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Rational Design of a Highly Potent and Selective Peptide
Inhibitor of PACE4 by Salt Bridge Interaction with D160 at

Position P3

Vahid Dianati,”’ Azar Shamloo,” Anna Kwiatkowska,' Roxane Desjardins,™
Armand Soldera,” Robert Day,* and Yves L. Dory*®

PACE4, a member of the proprotein convertases (PCs) family of
serine proteases, is a validated target for prostate cancer. Our
group has developed a potent and selective PACE4 inhibitor:
Ac-LLLLRVKR-NH,. In seeking for modifications to increase the
selectivity of this ligand toward PACE4, we replaced one of its
P3 Val methyl groups with a basic group capable of forming
a salt bridge with D160 of PACE4. The resulting inhibitor is
eight times more potent than the P3 Val parent inhibitor and
two times more selective over furin, because the equivalent
salt bridge with furin E257 is not optimal. Moreover, the [3-
branched nature of the new P3 residue favors the extended [3-
sheet conformation usually associated with substrates of pro-
teases. This work provides new insight for better understand-
ing of P-sheet backbone-backbone interactions between
serine proteases and their peptidic ligands.

Binding of peptide ligands to their complementary enzyme or
receptor, is controlled by two important factors from internal
and external origins; namely, their conformation and their
binding interactions with the target. Thus, in the best scenario,
their active conformation corresponds to their intrinsic most
stable shape. Moreover, these ligands ideally develop as many
noncovalent interactions as possible with the target biomole-
cule to ensure tighter binding. Here we show that proper sub-
stitution of a single key residue of a protease inhibitor can be
leveraged to impact both factors in a concerted manner.
B-Strands are ubiquitous secondary structures. They have
been identified as important features in antimicrobial peptides
and natural ligands for biomolecular hosts like proteolytic en-
zymes, major histocompatibility complex (MHC) proteins and
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transferases. It is well known that proteases universally bind

to their substrates in extended B-strand conformation.”’ The f-
sheet backbone hydrogen bonding pattern (mostly antiparal-
lel) is crucial for peptide-based ligands to bind. In drug design
targeting proteases, drug resistance is a serious issue. The
active site geometry must be conserved to maintain the cata-
lytic activity, so enhancing the backbone interactions, while
stabilizing the active conformation, is a logic way to alleviate
the effect of mutations.”

Statistic” and thermodynamic® studies clearly established
that B-sheets prefer (3-branched residues (Val, lle, and Thr) in
their structure rather than other residues. The greater steric
clashes between the local backbone and the side chain of f3-
branched residues, favors (-sheets over all other conforma-
tions.”” Moreover, B-sheet hydrogen bonds are shielded from
interfering water molecules.”” Consequently, Val and lle are
privileged residues in peptidic inhibitors of proteolytic en-
zymes.”®

Side chain to side chain interactions, including those be-
tween charged residues,” cation-m interactions,"” - interac-
tions™ and covalent bonds like disulfide bonds''? have been
employed to stabilize artificial -sheet models. Recently, Gell-
man’s group used a series of charged bearing p-branched
amino acids making intramolecular salt bridges in their artificial
[-sheets. These amino acids proved to be better 3-sheet induc-
ers and stabilizers than natural residues.”® Here, we take ad-
vantage of this B-sheet propensity by incorporating such relat-
ed residues in our peptide protease complexes.

