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ABSTRACT: The proprotein convertase family of enzymes includes seven endoproteases with significant redundancy in their
cleavage activity. We previously described the peptide Ac-LLLLRVK-Amba that displays potent inhibitory effects on both PACE4
and prostate cancer cell lines proliferation. Herein, the molecular determinants for PACE4 and furin inhibition were investigated
by positional scanning using peptide libraries that substituted its leucine core with each natural amino acid. We determined that
the incorporation of basic amino acids led to analogues with improved inhibitory potency toward both enzymes, whereas
negatively charged residues significantly reduced it. All the remaining amino acids were in general well tolerated, with the
exemption of the P6 position. However, not all of the potent PACE4 inhibitors displayed antiproliferative activity. The best
analogues were obtained by the incorporation of the Ile residue at the PS5 and P6 positions. These substitutions led to inhibitors
with increased PACE4 selectivity and potent antiproliferative effects.

B INTRODUCTION

The family of enzymes known as the proprotein convertases
(PCs) includes seven kexin-like members, namely, furin, PC1/
3, PC2, PC4, PCS5/6, PC7, and PACE4, which process
substrates that have the canonical consensus motif R"*-X"-
(K/R)P-R™! (X represents any amino acid).' > The enzymes
PC5/6, PC7, and PACE4 are found within constitutive
secretory pathways and display a broad tissue distribution
pattern, whereas furin is ubiquitously expressed.”*™® The
intracellular localization and trafficking of each PC has broad
implications with regard to the final effects on precursor
processing. Indeed, while distinct in vivo functions can be
ascribed to individual PCs, significant functional in vitro
redundancy is also prevalent in this family of enzymes.”””
The active site of PCs displays a high level of homology.’
However, PCs have very different C-terminal domains that
result in distinct intracellular localization and trafficking and
thus confer distinct functions.

PCs have been implicated in the development and
progression of various pathologies, including neurodegenerative
disorders, osteoarthritis, bacterial and viral infections, and

promise of great potential. To have a pharmacological impact
on such complex events, it is essential to better understand the
molecular determinants of PCs and their inhibitors.

The determination of the furin crystal structure and the
development of PC homology models have aided inhibitor
development by providing critical information regarding the
composition and disparities between the catalytic clefts.”'' ™"
These studies demonstrated that subsites S1 to S4 are highly
similar among all basic amino acid cleaving PCs, with important
differences appearing in the S5 and S6 subsites. It was therefore
suggested that selective inhibitors would require at least six
residues.” Recently, our research team developed the first
selective PACE4 inhibitor, the octapeptide with the following
structure Ac-LLLLRVKR-NH,."> This inhibitor, named the
Multi-Leu peptide (compound 1), displays a 20-fold selectivity,
with K;s of 22 + 6 nM for PACE4 and 430 + 10 nM for furin."
This study confirmed that the S5—S6 subsites, as well as the S7
subsite (and to a certain extent the S8 subsite), could be
utilized to develop inhibitors that distinguish between various

cancer.”>'? For this reason, the exploration of PCs as druggable
targets remains an area of significant interest and holds the
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PCs. Most notably, PACE4 is well inhibited by a peptide with
hydrophobic amino acids in these positions, while furin is not.

With regard to the potential clinical usefulness of such
inhibitors, the peptide 1 exhibits antiproliferative effects on the
DU14S and LNCaP prostate cancer cell lines. Both cell lines
express high levels of PACE4, while another prostate cancer cell
line, PC3, does not express PACE4. PC3 cell proliferation is
not affected by peptide 1. There are additional lines of evidence
demonstrating the important role of PACE4 in the progression
of prostate cancer.'”'” PACE4 is the only PC that is
upregulated in malignant samples of prostate tissues, which
was shown at both the mRNA'>'®'" and protein levels.'®"’
PACE4 also displays a unique role in cancer progression in
vivo,'” supporting the hypothesis that PACE4 inhibitors may be
an important tool for prostate cancer therapy. With this
therapeutic indication in mind, it might be strategically
important to develop stable and high affinity PACE4 inhibitors
with limited potency toward the other PCs. These can be based
on the backbone of peptide 1, with modifications using
peptidomimetic strategies, which should result in compounds
that will be optimal for in vivo use.

To achieve this objective, structure—activity relationship
studies were performed to evaluate potential modifications.”
Recent work has focused on the substitution of the Arg"™
residue of furin inhibitors with the unnatural arginine mimetic
4-amidinobenzylamide (Amba), resulting in important gains in
inhibitory potency,”’ ™ and demonstrating the favorable
conformation of this mimetic for tight binding of the PC
active site.'* We have carried out similar work with our peptide
1 inhibitor, synthesizing an Amba-substituted version of this
peptide (Ac-LLLLRVK-Amba, peptide 2). We confirmed an
important increase (7-fold) in inhibitory potency against
PACE4 (K; PACE4:3.1 + 0.8 nM).”” However, the
introduction of the Amba moiety into inhibitor 1 also increased
the inhibitory potency toward furin, which is likely due to the
high affinity of the Amba residue for furin subsite S1 (K| furin:
43 + 0.8 nM).

While the significant increase in potency is desirable, the lack
of selectivity may be problematic in regard to a therapeutic
application of the inhibitor. Therefore, we undertook a
structure—activity study using peptide 2 as a scaffold in order
to explore potential molecular determinants that could be
substituted, while preserving potency and improving selectivity.
We designed a positional scan library substituting the PS—P8
positions, while maintaining the important PC recognition
motif in the P1—P4 positions. The library consists of 73 pure
peptides (a reference analogue (2) and 18 peptides for each
scan position; the PS library, analogues 3—20; the P6 library,
analogues 21—38; the P7 library, analogues 39—56, the P8
library: analogues $7—74; Figure 1). Although our primary
indicator is the inhibition constant (K, value), we also tested

Library P8 P7 P6 P5 P4 P3 P2 P1
PS5 Ac- L L X R V K Amba
P6 Ac- L L X L R V K Amba
P7 Ac- L X L L R V K Amba
P8 Ac- X L L L R V K Amba

Figure 1. Positional scanning in the leucine extension of the lead
compound Ac-LLLLRVK-Amba (peptide 2). Letter X designates every
naturally occurring amino acid, with the exception of cysteine.
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these peptides in cell-based assays using LNCaP and DU14S
cell lines. Based on these results, we decided further to evaluate
the cell penetrating properties of the selected inhibitors.

B RESULTS

Peptide Synthesis. The first series of inhibitors (PS-
substituted peptides) was synthesized using 4-Fmoc-hydrazi-
nobenzoyl resin (Scheme 1). Briefly, the P8—P2 segments were

Scheme 1. Synthesis of the PS Inhibitor Library”
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“With the exception of compound 11, the peptides of the Ac-
LLLXRVK-Amba library were synthesized using the following steps:
(a) removal of protecting group from 4-Fmoc-hydrazinobenzoyl resin,
20% piperidine/DMF; (b) Fmoc SPPS, triple coupling with 2.5 equiv
of amino acid, TBTU and HOBt, S equiv of NMM; (c) triple coupling
of the acetyl group, acetic anhydride/DIPEA/DCM (1.5/1.5/7, v/v/
v), 10 min; (d) oxidation of the peptidyl resin and coupling 3-[4-
(aminomethyl)phenyl]-1,2,4-oxadiazol-S(4H)-one, 2.5 equiv of the
protected 4-amidinobenzylamine, 0.7 equiv of Cu(OAc), 1.5 equiv of
pyridine in anhydrous DMF, 24 h; (e) TFA/TIS/H,0 (95/2.5/2.5,v/
v/v), 2.5 h; and (f) hydrogenation in acetic acid/MeOH (1:1, v/v)
with 10% Pd/C as a catalyst, 5S psi, 1.5 h.

