are
synergistic when the two compounds are used in combination.6

On the contrary, the use of other competitive APEH inhibitors
on mouse T cells strongly stimulates cell proliferation.2

To try to further address this very important aspect, we have
used CF3-lmph, along with an inactive control, to stimulate two

Figure 8. Down-regulation of APEH activity by CF3-lmph in HeLa
and A375 cells. APEH activity was measured in HeLa (a) or A375 (b)
cells incubated with 50 μM, 100 μM and 150 μM CF3-lmph (white
bars) or with the control peptide CF3-lmpd (black bars) for 24 h.
Caspase-3 activities and LDH release were measured in HeLa (c) or
A375 cells (d). The cytotoxic effect of the different treatments was
evaluated by measuring the LDH release in the culture media. Media
from untreated culture were used as control (gray bars). Media from
cells exposed to 1% Triton X-100 were used as positive control (c, d
insert). The data are expressed as means ± SD. ***, ** Significantly
different P < 0.005 or 0.01, from respective controls.
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different cell lines, A375 and HeLa, which are melanoma and
cervical cancer cell lines, respectively. Though the peptide very
efficiently crosses cell membranes, reduces enzyme activity in
the cytoplasm, and is not toxic compared to other known
inhibitors, for example ebelactone (see Figure 7a), it only
slightly affects cell proliferation, inducing a reduction in cell
vitality which is negligible compared to that of controls and to
that previously observed in Caco-2 cells treated with
competitive and noncompetitive inhibitors.6 As also shown
on mouse T cells, which even tend to proliferate when treated
with APEH competitive inhibitors, this effect is certainly
explained by the different cell lines used, which could display a
different set of substrates, or by their metabolic status, but we
cannot exclude that also the different mechanism of inhibition
could influence cell proliferation by affecting or altering the
network of interactions that regulates the functions of APEH.
This hypothesis opens a new intriguing question regarding the
role played by APEH nonsubstrate interactors, which are so far
completely unknown.
We have identified the first uncompetitive APEH inhibitor,

which is selective, has a conformationally defined structure, and
contains molecular determinants common to other known
inhibitors. In contrast to competitive inhibitors, which lose
potency as substrate concentration rises, uncompetitive
inhibitors become more potent as the substrate concentration
increases in an inhibited open system.22 This can be a
significant advantage in vivo when the physiological context
exposes the enzyme to high levels of substrate concentrations.
Despite the low potency in the micromolar range, the

structural properties, the ease of synthesis, and unusual
mechanism of action make this tetrapeptide an appealing and
innovative tool for the systematic design of a new class of more
potent and less toxic protease inhibitors, which may comple-
ment the active site-targeted molecules in future therapeutic
applications.

■ EXPERIMENTAL SECTION
Materials. Protected amino acids for the synthesis of peptides were

from GL-Biochem (Shanghai, PRC) and Novabiochem (Laufelfingen,
Switzerland). Coupling agents were from GL-Biochem (Shanghai,
PRC); solvents, such as acetonitrile (CH3CN), dimethylformamide
(DMF), and methanol (CH3OH), were from Sigma-Aldrich (Milan,
Italy). Chemicals for the preparation of libraries and enzymes for
biochemical assays, including caspase-3 fluorimetric Assay Kits, and
other chemicals of the highest purity were also from Sigma-Aldrich
(Milan, Italy). Dulbecco’s Modified Eagle Medium (DMEM), L-
glutamine, penicillin−streptomycin, and fetal bovine serum (FBS) for
cell culture were from Gibco-BRL. Porcine liver APEH was obtained
by Takara. Acetyl-Ala-pNA was from Bachem.
Peptide Library Design, Synthesis, and Characterization.

Peptide libraries were designed in a simplified format as reported in
Marasco et al.12 By this approach, a small set of amino acids is chosen
to represent the chemical space occupied by very short peptides which
can be seen as precursors or templates of small molecular scaffolds.
Preferentially, only non natural or D-amino acids are included in these
sets in order to potentially select enzyme-resistant new peptides. The
set used here, reported in Table 1, includes aspartic acid as
representative of amino acids with acidic side chains, arginine and
histidine representing basic amino acids, glutamine and S-
acetamidomethyl(Acm)-cysteine representing residues with amides
on the side chain, phenylalanine and tyrosine as being representative of
aromatic residues, serine representing residues with hydroxyl groups,
leucine and methionine representing bulky hydrophobic amino acids,
and alanine representing amino acids with small hydrophobic side
chains. Proline was used to eventually select peptides with bent
conformations. Note that histidine was used as an additional basic