Proprotein convertases (PCs) belong to the family of substi-
lin—kexin serine proteases, which recognize their substrates
through pairing with basic residues (R-P3-R/K-R-1-P1")."¥l They
proteolytically activate a range of proproteins, including hor-
mones, receptors, growth factors, zymogens, etc. The seven
members of proprotein convertases including PC1/3, PC2, PC4,
PC5/6, PC7, furin and PACE4 have many resemblances in their
active sites.'" We have shown that PACE4 is a promising
target in prostate™ and ovarian cancer"® Optimization of
binding selectivity is a major path toward drug candidates to
alleviate potential side effects. Additionally, in vivo use necessi-
tates the elaboration of stable compounds. Our research group
has developed a PACE4 peptide inhibitor with the Ac-
LLLLRVKR-NH, sequence!” and named the Multi-Leu (ML) after
its four leucine residues. The tetra-Leu tail makes the RVKR tet-
rapeptide warhead a cell penetrating peptide and increases
the selectivity toward PACE4 (20-fold). We also reported the P1
Arg modification of ML with 4-amidinobenzylamine (Amba),
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which resulted in an inhibitor with improved activity and
better stability in vivo.'®

A P3 modification of a peptidomimetic furin inhibitor (Phac-
RVK-Amba, where Phac stands for phenylacetyl) has been in-
vestigated by replacing Val with many other natural and modi-
fied amino acids.'"" That study suggested to us that B-
branched residues™® might be used to stabilize the B-sheet
conformation of inhibitors, while concomitantly adding interac-
tions with furin and its homologous PACE4 enzymes, with suit-
able B-substituents.

According to a homology model of PACE4™ developed
from the crystal structure of furin (1P8J),%" from all amino
acids within the S1-S4 sub-pockets, there is just a single differ-
ence between the two enzymes: Asp160 in PACE4 replaces
Glu257 of furin in S3. We designed f3-branched basic amino
acids 1-4 (Figure 1) to replace Val at position P3 of ML, to bind
Asp160 of PACE4, while stabilizing its [-sheet conformation
(Figure 2).

NH NH

L

lile NH,
§ )n ), ),
H2N H,N OH  hN QH
3 O 4 O

1

Figure 1. Structure of modified amino acids to be inserted at P3 of ML.

The binding affinities and selectivities (toward PACE4) of all
the PACE4 inhibitors synthesized in the present work are sum-
marized in Figure 2. Initial results from Val (5) substitution by
Ala (6) suggest that p-branching is indeed important. We then
endeavored to optimize the side chain length and the basic
functional group. A series of ML P3 substituted analogues was

el

Ac—Leu—Leu—Leu—Leu—ArgLys—Arg—NHg Ha H

Slde chain: HN/ NIN P

Val 5 Ala 6 Lys 7 Arg 8 o 9 Agb[a] 10
PACE4 Ki(nM): 22¢6  195:50 8334 8819 105¢1  87+20
Furin K; (nM):  430+10 1400+270 1480+65 1200240 2000+100 890+190
Selectivity: 20 7 18 12 21 10
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Figure 2. Structure and binding affinities of peptide inhibitors 5-16 for
PACE4 and furin and their selectivity profile toward PACE4. All experiments
were repeated at least twice, and data are shown as K, & SD. [a] 2-amino-4-
guanidinobutyryl. [b] 2,3-diaminobutyryl. [c] 2-amino-3-guanidinopropionyl.
[d] 2,3-diaminopropionyl. [e] 25,35-diaminobutyryl. [f] 25,3R-diaminobutyryl.
[g] 2S-amino-3S-guanidinobutyryl.
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prepared from commercial linear basic residues (7-13) using
solid-phase peptide synthesis (SPPS). Inhibitors 7-10 showed
almost the same trend for PACE4 inhibition. Since 12 and 13,
gave the best results, it was then clear that the ideal chain
length for the (-branched analogues was 0 (n=0 in Figure 1).
We then logically prepared the corresponding inhibitors 14-16
from synthetic (3-branched residues 20a and 20b (Scheme 1).