simultaneously assembled on the resin using standard Fmoc
solid-phase peptide synthesis (SPPS). The removal of the
protected peptide from the resin was achieved in two steps,
including oxidation of the hydrazine moiety to diazene with
copper(Il) acetate followed by the coupling of the protected
Amba. The final compound was obtained after the side-chain
deprotection with trifluoroacetic acid (TFA) and the liberation
of the amidine group by hydrogenation. Although this synthetic
route afforded the desired compounds, the laborious
operations, difficulties in monitoring peptide cleavage from
the resin and low yields of the entire synthesis process (not
higher than 20% after attempts to optimize the oxidation
process) motivated us to find another, more efficient synthetic
route. The remaining inhibitors were prepared by a
combination of SPPS and solution-phase synthesis using 2-
chlorotrityl-chloride resin as previously described (Scheme
2).%° In brief, the Fmoc-Lys(Boc)-OH was manually attached
to the resin in the presence of N,N-diisopropylethylamine
(DIPEA) and then standard protocols for SPPS were employed
to synthesize the P8—P2 segment. The protected peptide was
cleaved under mild acidic conditions followed by the coupling

DOI: 10.1021/acs.jmedchem.6b01499
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Scheme 2. Analogue Synthesis Using 2-Chlorotrityl-chloride Resin (on the Example of the P6 Inhibitor Library)“
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“Analogue synthesis using 2-chlorotrityl-chloride resin was performed using the following steps: (a) loading of 2-chlorotrityl-chloride resin, 2 equiv
of Fmoc-Lys(Boc)-OH, 2 equiv of DIPEA, dry DCM, 1.5 h; (b) Fmoc SPPS (for conditions, see Scheme 1); (c) triple coupling of the acetyl group
(for conditions, see Scheme 1); (d) cleavage from the resin, HFIP/TFE/DCM (3/2/5, v/v/v); (e) 3-[4-(aminomethyl)phenyl]-1,2,4-oxadiazol-
5(4H)-one coupling, 2 equiv of the protected 4-amidinobenzylamine, 2 equiv of COMU, 8 equiv of NMM in anhydrous DMF, 12 h; (f) 3 equiv of 4-
amidinobenzylamine -2HCl Amba, 3 equiv of COMU, 8 equiv of NMM or 6 equiv of DIPEA in anhydrous DMF, 12 h; (g) TFA/TIS/H,0 (95/2.5/
2.5, v/v/v), 2.5 h; and (h) hydrogenation (for conditions, see Scheme 1).

of protected 4-amidinobenzylamine or 4-amidinobenzylamine-
2HCI, and then final removal of all protecting groups. This
synthetic route proved to be robust, simple, and reliable.

Fluorescent versions of the selected inhibitors were also
obtained using this synthetic route. In these cases, the P§—P2
segment was N-terminally modified with isothiocyanate isomer
I (FITC) group via fAla residue, which was used as a spacer.
All peptides were analyzed by liquid chromatography mass
spectrometry with electrospray ionization (LCMS ESI IT-
TOF) or high-resolution mass spectrometry (HRMS) and
reversed-phase high-performance liquid chromatography (RP-
HPLC). The purification was performed using RP-HPLC, and
all analogues were obtained as lyophilized trifluoroacetic (TFA)
salts. The analytical data of all analogues are presented as
Supporting Information in Table S1.

Enzymatic Studies. To identify the molecular determi-
nants for PC inhibition, a positional scanning library was
designed from the initial scaffold 2 (Figure 1). The library was
screened against PACE4 and furin, and the Ks were
determined to compare the binding affinities of each peptide
in the library. All of the tested peptides showed an inhibitory
effect at very low concentrations comparable with the
concentration of the enzyme used; therefore, their Kis were
calculated using the Morrison equation for reversible tight-
binding inhibition.”**> As described previously, K;s for peptide
2 are in the low nanomolar range for both enzymes, with values
of 3.1 + 0.8 and 43 + 0.8 nM for PACE4 and furin,
respectively.”’

Position P5. The library screen comparing residues in the PS5
position revealed a strong influence of charge composition at
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this position (Figure 2A). Indeed, a major difference in PACE4
binding properties was observed for peptides containing
positively charged residues as analogue 15 (K: 02 + 0.1
nM), analogue 10 (K;: 2 + 1 nM), and analogue 8 (K;: 0.4 +
0.3 nM) versus negatively charged residues as peptide 4 (K
400 + 90 nM) and peptide § (K;: 46 + 9 nM), with a nearly
2000-fold increase in K; values between peptide 10 and
analogue 4. The same trend was observed for furin, with K;
values between 0.7 + 0.4 nM (analogue 15) and 230 + 60 nM
(analogue 4). The high impact of charges within this position
was also previously described by Becker et al,”* whereas the
addition of basic moieties in position P$ increased the overall
affinity of Amba-containing peptides for furin.

With the exception of negatively charged amino acids,
PACE4 tolerated a broad range of amino acid substitutions at
the PS position, and uncharged residues presented Kis in the
10~ M range. However, the Gly substituted peptide (analogue
7) seemed unfavorable for both PACE4 and furin, with K;
values of 18 + 6 and 12 + 4 nM, respectively. Because the Gly
residue differs from other amino acid by its greater conforma-
tional flexibility, these low values could indicate that the
additional freedom in the peptide chain destabilizes the
molecular interactions between the peptide and active site
cleft. Furthermore, analogue 9 with an Ile residue seems to be
unfavorable for furin (K;: 29 + 9 nM) and tolerated by PACE4
(K: 8 + 3 nM).

To identify possible substitutions that could result in a
selective and potent inhibitor, a selectivity index was calculated
from the ratio between the furin and PACE4 inhibition
constants for each peptide (Figure 3A). As seen from these

DOI: 10.1021/acs.jmedchem.6b01499
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Figure 2. Screening the PS5 to P8 libraries with recombinant PACE4 and furin. K;s were obtained by screening the libraries against PACE4 and furin
and were classified according to the observed affinity. Amino acids colored according to the classification by Eisenberg.*®

selectivity indexes, a few residues offered an increase in
selectivity when compared to Leu in the PS position. Five
residues displayed at least a 2-fold selectivity for PACE4 over
furin, namely, His (2.3-fold), Ile (3.4-fold), Arg (3.5-fold), Ser
(2.0-fold), and Trp (2.9-fold).