residue also by virtue of its aromaticity. The choice of this set of
residues was also determined by their difference in MW in order to
facilitate eventual identification of active components by tandem mass
spectrometry methods.12 As APEH is capable of removing acetyl-
amino acids from the N-terminus of peptides and proteins, we set out
to not acetylate the peptides but instead to introduce, on the N-

terminal position, seven groups (see Table 2) with very different
physicochemical properties in order to (i) prevent substrate-like effects
and (ii) explore the chemical space around the N-terminal residue.
These groups were chosen to introduce charges (succinic acid),
aromatic groups (phenyl, Z, and 6-Cl-Z), bulky polyaromatic rings
(Dabcyl), and small hydrophilic groups (trifluoroacetic acid (TFA)
and pyroglutamate). The library was synthesized by the solid-phase

Table 1. Set of Amino Acids Used To Assemble the
Tetrapeptide Library of General Formula Yi-X1-X2-X3-X4-
NH2 on the X Position

N
building block, three-

letter code protected derivative used for the X positions

1 D-Ala Nα-Fmoc-alanine
2 D-Arg Nα-Fmoc-arginine (NΓ-

pentamethyldihydrobenzofuran)
3 D-Asp Nα-Fmoc-aspartic acid (tert-butyl ester)
4 D-Cys(Acm) Nα-Fmoc-cysteine(S-acetamydomethyl)
5 D-Gln Nα-Fmoc-glutamine (Nδ-trityl)
6 D-His Nα-Fmoc-histidine(Nε-trityl)
7 D-Leu Nα-Fmoc-leucine
8 D-Met Nα-Fmoc-methionine
9 D-Phe Nα-Fmoc-phenylalanine
10 D-Pro Nα-Fmoc-proline
11 D-Ser Nα-Fmoc- serine(O-tert-butyl-ether)
12 D-Tyr Nα-Fmoc-tyrosine(O-tert-butyl-ether)

Table 2. Set of Carboxylic Acids Used To Modify the
Tetrapeptide Library of General Formula Yi-X1-X2-X3-X4-
NH2 on the Yi Position

Yi

N building block derivative used for modifying the N-terminus

1 Succ succinic anhydride
2 Z benzyloxycarbonyl-OSu
3 pGlu pyroglutamic acid
4 2Cl-Z 2Cl-benzyloxycarbonyl-OSu
5 TFA trifluoroacetic acid
6 Dabcyl Dabcyl-OSu
7 benzoyl benzoic acid

Table 3. Inhibition Profile of CF3-lmpha

enzyme pH
IC50
[μM]

maximal
concentration
tested [μM]

maximal
inhibition

[%]

APEH 7.5 98.0 1000 72
chymotrypsin 8.0* >1000 1000 <1
elastase 8.0* >1000 1000 <1
trypsin 8.0* >1000 1000 <1
carboxypeptidase Y 7.0 210 1000 30
subtilisin 7.5 >1000 1000 <1
proteinase K 7.5 >1000 1000 <1
aThe IC50 values of the tetrapeptide inhibitor were determined in 50
mM Tris-HCl (supplemented with 20 mM CaCl2*) saline buffer at the
optimal pH for the enzyme−substrate pair and at increasing
concentrations, of CF3-lmph, up to 1.0 mM.
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method on a global 140 μmol scale following the Fmoc/tBu
methodology.23 Fmoc deprotection was achieved by treatment with
30% piperidine in DMF. Couplings with amino acids or nonactivated
carboxylic acids (3, 5, and 7 in Table 2) were performed by activating,
with 1 equiv of HATU, 2 equiv of DIEA, and 10 equiv of Fmoc-
protected amino acids or carboxylic acids. Random positions were
obtained by coupling equimolar mixtures of the chosen set of amino
acids used in very large excess to suppress preferential acylations
deriving from differences in reactivity.
The first library was prepared by four sequential incorporations of