Position P6. The evaluation of K; values for the P6 peptide
library demonstrated an attenuated importance of positively
charged amino acid residues for PACE4 in this position (Figure
2B). Indeed, the inhibitory potency of analogue 33 (K;: 0.9 +
0.5 nM), peptide 28 (K;: 2.2 + 0.6 nM), and compound 26 (K;:
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1.8 + 0.4 nM) was less important in the P6 position than for
any other position since 33 reached nearly subnanomolar
inhibition, whereas 28 and 26 offered only nanomolar
inhibition. The same trend was observed for furin, where
only inhibitor 33 (K: 0.50 + 0.03 nM) demonstrated
subnanomolar inhibition. Furthermore, the K obtained for
the P6 library demonstrated an overall elevated inhibitory
profile compared to the PS5 library. Whereas most peptides
displayed K;s below 10 nM toward PACE4 in position PS5, only
eight peptides from the P6 library displayed binding properties

DOI: 10.1021/acs.jmedchem.6b01499
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A. Position P5

K, PACE4 K, furin Selectivity
(M) (M) index
2/Ac- L L L L RV K -Amba 31 +08 43 + 08 14
3Acc L L L ARV K -Amba 4.0 + 04 5%2 13
4/Ac- L L L D RV K -Amba [ 400 + 90 260 + 20 0.6
S5[Acc L L L E RV K - Amba 46 + 9 38 + 4 0.8
6/Ac- L L L F RV K - Amba 4+3 6t 4 15
7/Ac- L L L G RV K - Amba 18+ 6 12+ 4 0.7
8Ac- L L L H RV K - Amba 04 + 03 09 + 0.1 23
9/Ac- L L L I RV K -Amba 81+3 279 34
10[Ac- L L L K RV K - Amba 2+1 09 + 0.7 0.5
11fAc- L L L MRV K - Amba 37 + 0.1 34 + 05 0.9
12[Ac- L L L N RV K - Amba 17 £+ 07 31 18
13(Ac- L L L P RV K - Amba 6 %3 4.0 + 09 0.7
14[Ac- L L L Q RV K - Amba 5%3 4+1 0.8
[15(Ac L L L R RV K - Amba 02 + 0.1 0.7 + 04 35
16[Ac- L L L S RV K - Amba 2+1 4+2 2.0
17Ac- L L L T RV K - Amba 2.8 + 0.6 45 + 08 16
18[Ac- L L L V RV K - Amba 21+ 07 4+1 19
19(Ac- L L L WRV K -Amba 2.8 + 09 81+3 2.9
20{Ac- L L L Y RV K - Amba 2+1 31 + 05 16
4
Selectivity Index
C. Position P7
K, PACE4 K, furin Selectivity
(nM) (nM) index
2|Ac- L L L L RV K Amba 3.1 %08 43 + 08 14
E‘A:- L ALLRVEK Amba 2+1 15 + 0.8 0.8
40(Ac- L D L L RV K Amba 80 + 20 50 + 10 0.6
41(Ac- L E L L RV K Amba 51+3 23+6 0.5
42(Ac- L F L L RV K Amba 8+1 7+3 0.9
43(Ac- L G L L RV K Amba 2+1 3+1 15
44[Ac- L H L L RV K Amba 3+2 47 + 03 16
45(Ac- L | L L RV K Amba 25 + 02 2+1 0.8
46(Ac- L K L L RV K Amba 0.5 + 0.2 06 + 04 12
47(Ac- L ML L RV K Amba 5+1 3+1 0.6
48[Ac- L N L L RV K Amba 4+2 1+1 03
49|Ac- P v Amba 10 + 04 .5 1 0. !
50 Ac- Q v - Amba S .3 + .
51| Ac- R v - Amba 04 + 04 .5 + .
52| Ac- S v - Amba £ 6 + .
53| Ac- T v Amba 10 + 06 7+ ..
54| Ac- v v Amba 24 0 + .0
55| Ac- w v Amba 8+ 13 + 6
56|Ac- Y v - Amba 4+ 3+ .8
T T !
2 3 4

Selectivity Index

B. Position P6

K, PACE4, K furin | Selectivity
(nM) (M) index
2[Ac L L L L RV K -Amba | 3.1 £08 | 43 £ 08 14
21Ac L L A L RV K -Amba | 30£5 11 :2 04
22/Ac L L D L RV K - Amba | 140 * 10 | 140 * 30 10
23Ac L L E L RV K -Amba | 60 %20 | 50 % 20 08
2[Ac L L F L RV K -Amba | 16:4 5+3 03
25Ac L L G L RV K -Amba | 217 [167 + 03 038
26[Ac L L H L RV K -Amba | 18 £ 04 | 48 + 08 27
27Ac L L I L RV K -Amba | 10£5 30 + 10 30
28[Ac L L K L RV K -Amba | 22 £06 | 4+1 18
29Ac L L ML RV K -Amba | 28%9 18 +3 06
30Ac L L N L RV K -Amba | 18%1 13 :2 07
3MAc L L P L RV K -Amba | 4:1 | 14303 04
32MAc L L QL RV K -Amba | 41 %07 +3 12
33Ac L L R L RV K -Amba | 09 05 [050 + 0.03 06
3[Ac L L 5 L RV K -Amba | 36:4 X 04
35Ac L L T L RV K -Amba | 39£8 18 +8 05
36Ac L L VL RV K -Amba | 4:2 3:2 038
37Ac L L WL RV K -Amba | 44£5 365 038
E‘AGL LY L RV K -Amba | 48 £02 | 59 0.1 12
!
0 1 2 3 4
Selectivity Index
D. Position P8
K, PACE4 K, furin | Selectivity
(M) (M) index
2[Ac L L L L RV K -Amba |31 % 08| 43 + 08 14
57Ac A L L L RV K -Amba [15 * 07| 3+%2 20
58[Ac D L L L RV K -Amba | 12 = 7 | 84 0.7
59[Ac- E L L L RV K - Amba 8 + 5 7+2 0.9
6Ac F L L L RV K -Amba | 0 *+ 1] 0%5 10
61[Ac G L L L RV K -Amba | 3 * 2| 3+1 10
62fAc H L L L RV K -Amba |13 * 06] 18 ¥ 08 14
E'A:rl L L L RV K -Amba 5 + 2 52 1.0
64Ac K L L L RV K -Amba [03 * 02] 04 %02 13
65Ac ML L L RV K -Amba | 6 *+ 3 | 6+2 10
66[Ac N L L L RV K -Amba | 6 * 2 | 31 %03 05
67/Ac P L L L RV K -Amba | 3 + 1| 1104 04
68[Acc Q L L L RV K - Amba 3 ¢+ 2 +1 10
69fAc R L L L RV K -Amba [06 * 03] 11 %05 18
70Ac S L L L RV K -Amba | 6 * 2| 4+1 0.7
£|ACVTLLLRVKVAmba 4+ 2] 24%07 06
72AcV L L L RV K -Amba | 5 = 1] 4%1 08
73Acc WL L L RV K -Amba [ 9 + 2 6+1 0.7
74Ac Y L L L RV K -Amba |62 * 05| 4+2 06

2 3
Selectivity Index

on

Figure 3. Selectivity index toward PACE4. The selectivity index (K Furin/K; PACE4) was calculated from the inhibition constants to indicate the
discrimination between PACE4 and furin for each substitution. The data in the table are the mean values + SD of three independent experiments.

in the 107° M range, including inhibitors modified with basic
residues (analogues 26, 28, and 33), Pro (peptide 31, K;: 4 + 1
nM), Val (peptide 36, K;: 4 &+ 2 nM), Gln (peptide 32, K;: 4.1
+ 0.7 nM), Tyr (peptide 38, K;: 4.8 + 0.2 nM), and Leu in the
initial scaffold 2 (K;: 3.1 & 0.8 nM). Interestingly, we previously
reported results from a partial combinatorial library, where the
presence of Leu in position P6 resulted in a strong affinity for
PACE4, with a K; value in the same range as peptides with Lys
and Arg at this position."” This result suggests that Leu residue
in the P6 position greatly contributes to inhibitory properties of
peptide 1 toward PACE4.

The selectivity indexes were calculated for the P6 library
screen against PACE4 and furin and indicated that only two
peptides offered a selectivity of at least 2-fold toward PACE4.
Peptides containing Ile (analogue 27) and His (analogue 26)
displayed selectivity indices of 3.0 and 2.7, respectively (Figure
3).

Position P7. In the Ac-LXLLRVK-Amba library, all peptides
with exception of the negatively charged analogue 40 (K;: 80 +
20 nM) and analogue 41 (K;: 51 + 3 nM) displayed K;s below
10 nM for PACE4 (Figure 2C). Although His containing
peptides were among the best PACE4 inhibitors at the other
positions, compound 44 (K;: 3 + 2 nM) displayed average
inhibition at the P7 site, whereas other basic residues led to
analogues 51 (K: 04 + 0.4 nM) and 46 (K;: 0.5 + 0.2 nM)
with subnanomolar inhibition. The same trend was observed
for furin, with a K of 47 + 0.3 nM for peptide 44 versus
subnanomolar inhibition by analogue 51 (K;: 0.5 = 0.2 nM)
and analogue 46 (K;: 0.6 = 0.4 nM). Furthermore, large amino
acids containing aromatic moieties such as Trp (peptide 55, K;
PACE4:8 + S nM; furin: 13 = S nM) and Phe (peptide 42, K;
PACE4:8 = 1 nM; furin: 7 + 3 nM) showed slight
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disadvantages compared to other residues. Therefore, flexibility
constraints or steric hindrance due to side chain composition
could explain the disadvantage of the residues Trp, Phe, and
His for both PACE4 and furin (Figure 2). However, inhibition
for those peptides remained in the low nanomolar range.

The P7 library screen revealed very similar inhibitory profiles
for PACE4 and furin. Indeed, only slight differences were
observed between the selectivity indexes calculated for every
substitution (Figure 3). This suggests that, although position
P7 appears to participate in peptide affinity, subsite S7 could
not be exploited for molecular discrimination of both enzymes
into a high affinity PACE4 inhibitor.

Position P8. The analysis of residues’ contribution to the P8
position in the Ac-XLLLRVK-Amba library demonstrated an
attenuated influence of amino acid substitutions at this position
(Figure 2D). Indeed, although the basic residues Lys (analogue
64, K;: 0.3 + 0.2 nM), Arg (peptide 69, K;: 0.6 + 0.3 nM), and
His (analogue 62, K;: 1.3 + 0.6 nM) offered potent inhibition
toward PACE4, the K; values obtained for other residues were
in a narrow range, from 1.5 nM for Ala (analogue 57) to 12 nM
for Asp (analogue $8). Furthermore, negative residues
presented in peptides 59 (K;: 8 + S nM) and 58 (K;: 12 + 7
nM), did not offer a substantial inhibitory disadvantage, as
opposed to the results obtained for positions PS, P6, and P7.
Thus, whereas basic residues contributed to inhibition at this
position, the P8 library screen demonstrated a minimal impact
of residue substitutions on the initial scaffold (2), suggesting
that the P8 residue of the inhibitors would be outside the
binding cleft of PCs.

Consistent with this observation, no residue seems to offer
discrimination between PACE4 and furin as observed from the
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Figure 4. Inhibitory potency of peptides on DU145 cell proliferation. The proliferation assay was performed for every peptide of the library using
experiments.

Proliferation Studies. As described previously, the ML
peptide and its analogues display antiproliferative effects on

selectivity index. With the exception of peptide 57 (2.0-fold

selectivity) all of the selectivity indexes were below 2.0.
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DUI14S and LNCaP prostate cancer cell lines, which both
express the enzyme PACE4 at significant levels.">'” To evaluate
the antiproliferative effects of each peptide in the PS5 to P8
libraries, proliferation studies were performed at doses of 25,
50, and 100 uM on DU14S cells (Figure 4). Peptides with
antiproliferative effects on DU145 cells were selected for
further proliferation assays using peptide doses of 1, 10, 25, S0,
75, and 100 #M on DU145 and LNCaP cell lines, and the IC,
values were calculated from the inhibition curves (Table 1). In

Table 1. ICs Calculated from the Dose—Response Curves
Using DU145 and LNCaP Cell Lines”

DU145 LNCaP

ICs, (uM) ICs, (uM)
1 Ac- L L LLRVK R-NH,] 100 + 10 | 180 * 60
2 Ac- L L LLRVK -Amba 25 + 10 40 = 15
6 Ac- L L L FRVK -Amba 40 * 10 50 + 20
9 Ac- L L LI RVK -Amba 50 + 10 28 £ 6
14 |Ac- L L LQR VK -Amba 12 £+ 1 26 =9
18 |Ac- L L LVRVK -Amba 45 + 7 60 + 10
24 |Ac- L L FLRVK -Amba 38 2 40 * 10
27 |Ac- L LI LRYVK -Amba 32 £ 4 80 * 10
38 |Ac- L LY LR VK -Amba 50 + 10 | 130 * 40
42 |Ac- L FL LRVK -Amba 36 £ 7 31 +9
45 |Ac- L I L LRV K -Amba 31 £5 40 + 8
55 |Ac- LWL LRV K -Amba 35 £ 6 50 + 20
58 |Ac- DL LLRVK -Amba 90 + 4 40 = 10
5 |Ac- ELLLRVK -Amba] 150 + 20 (120 + 30
60 |Ac- FL L LRVK -Amba 30 + 10 41 =5
63 |Ac- I L LLRVK -Amba 27 £ 5 40 = 10
68 |Ac- Q L LLRVK -Amba] 150 + 40 >250
70 |Ac- SLLLRVK -Amba] 100 + 22 >250
71 |Ac- TLLLRVK -Amba| 140 + 10 | 110 * 20
72 |Ac- VL L LRVK -Amba 75 £ 20 70 £ 20
73 |Ac- WL LLRVK -Amba 23 £ 4 39 +3
74 |Ac- YL L LRVK -Amba 23 £ 6 160 * 20

“Peptides with antiproliferative effects on DU145 cells were selected
for further analysis with the DU145 and LNCaP prostate cancer cell
lines. ICy, values were calculated from the dose—response curves
obtained from the MTT assay. The data in the table are the means +
SEM of three independent experiments.

position PS, ICsys were calculated from selected peptides
containing analogue 6 (DU145, 40 + 10 uM; LNCaP, 50 + 20
uM), analogue 9 (DU145, S0 + 10 uM; LNCaP, 28 + 6 uM),
analogue 14 (DU14S, 12 + 1 uM; LNCaP, 26 + 9 uM), and
analogue 18 (DU14S, 45 + 7 uM; LNCaP, 60 + 10 uM).
While analogues 6, 9, and 18 exhibited similar antiproliferative
effects on both DU14S and LNCaP cells, peptide 14 presented
a 2-fold improvement when compared to the control peptide 2.
In the position P6, only analogues containing Phe (analogue
24), lle (analogue 27), or Tyr (analogue 38) exhibited
inhibitory effects on DUI14S cell proliferation (Figure 4).
Calculation of ICsys demonstrated that peptides with Phe (24,
DU145, 38 + 2 M; LNCaP, 40 + 10 uM) or Ile (27, DU145,
32 + 4 uM; LNCaP, 80 + 10 uM) were equally potent relative
to the control peptide 2, whereas substitution with Tyr (38,
DUI145, 50 + 10 uM; LNCaP, 130 + 40 uM) altered the
inhibitory effects on both DU14S and LNCaP cells (Table 1).
Screening for position P7 revealed that only three peptides
were capable of inhibiting DU14S cell proliferation (Figure 4),
and determination of the ICsys for these peptides containing
Phe (analogue 42, DU14S, 36 &+ 7 uM; LNCaP, 40 + 10 uM),
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Ile (analogue 45, DU14S, 31 & S uM; LNCaP, 40 + 8 uM), or
Trp (analogue 55, DU145, S0 + 10 uM; LNCaP, 130 + 40
uM) substitutions demonstrated that all of the peptides
displayed similar inhibitory properties as the initial scaffold 2.
In the P8 position (Figure 4), several peptides displayed
antiproliferative effects on DU145 and LNCaP cells. Whereas
peptides containing Phe (analogue 60, DU14S, 30 + 10 uM;
LNCaP, 41 + S uM), Ile (analogue 63, DU14S, 27 + S uM;
LNCaP, 40 + 10 uM), and Trp (analogue 73, DU14S, 23 + 4
uM; LNCaP, 39 + 3 uM) displayed similar inhibition
properties to the control peptide 2 on both DUI145 and
LNCaP cells, substitution with Asp (analogue 58, DU145, 90 +
4 uM; LNCaP, 40 + 10 uM), Glu (analogue 59, DU14S, 150 +
20 #M; LNCaP, 120 + 30 uM), Gln (analogue 68, DU14S, 150
+ 40 uM LNCaP, >250 uM), Ser (analogue 70, DU145:100 +
22 uM; LNCaP, >250 uM), Thr (analogue 71, DU14S, 140 +
10 uM; LNCaP, 110 + 20 uM), Val (analogue 72, DU14S, 75
+ 20 uM; LNCaP, 70 + 20 yM), and Tyr (analogue 74,
DU14S, 23 + 6 uM; LNCaP, 160 + 20 uM) decreased
inhibitory potency in the cell-based assay.