mixtures of the 12 amino acids; the resin batch was then split into 7
identical aliquots to which the 7 different carboxylic acids were
coupled. Subsequent libraries, identified by the iterative screening,
were prepared in the same way and on the same synthesis scale. In the
last step, 12 single peptides were prepared and purified before
screening. Complex peptide mixtures were characterized by pool
amino acid analysis comparing experimental amino acid distribution
with those calculated assuming an equimolar distribution of all
components in the pools. Single peptides and mixtures up to 12
components were easily characterized by LC-MS as reported
elsewhere, identifying peptides by MW determination and in some
cases by sequence assignment by tandem mass spectrometry. Cleavage
of peptide mixtures from the resin was afforded by treatment with
TFA−triisopropylsilane (TIS)−H2O mixtures (90:5:5, v/v/v) and
subsequent precipitation in cold diethyl ether. Single peptides were
purified by semipreparative RP-HPLC on an ONYX 10 × 1 cm i.d.
C18 monolithic column, operating at 15 mL/min, using H2O and
CH3CN as eluents, both supplemented with 0.05% TFA. Gradients
were chosen on the basis of peptide sequences. Libraries and single
peptides were prepared as amidated derivatives. Canonical Fmoc-
protected D-amino acids were used in all syntheses. D-Cys(Acm) was
also introduced as the corresponding Fmoc derivative. A RINK amide
resin with a 0.57 mmol/g substitution level was used in all syntheses.
Most couplings and deprotection reactions were performed at room
temperature for 5 min. In some specific cases, microwaves were used
to improve reaction yields. A common kitchen microwave oven used at
the minimum power was utilized for this purpose. Microwave-assisted
couplings and deprotection reactions were carried out for 1.5 min with
repeated 5 s on−off cycles. Cleavages were carried out in the same way
for 1 min. After lyophilization, peptide material was dissolved in
dimethyl sulfoxide (DMSO) at 10 mg/mL and stored frozen until use.
Single peptides were characterized by RP-HPLC and LC-MS using an
ONYX 50 × 2 mm i.d. C18 monolithic column, operating at 0.6 mL/
min, using H2O (eluent A) and CH3CN (eluent B) as eluents, both
supplemented with 0.05% TFA. Gradients were from 2% to 45% of
eluent B in 9 min. Detection was achieved with a photodiode array set
between 200 and 320 nm and with an ion trap mass spectrometer
(Deca XP, ThermoFisher). Purity was checked on chromatograms
extracted at 214 nm and on TIC (total ion current) traces obtained by
full scans between 200 and 2000 m/z. Identity of peptides was
confirmed by MW determination and tandem mass analyses. Peptides
were all >95% pure, as determined by RP-HPLC and LC-MS analyses.
Enzyme Inhibition Assay and Screening of the Peptide

Library. Porcine liver APEH activity was measured spectrophoto-
metrically using the chromogenic substrate acetyl-Ala-pNA. The
reaction mixture (0.2 mL) containing pure APEH (0.5 nM) in 50
mM Tris-HCl buffer, pH 7.5 (Tris buffer), was preincubated at 37 °C
for 2 min. Then, 25 μM acetyl-Ala-pNA was added and the release of
p-nitroanilide (ε410 nm = 8800 M−1 cm−1) was measured by recording
the absorbance increase at 410 nm on a BIOTEK multiwavelength
plate reader, equipped with a thermostatted compartment. APEH
activity was expressed in IU. Assays were performed in 96-well
polyethylene plates in duplicates or triplicates.
Inhibition by library components was carried out by using a fixed

concentration of APEH (0.5 nM) and fixed concentrations of libraries
as described below. Depending on the screening steps, peptide
mixtures or single peptides were preincubated with the enzyme for 30
min at 37 °C before addition of the substrate, and the enzymatic
activity was then followed as described above. Each inhibition
experiment was carried out in duplicate wells. The first library

(seven sublibraries) was screened in duplicate at a global concentration
of 200 μM, assuming an average peptide molecular weight of 600 amu.
Data were processed, averaging values from duplicate wells, and the
slope was calculated by linear regression analysis. The percentage of
inhibition was determined by comparing slopes from inhibition assays
with that from the control experiment. To confirm and strengthen
results after each screening step, dose−response assays with the
positive mixtures were performed at concentrations ranging between
10 and 200 μM. In the second screening step, the 12 libraries bearing
the trifluoroacetyl (TFA) group on the N-terminus were screened at a
nominal concentration of 40 μM, assuming again an average MW of
600 amu. The same average molecular weight was assumed for the
subsequent third (library concentration 100 μM) and fourth screening
round (50 μM). Single peptides in the final fifth step were purified and
characterized by LC-MS, assessing purity and identity. They were
assayed at a concentration of 50 μM.

Enzyme Assays with APEH and Other Enzymes. Porcine liver
APEH activity was measured spectrophotometrically using the
chromogenic substrate acetyl-Ala-pNA. The reaction mixture (1 mL)
containing pure APEH (38 ng) or an appropriate amount of cell
extract in Tris buffer was preincubated at 37 °C for 2 min. Then, 25
μM acetyl-Ala-pNA was added and the release of p-nitroanilide (ε410 =
8800 M−1 cm−1) was measured by recording the absorbance increase
at 410 nm on a Cary 100 Scan (Varian) UV/vis spectrophotometer,
equipped with a thermostatted cuvette compartment. APEH activity
was expressed in IU. The carboxypeptidase Y, elastase, chymotrypsin-
like activity of proteasome, trypsin, and subtilisin activities were
evaluated according to previously published methods.24 Proteinase K
activity was measured according to the manufacturer’s instructions.