Of all the analogues tested in this experiment, only
compound 14 showed increased antiproliferative effects
compared with the previously described control peptide 2.*°
For every position tested, peptides substituted with Phe or Ile
displayed similar antiproliferative properties when compared to
the lead compound. Interestingly, according to Eisenberg’s
hydrophobicity classification of amino acids, these two residues
are the most hydrophobic residues among the 20 natural amino
acids.”® Furthermore, peptides substituted with Val at the P5
position (analogue 18), Trp at the P7 position (analogue 55),
and Trp at the P8 position (analogue 73) also offered potent
antiproliferative effects on both DU145 and LNCaP cells and
feature hydrophobic side chains. With the exception of the
polar Gln residue at the PS position (analogue 14), every
peptide that displayed inhibition in the low micromolar range
on both prostate cancer cell lines was substituted with highly
hydrophobic residues. This observation suggests that the
hydrophobic nature of the PS—P8 core of scaffold 2 is a
critical feature to preserve antiproliferative effects, and this
information should be taken into account for further
optimization of PACE4 inhibitors.

Cell Penetration. Since our previous studies demonstrated
the need for cell permeability of PACE4 inhibitors in order to
elicit antiproliferative effects, we ought to assess ability of our
new compounds to penetrate cells. We therefore selected two
analogues based on their in vitro inhibitory activity, 9 and 18,
and determined their cellular uptake. Both inhibitors display
potent activity against recombinant PACE4; however, only
analogue 9 exhibits antiproliferative effect on prostate cancer
cell lines. To compare the quantity of the internalized peptides,
the FITC-labeled derivatives of both analogues were prepared
and analyzed by flow cytometry after 1 h incubation with
DU14S cells. False-positive signals resulting from nonspecific
interactions with membrane proteins were eliminated after
extensive trypsinization. Quantitative assessment of cell
penetration of each peptide in comparison with the initial
scaffold (FITC-pAla-LLLLRVK-Amba, compound 75)*" is
presented in Figure 5. The fluorescent version of peptide 15
(FITC-pAla-LLLRRVK-Amba, compound 76) showed the
lowest cellular uptake with the geometric mean fluorescence
intensity (GMFI) of 12.60 and 2.73 without and with trypsin
wash, respectively. However, the fluorescent derivative of
inhibitor 9 (FITC-fAla-LLLIRVK-Amba, compound 77)

DOI: 10.1021/acs.jmedchem.6b01499
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Figure S. Cellular uptake of the fluorescent ML analogues by DU14S cells. The fluorescent analogue modified with Arg (76) showed poor cellular
uptake, whereas a compound with an Ile residue (77) displayed improved penetration properties when compared to the initial sequence (75)

containing a Leu residue.

Table 2. Inhibitory Activity and the Selectivity Index Towards PACE4 of the Selected Analogues with Single or Multiple Ile

Substitutions”
analogue sequence K; PACE4 (nM) K; furin (nM) selectivity index
2 Ac-LLLLRVK[Amba]® 3.1+08 43 +08 14
9 Ac-LLLIRVK[Amba] 8+3 2749 34
27 Ac-LLILRVK[Amba] 10+ S 30 + 10 3.0
78 Ac-LLIIRVK[Amba] 9.8 + 4 81+ 05 0.8
79 Ac-[Dleu] LIIRVK[Amba] 14+6 117 + 3.6 0.8
80 Ac-[Dleu]LLLRVK[Amba]® 49 £ 09 98 +2 2.0

“The data in the table are the mean values + SD of three independent experiments. bThis compound was previously published in ref 20. “This

compound was previously published in refs 27 and 28.

exhibited improved cell permeability when compared to the
initial peptide scaffold (GMFI = 87.66 vs 46.61 without trypsin
wash, and GMFI = 99.26 vs 47.45 with trypsin wash). These
data demonstrate a significant correlation between the cellular
uptake and the antiproliferative activity, indicating that the
hydrophobic region (P8—PS) is important for the cell
permeability and its disruption with the positively charged
amino acid led to an inactive analogue 15.

Combined Modifications. To investigate whether the
selectivity profile of our inhibitors might be improved by the
combination of substitutions we design the analogue containing
two residues showing the best selectivity profile (analogue 78).
As shown in Table 2, this new inhibitor turned out to be
slightly more potent for furin and completely unselective (K
9.8 + 4 nM for PACE4; K;, 8.1 + 0.5 nM for furin). Although
both substitutions individually provided an increase in
selectivity toward PACE4 (selectivity index for peptide 9, 3.4,
and for peptide 27, 3.0), the combination of two Ile residues in
the position PS and P6 did not yield a selective inhibitor
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(selectivity index for peptide 78, 0.8). However, it should be
noted that peptide 78 substituted with combined modification
possesses potent antiproliferative effects on both DU145 and
LNCaP with ICys, of 20 + 2 and 30 + 10 uM, respectively
(Table 3).

In addition, we prepared the DLeu"*-substituted analogue of
this peptide (Ac-[DLeu] LIIRVK-Amba, analogue 79), as it was
demonstrated that the incorporation of the DLeu into the
structure of peptide 2 resulted in an analogue Ac-[DLeu]-
LLLRVK-Amba, known as compound C23 with 2-fold
selectivity toward PACE4.”” However, also in this case we
did not observe any improvement in the selectivity profile, and
the resulting analogue possessed comparable inhibitory potency
against PACE4 and furin (K, 14 + 6 nM for PACE4; K;, 12 + 4
nM for furin; Table 2). However, peptide 79, similar to its
counterpart without the DLeu residue, exhibited potent
antiproliferative activity on both DU145 and LNCaP with
ICyy of 37 + S and 60 + 30 uM, respectively (Table 3).
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Table 3. Antiproliferative Activity of the Analogues Modified
with the Ile Residue in the Comparison with the Initial
Scaffolds”

DU145 IC,,  LNCaP ICq,
analogue sequence (uM) + SEM  (uM) + SEM
2 Ac-LLLLRVK[Amba]® 25 + 10 40 + 15
9 AcLLLIRVK[Amba] 50 + 10 28 + 6
27 Ac-LLILRVK[Amba] 3244 80 + 10
78 Ac-LLIIRVK[Amba] 20+2 30 + 10
79 Ac-[DLeu]LIIRVK[Amba] 3745 60 + 30
80 Ac-[DLeu]LLLRVK[Amba]® 25 + 10 40 + 10

“The concentration of peptides that inhibited cell growth by 50%
(ICsy) was determined by MTT cell survival assays on DU14S and
LNCaP cell lines. The data in the table are the means + SEM of four
independent experiments. bThis compound was previously published
in ref 20. “This compound was previously published in refs 27 and 28.

Bl DISCUSSION AND CONCLUSION

The development of PC inhibitors has been the focus of several
studies since these enzymes are implicated in various
pathologies (review in Couture et al.”). PACE4 is involved in
prostate cancer progression, and its inhibitors have demon-
strated antiproliferative effects on prostate cancer cell
lines.">~"7*° However, the important role of PCs in homeo-
stasis suggests the relevance of developing selective inhibitors
with limited inhibitory properties toward other PCs. Our
previous study demonstrated that inhibitory selectivity toward
PACE4 was achievable with short peptides, as compound 1 that
displayed a 20-fold binding affinity for PACE4 over furin (K]
PACE4, 22 + 6 nM; K; furin, 430 + 10 nM)."* The addition of
the Amba moiety into its structure (peptide 2) resulted in a
significant increase in inhibitory potency (K; PACE4, 3.1 = 0.8
nM) and an important loss of selectivity (K; furin, 4.3 + 0.8
nM).”” Despite the loss in selectivity, peptide 2 appears as a
promising lead compound for drug design because we observed
important improvements in stability along with an increase in
antiproliferative properties.”® Of important note, its derivative
compound C23 (analogue 80) was previously shown to inhibit
tumor progression in a xenograft model of prostate cancer.”® A
thorough examination of this analogue biodistribution showed
adequate tumor delivery and extended in vivo stability.”®

To optimize the selectivity of this drug-candidate, we
designed a positional scanning library on the scaffold of
peptide 2 to study the molecular determinants within this high
affinity PACE4 inhibitor. The library included the canonical
recognition pattern described for PCs, modified by the arginine
mimetic Amba moiety and an N-terminal tetra-Leu sequence
(Figure 1). Dahms et al. determined the crystal structure of
furin bound to a short, nonspecific Phac-RVR-4-Amba peptide
and demonstrated that the rigid Amba moiety was deeply
inserted into catalytic pocket, which resulted in tight enclosure
of this arginine-mimetic within the S1 subsite.'* The conforma-
tional advantage of the Amba residue led to tight-binding
inhibitors, as previously described from enzyme kinetics
assays.”’~>>*” In this study, all inhibitors tested presented a
high affinity, with Kjs in the nanomolar or the picomolar range,
consistent with these observations. However, library screening
demonstrated that, although the Amba residue encounters a
tight binding interaction between the PCs and peptide
inhibitors, molecular determinants exist for positions PS and
beyond because differences in binding affinities were observed.
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For every position screened, the general trend indicated a
preference for basic residues Arg, Lys, and His for both PACE4
and furin (Figure 2). Thus, this observation is in accord with
previous positional screening toward furin, which demonstrated
that positively charged amino acids were preferred for this
enzyme.”’’~*” Furthermore, substrate cleavage efficiency studies
have previously shown that basic residues in positions PS and
P6 could increase cleavage efficiency by PCs.”>** Structural
analyses revealed that the PC catalytic cleft is fairly negatively
charged, which explains the clear preference for basic residues,
as well as the unfavorable presence of the negatively charged
amino acid residues Asp and Glu."'~'* With the exception of
charged amino acids, a distinction in binding preferences for
large nonpolar aromatic residues was observed for positions P6
and beyond. Indeed, the large amino acid Trp was among the
less potent substitution for positions P6 to P8, and Phe offered
a slight disadvantage at positions P7 and P8 for both PACE4
and furin. Finally, discrimination in binding preferences could
be observed on the basis of hydrophobicity. Whereas the very
hydrophobic residue Ile offered a disadvantage toward furin
when introduced in positions PS and P6, this residue was well
tolerated in the PACE4 binding cleft. For analogues containing
amino acids with shorter aliphatic side chains, Ala and Val, they
displayed comparable binding affinities for both enzymes. This
result demonstrated that there are differences in subsites S6 and
SS between PACE4 and furin.

It should be mentioned that a previous screen performed on
a partial combinatorial library revealed that Leu at the P6
position provides the most selective inhibition toward PACE4
over furin,”” whereas in the present study its CfS-branched
isomer, Ile, showed the highest selectivity. Unfortunately, with
the positional scanning performed in the present study, no
peptide containing the Amba moiety displayed a 20-fold
selectivity as previously observed for peptide 1."> This can be
explained by the tight binding properties of Amba, which
stabilizes the active peptide—enzyme complex even with
presence of unfavorable residues in positions PS5 to P8. Indeed,
despite the introduction of negatively charged residues, K|
values remained in the nanomolar range for every position
tested. Although they lie outside the canonical recognition
pattern for PCs, positions PS5 to P7 appear to contribute to the
peptides’ ability to bind to the furin and PACE4 binding clefts.
This study also suggests the limited participation of the position
P8 to overall affinity of the peptide 2. However, this position
could be exploited to introduce N-terminal peptidomimetic
modifications for further optimization of PACE4 inhibitors that
could enhance metabolic stability. Indeed, we previously
observed that the introduction of the unnatural amino acid,
DLeu, in the position P8 of peptide 1 did not alter its affinity
toward PACE4, while this substitution in positions PS, P6, and
P7 was not tolerated.” These results indicate that the P8
residue may be outside the catalytic cleft, thus explaining the
tolerance for substitution in this position.

To evaluate the contribution of each substitution on the
antiproliferative properties of the peptide 2, peptides from the
P5—P8 libraries were assayed in a proliferation assay using
DUI14S cells. Only a few peptides in the PS5 to P7 libraries
demonstrated antiproliferative properties, whereas ten peptides
from the P8 library were selected for further analyses on
DU14S and LNCaP cells. The scan of the PS to P8 library in
the cell-based assay revealed that the in vitro affinity toward
PACE4 is not directly informative of a peptide’s antiprolifer-
ative effects. Indeed, the most potent PACE4 inhibitor tested in
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the enzyme kinetics assay contained an Arg residue (analogue
15, K; PACE4, 0.2 + 0.1 nM) displayed no antiproliferative
effects on DU145 cells (Figure 4). Of note, our previous work
has investigated the possibility of cytotoxicity coming from the
peptide 2 and its analogues using a membrane integrity assay,
which measures the release of lactate dehydrogenase in the
media following cell lysis. These studies have shown that
compound 2 (at the 100 uM concentration) after 4 h
incubation with DU14S cell led to less than 5% cell death,
suggesting that the calculated ICgys values are the result of
antiproliferative properties rather than cytotoxic effects from
this series of peptide.”’ Using the FITC-labeled version of
analogue 15, we demonstrate that it has significantly reduced
cellular uptake when compared to analogues with hydrophobic
Leu or Ile residue at this position (Figure S). These data
strongly support our previous observations that inhibitor 1 or
its analogues have to target intracellular PACE4 to induce an
antiproliferative response.'> The incorporation of the charged
side chain into the tetra-leucine core diminished its cell
penetration properties, possibly caused by disruption of the
amphipathic structure of inhibitor 2.

Amphipathic peptides are known to enter cells by an
endocytosis-independent mechanism, likely through direct
interactions with the membrane bilayer and membrane
disorganization, which leads to a broad cellular distribution of
those peptides.”> >’ Inhibitor 1 and its analogues display
excellent cell penetration properties, and analyses of cellular
localization indicated a broad cellular presence of its FITC-
labeled analogue when incubated with cells.”” In this study,
only peptides containing hydrophobic residues, with the
exception of an analogue having Gln at the PS position,
displayed potent antiproliferative effects on DU145 and LNCaP
cells. Therefore, preservation of the amphiphilic character
should be considered upon designing new PACE4 inhibitors.