Protease inhibiting activities of the selected peptides were carried
out using a fixed amount of enzymes (5 nM) and increasing peptide
concentrations, up to 1 mM. Mixtures were preincubated for 30 min at
37 °C before the addition of the substrate, and the enzymatic activities
were followed as described above. To determine the mechanism of
APEH inhibition, Lineweaver−Burk double reciprocal plots of data at
increasing inhibitor and substrate concentrations were constructed.
For this experiment, APEH (5 nM) was incubated, with or without
inhibitor at 50 μM and 100 μM concentrations, and assayed at
increasing substrate concentrations. The reciprocals of the rate of the
substrate hydrolysis for each inhibitor concentration were plotted
against the reciprocals of the substrate concentrations. The inhibition
constant Ki was determined by the Lineweaver−Burk equation for the
uncompetitive type of inhibition [1/V = 1/Vmax × (1 + i/Ki) + (Km/
Vmax) × 1/S].

Circular Dichroism Analysis. CD spectra were obtained on a
Jasco J-715 spectropolarimeter for peptide solutions at 2.0 × 10−4 M
concentration in 5 mM Tris−HCl, pH 7.0, or in acetate buffer, pH 5.0,
25 °C. Hellma quartz cells of 1-cm path length were used in the far UV
(190−250 nm). The temperature of the sample cell was regulated by a
PTC-348 WI thermostat. Spectra were signal-averaged over three
scans and baseline-corrected by subtracting a buffer spectrum. Due to
the presence of only D residues, the entire spectrum was multiplied by
−1.

NMR Analysis. NMR characterization of peptides was performed
in water at 25 °C. Samples were prepared by dissolving weighted
amounts of each peptide in water (spectroscopic purity), adding D2O
(ARMAR, isotopic purity 99,8%) for a final ratio 90/10 v/v. Final
concentrations were ca. 2.0−2.5 mM. Details concerning NMR
analyses are reported in the Supporting Information.

Molecular Dynamics (MD) Simulations. MD simulations were
performed as reported in the Supporting Information.

Cell Cultures. Human melanoma (A375) and cervical cancer cells
(HeLa), kindly donated by Dr. Rosanna Palumbo (IBB, CNR), were
cultivated in DMEM supplemented with 10% FBS, 1 mM glutamine,
and 100 units/mL penicillin−streptomycin at 37 °C in a humidified
5% CO2 atmosphere. The cells were split using trypsin−ethyl-
endiaminetetraacetic acid (EDTA) solution and plated in six-well
plates at a density of 8 × 104 cells/mL, and the medium was replaced
every 2−3 days. Cells at 60−70% confluence were incubated with the
selected peptides at different concentrations.
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Apoptosis Assays. The pro-apoptotic ability of the tetrapeptides
were assayed by measuring the caspase-3 activity using fluorometric
kits, according to the manufacturer instructions. These assays were
based on hydrolysis of the substrate acetyl-Asp-Glu-Val-Asp-7-amido-
4-methylcoumarin (Ac-DEVD-AMC) by caspase-3. The release of the
7-AMC moiety in protein extracts prepared from the differently
treated cells was evaluated by fluorimetry (excitation 360 nm, emission
460 nm). Their amounts were calculated by means of a standard curve
prepared with pure AMC, and following normalization for protein
content, the activities were calculated as nmoles AMC/mg protein and
expressed as fold increase as compared to control culture.
Cytotoxicity Assays. The release of LDH was used as the marker

for cell toxicity.25 The culture supernatants were sampled at the end of
the incubations and centrifuged (4000g, 5 min, and 4 °C). Aliquots of
the clear supernatant (10 μL) were incubated with 190 μL of reaction
buffer (200 mM Tris/HCl, pH 8.0, 0.7 mM p-iodonitrotetrazolium
violet, 50 mM L-lactic acid, 0.3 mM phenazine methoxysulfate, 0.4 mM
NAD) for 30 min at 37 °C. Absorbance was measured at 490 nm, and
the results were expressed as percentages of total LDH release from
control cultures treated with 1% (w/v) Triton X-100 and calculated as:

− −

−

[(experimental value blank value)/(total lysis blank value)

100]

Statistical Analysis. Data were obtained from triplicate analyses of
three different preparations, and the results were expressed as means ±
SD. Statistical analysis and IC50 values were calculated with the
SigmaPlot 10.0 software through a nonlinear curve-fitting method and
using a simple binding isotherm equation. Groups were compared by
Student’s t test, and P < 0.05 was considered as significant.
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