Despite the beneficial effect on the selectivity profile of Ile-
substituted peptides (analogue 9 and 27, 3-fold improvement),
their combination enhanced binding affinity for furin and
resulted in an unselective analogue 78 (Table 2), indicating that
binding sites of furin exhibit some degree of cooperativity. This
phenomenon has been already observed in a wide range of
proteases,”” including the proprotein convertase yeast homo-
logue kexin, where binding of a particular amino acid was
shown to be influenced by the neighboring residue within
positions P1 to P4.>’ These results demonstrated that in the
case of our starting inhibitor 2 only the single substitution Ile at
the PS or P6 position is well tolerated and provides some
degree of discrimination between furin and PACE4. This
indicates that an alternative approach such as targeting
allosteric sites and exosites (alone or together with the active
sites) should be considered to optimize the selectivity profile of
PACE#4 inhibitors. This strategy has been proven successful to
generate new anticoagulants, ie., highly selective thrombin
inhibitors known as bivalent direct thrombin inhibitors
(hirudin-derived peptides),** which bind simultaneously to
the catalytic site and exosite 1 domain of thrombin.*' The
importance of “adventitious binding points” has been also
investigated for protein-based PCs inhibitors. It has been
shown that engineered variants of eglin ¢ exhibited enhanced
selectivity toward target enzyme (e.g, up 41-fold for furin
versus PC7 and 20-fold for PC7 versus furin).*” However, until
now, to the best of our knowledge, no exosites or allosteric sites
have been identified for PCs.
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In regards to the eventual use of PACE4 inhibitors as
antiproliferative agents in prostate cancer, it has not yet been
determined if these compounds have secondary effects. In a
recent study, it was shown that PACE4 is an enzyme
responsible for the activation of Corin, also an enzyme that
generates the natriuretic peptides in the heart.*’ It was thus
speculated that PACE4 inhibition might result in cardiovascular
side effects. However, in our hands, the presently described
PACE4 inhibitors do not produce any hypertensive effects.
Furthermore, PACE4 knockout mice are not hypertensive
under normal conditions (unpublished data).

In conclusion, this article demonstrates that molecular
determinants for PACE4 and furin exist within subsites SS to
S7. However, the influence of amino acid substitution appeared
attenuated with the presence of the Amba moiety in the P1
position, leading to high affinity inhibitors of both PCs even in
the presence of unfavorable residues in positions PS and
beyond. Only the incorporation of the Ile residue offered a 3-
fold inhibitory selectivity toward PACE4 when introduced
within position PS or P6 of the starting peptide. Furthermore,
the presence of this highly hydrophobic amino acid residue at
these positions sustained the amphipathic nature of peptide 2
and the antiproliferative effects observed toward prostate cancer
cell lines. The findings described here could be used to guide
the design of a new generation of PACE4 inhibitors with
improved selectivity and activity for potential therapeutic
applications. As regard to therapeutic applications of PACE4
inhibitors, a potent and stable yet less selective analogue might
be suitable. Further optimization of therapeutic regimens or
targeted delivery could offer practical therapeutic index.

B EXPERIMENTAL SECTION

Peptide Synthesis. Fmoc amino acids, resins, coupling reagents,
and solvents were purchased from GL Biochem, Merck Chemicals,
Rapp Polymere, and Sigma-Aldrich. Fmoc-SPPS (Fmoc/tBu strategy)
was performed manually or on an automatic synthesizer Symphony
(Protein Technologies, USA). Protected 4-amidinobenzylamine and 4-
amidinobenzylamine-2HCI were synthesized using protocols described
in the literature.”>>¥*~%¢

All PS-substituted peptides were synthesized on a 4-Fmoc-
hydrazinobenzoyl AM NovaGel resin (substitution 0.49 mmol/g),
with the exception of the analogue modified with the Met residue.
After removing the protecting group from the resin using a standard
procedure, the Ac-P8-P2 fragment of the peptide was synthesized
using a Symphony (Protein Technologies, USA) automatic synthesizer
as described in Scheme 1. During the synthesis, amino acid coupling
was performed using 2.5 equiv of amino acid, 2.5 equiv of O-
(benzotriazol-1-y1)-N,N,N’,N’-tetramethyluronium tetrafluoroborate
(TBTU), 2.5 equiv of 1-hydroxybenzotriazole (HOBt) as coupling
reagents, and S equiv of N-methylmorpholine (NMM). N-Terminal
acetylation was performed three times with acetic anhydride/
diisopropylethylamine (DIPEA)/dichloromethane (DCM) (1.5/1.5/
7, v/v/v) for 10 min. Peptidyl resin oxidation and coupling of the
protected 4-amidinobenzylamine were performed manually with 2.5
equiv of the compound, 0.7 equiv of Cu(OAc),, and 1.5 equiv of
pyridine in anhydrous N,N-dimethylformamide (DMF) for 24 h.*"~*
The resin was drained, and DMF was removed in vacuo. The
protecting groups were removed from side chains using a standard
mixture of trifluoroacetic acid (TFA)/triisopropylsilane (TIS)/H,0
(95/2.5/2.5, v/v/v) for 2.5 h. The solvents were removed in vacuo,
and the inhibitors were precipitated with ether, centrifuged, and
lyophilized from 30% acetonitrile in water. The peptides were then
dissolved in acetic acid/methanol (MeOH) (1/1, v/v), diluted to a 1
M concentration, treated with catalyst (10% Pd/C), and hydrogenated
using a shaker-type hydrogenation apparatus 3911 (Paar, USA) (1.5 b,
5SS psi, RT). The catalyst was filtered and washed with MeOH, and
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solvents were removed in vacuo. The product was diluted in 20%
acetonitrile in water, lyophilized, and purified by preparative HPLC
(system Waters; purity > 98%).

Compound 11, all peptides substituted at the P6, P7, and P8
positions, inhibitors with multiple substitutions, and FITC-modified
analogues were prepared using a combination of SPPS and solution-
phase synthesis as shown in Scheme 2. The loading of the first amino
acid on the 2-chlorotrityl-chloride resin was prepared using 2 equiv of
Fmoc-Lys(Boc)-OH, dissolved in dry DCM (10 mL per 1 g of resin),
and rapid addition of 2 equiv of DIPEA to the resin. After 1 h, MeOH
was added (2—4 mL per 1 g of resin), and the mixture was stirred for
15 min. The resin was drained and washed with DCM, DMF, and
DCM and dried in vacuo. Fmoc SPPS was continued manually or with
an automatic synthesizer using the same procedure as for the peptides
presented above. For the FITC-labeled peptides, in the last step the
resin was treated with a solution of 3 equiv of FITC in pyridine/DCM
(1:4 v/v) and agitated on the automated shaker for 16 h in room
temperature. The resin was filtrated and washed successively with
acetonitrile (ACN), DMF, isopropanol, and DCM. Then, peptidyl
resins were treated as their counterparts without the FITC moiety.
Cleavage of fully protected peptides was obtained by treatment with
hexafluoroisopropanol (HFIP)/trifluoroethanol (TFE)/dichlorome-
thane (DCM) (3/2/S, v/v/v) for 2 h at RT. After solvent removal
in vacuo, the analogues were precipitated with cold diethyl ether,
centrifuged, and lyophilized from 50% tert-butanol in water. Coupling
of the protected 4-amidinobenzylamine or 4-amidinobenzylamine-
2HCI was carried in solution using 2 equiv of this compound, 2 equiv
of (l-cyano-2-ethoxy-2-oxoethylidenaminooxy)-
dimethylaminomorpholino-carbenium hexafluorophosphate
(COMU), and 8 equiv of NMM or 6 equiv of DIPEA in anhydrous
DMF overnight as described previously.20 DMF was removed, and
side group deprotection and hydrogenation were performed as
described above. The peptide was diluted in 20% ACN in water,
lyophilized, and purified by reversed phase preparative HPLC to
achieve a purity of >98% using a Waters system (Kromasil 100 C8
column, 250 X 16 mm, S ym) with a linear gradient of 80% ACN in
water containing 0.1% of TFA from 13 to 43%, 13 to 50%, or 20 to
65% for 90 min at a flow rate of 8 mL/min, a Shimadzu system
(Jupiter 4 p Proteo column, 90 A, 250 X 10 mm) with a linear gradient
of ACN from 20 to 60% for SO min at a flow rate of 4 mL/min, or a
VARIAN ProStar system (Phenomenex Jupiter C18 column, 300 A,
250 X 21.20 mm, S ym) with a linear gradient of ACN from 25 to 50%
for 55 min a flow rate of 7 mL/min. All inhibitors were finally obtained
as TFA salts after lyophilization.

Inhibitor purity was determined using an Agilent analytical RP-
HPLC system (VYDAC C,53 or AGILENT Elipse XDB C,4 column)
and a Shimadzu RP-HPLC system (Jupiter 4 i Proteo 90 A, 250 X
4.60 mm). The molecular masses of the synthesized compounds were
verified using LCMS ESI IT-TOF (Shimadzu, Japan) or HRMS
(TripleTOF 5600, ABSciex, USA) mass spectrometers. The
physicochemical properties of all analogues are presented as
Supporting Information in Table SI. All tested compounds possess
purity of at least 98% (for FITC-peptides at least 95%).

Enzymatic Assays. The inhibition constants (K;) were determined
using human recombinant PCs (PACE4 and furin) that were produced
and purified as described previously.’® Competitive assays were
performed in 96-well microtiter plates for 60 min at 37 °C with 100
UM of the fluorogenic substrate pyrGlu-Arg-Thr-Lys-Arg-7-amido-4-
methylcoumarin (Bachem, CA, USA) and different inhibitor
concentrations (ranging from 10 M to 1 nM). The enzymes were
added at a final concentration of 2 units per 100 uL in each well
(PACE4, 20.18 nM; furin, 0.54 nM), and fluorescence was measured
using a Gemini XS spectrofluorometer equipped with SoftMaxPro$
(Molecular Devices, CA) (4gx, 370 nm; Ay, 460 nm; cutoff, 435 nm).
K; values were calculated from the Morrison equation for tight binding
inhibitors using Prism 5.0 (GraphPad Software, CA, USA) as
described previously.”® The Michaelis—Menten constants (Ky;) for
PACE4 and furin are 4.035 and 5.04 uM, respectively. K were
determined in three independent experiments for each peptide, and
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the results presented in Figure 4 and Table 1 are the mean =+ standard
deviation.

Assays with PACE4 were carried out in 20 mM BisTris pH 6.5, 1
mM CaCl,, and 1.8 mg/mL BSA buffer. Furin enzymatic assays were
carried out in 100 mM HEPES, pH 7.5, 1 mM CaCl,, 1 mM p-
mercaptoethanol, and 1.8 mg/mL BSA, except for His containing
peptides, which were performed in 20 mM BisTris pH 6.5, 1 mM
CaCl,, 1 mM p-mercaptoethanol, and 1.8 mg/mL BSA. The inhibition
assays of peptides containing His residues were performed at pH 6.5 to
ensure similar ionization of this residue and to allow for proper
comparison of the binding properties between PACE4 and furin, given
that the His side chain pK, is 6.08.

Proliferation Assays. Prostate cancer cell lines were obtained
from ATCC and maintained at 37 °C in a water-saturated atmosphere
with 5% CO, in RPMI 1640 medium supplemented with either 5%
fetal bovine serum (FBS; Wisent Bioproducts, Canada) for DU14S or
10% FBS for LNCaP. The MTT proliferation assay was performed as
described previously.'>*° Briefly, DU145 cells were seeded at a density
of 1500 cells/well, and LNCaP cells were seeded at a density of 2500
cells/well in a poly-L-lysine coated plate. Twenty-four hours after cell
plating, the inhibitors were added to the cells in fresh FBS-
supplemented media. A first screen of the antiproliferative properties
was performed using inhibitor doses of 25, S0, and 100 M (Figure 4)
with DU14S cells, and complete dose—response curves were then
determined with inhibitor doses of 0, 1, 10, 25, 50, 75, 100, and 250
uM on DUI14S and LNCaP cells (Table 1). The peptide inhibitors
were incubated with the cells for 72 h, and metabolic activity was
evaluated by adding the MTT reagent to the DU14S and LNCaP cells
at final concentration of 1 mg/mL for 4 h. The formazan salt was
solubilized with 100 uL of 2-propanol HCl (24:1 N), and the total
metabolic activity was normalized relatively to vehicle-treated cells
(sterile bidistilled water). The half-maximal inhibitory concentration
(ICsp) was calculated using Prism 5.0 (GraphPad Software, USA). The
proliferation assay results are the mean + standard deviation from at
least three independent experiments (n = 3).

Cell Penetration. The cell penetration assays were performed on
DU14S5 cells using FITC-labeled peptides. Briefly, DU145 cells were
incubated for 1 h in serum-free RPMI media with 10 uM of the FITC-
analogue and collected by trypsin—EDTA digestion followed by
centrifugation. Cells in suspension were then extensively washed twice
with trypsin (0.05% v/v) for S min at 37 °C to remove nonspecific
interactions with the membrane proteins. Then, cells were incubated
for 2 min with propidium iodine (10 pg/mL) to exclude cells with
altered membrane and were immediately analyzed (10000 events/
sample) by fluorescence activated cell sorting (FACS; Becton
Dickinson; Mountain View, CA, USA). GeoMeans were determined
using CellQuest Software (Becton Dickinson).
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B ABBREVIATIONS

ACN, acetonitrile; Amba, 4-amidinobenzylamide; COMU, 1-
cyano-2-ethoxy-2-oxoethylidenaminooxy)-
dimethylaminomorpholino-carbenium-hexafluoro phosphate;
DCM, dichloromethane; DIPEA, diisopropylethylamine;
DMEF, N,N-dimethylformamide; DMSO, dimethyl sulfoxide;
FACS, fluorescence-activated cell sorting; FBS, Fetal Bovine
Serum; FITC, fluorescein isothiocyanate; GMFI, geometric
mean of fluorescence intensity; HFIP, hexafluoroisopropanol;
HOBYt, 1-hydroxybenzotriazole; HRMS, high-resolution mass
spectrometry; 1Cg,, half-maximal inhibitory concentration; K;
inhibition constant; LCMS ESI IT-TOF, liquid chromatog-
raphy—mass spectrometry system with electrospray ionization
connective jon trap and time-of-flight analyzers; ML, multi-Leu
peptide inhibitor; NMM, N-methylmorpholine; PC, proprotein
convertase; RP-HPLC, reversed-phase high-performance liquid
chromatography; SPPS, solid-phase peptide synthesis; TBTU,
O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium tetra-
fluoroborate; TFA, trifluoroacetic acid; TFE, trifluoroethanol;
TIS, triisopropylsilane
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