R? BocNHNH, R?
j‘-\—R’ COMU, j‘:R1H 1) TsCl, Pyr, 0°C
DIPEA, -N. 2) NaN3, DMF,
Bocn COyH CHayCly, 0°C Boc” 8 ” Boc 45°C
17a:R'=OH,R%=H 18a: R'= OH, R?=H (71%)
17b : R'=H, R%= OH 18b : R'=H, R%= OH (77%)
R? 1) TFAICH,Cl, (1:1), 0°C R?
2) NBS, THF/H,0 (1:1), 1t ~R’

B
BocN C'N‘ 3) Na,CO3, FmocOSu,
H O

NBoc  “THFH,O (1:1), 0°C

FmocN™ "CO,H
H
20a: R'=H, R%= N3 (57%)

20b : R'= N3, R2= H (49%)

19a : R'=H, R%= N3 (55%)
19b : R'= N3, R%=H (62%)

Scheme 1. Synthesis of Fmoc-protected residues 20a and 20b.

Thus, Boc-Thr-OH 17a and Boc-allo-Thr-OH 17b were pro-
tected as the Boc-hydrazides 18a and 18b. The [(-hydroxy
groups were converted into azides 19a or 19b through tosyla-
tion and subsequent azidation, with inversion of configuration
at the B position. The Boc and hydrazide protecting groups
were removed with TFA and NBS, respectively. Fmoc groups
were installed on the resulting amino-acids to yield the pro-
tected amino acids 20a or 20b, ready for Fmoc-SPPS
(Scheme 2). After eight cycles of deprotection and coupling

- o i
HzN O Ac,0.DIPEA, R Lys(Boc)—Arg(be)—N—O
TentaGel CHClp P
SRam _— HN-Arg(Pbf)—Leu Leu LeuLeuAc
resin
8x )spps 21b:R=N;,
1)Fmoc-aa-OH,
I-:ATU DIPEA, DMF ek Ns\ TFATIPS/H0
) 2 SnC|2, PhSH, (38:1:1)
EPRIDME (1:5) DIPEA, THF '\ 22b:R=HN, = 77 "

— 14

22a:R= HZN\
BocHN
)=NBoc, HgCIZK = 8

MeS NEta DMF 23 :R= (BOCNH)2C N\

Scheme 2. Synthesis of peptide inhibitors 14-16 with modified residues.

with the adequate residues, the terminal amine was deprotect-
ed then acetylated. The resin bound peptide azides 21a and
21b were reduced to their corresponding amines 22a and
22b. The amine 22a was converted into the guanidine deriva-
tive 23, directly onto the resin. The cleavage and global depro-
tection of 22a, 22b and 23 gave the peptide inhibitors 14, 15
and 16 respectively.

The data reported in Figure 2 show that, among the new in-
hibitors with straight chains (7-13), 12 is as potent as ML 5.
This suggests that the salt bridge between the guanidinium
ion of Agp in 12 and the carboxylate of Asp160 in PACE4 is in
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fact almost as effective as the [3-sheet inducing effect of Val in
5. The salt bridge is not as strong with a simple ammonium
ion as in 13. Methyl groups were then introduced at the [3-po-
sition of Dap in 13 to transform it into a -sheet inducer like
Val in ML 5. It appeared that only one isomer, S-i-Dab, pro-
duced the expected additive effect. The corresponding inhibi-
tor 14 is now more potent than 5, whereas its stereoisomer 15
is even less active than its parent 13. The inhibitors 14 and 15
were docked into a model of PACE4 to compare their geome-
try with 5 (Figure 3). To satisfy the salt bridge structural re-

Figure 3. Docking of inhibitors 14 and 15 in PACE4. S-i-Dab from 14 (left)
and R-i-Dab from 15 (right) in the S3 pocket of a PACE4 homology model.

quirements, the methyl group has to orient toward (for 3-S
isomer) or away (for 3-R isomer) from the B-sheet hydrogen
bond. The orientation of the (-methyl and f-ammonium
groups of S-i-Dab (14) is the same as the Val methyl substitu-
ents in the crystal structure of furin.?"*? We assume that only
this orientation is prone to induce the p-sheet conformation of
the inhibitor ligand. This is supported by the y1 value of S-i-
Dab (—37°) corresponding precisely to an antiparallel p-
sheet.” Whereas, in inhibitor 15, the salt bridge between the
ammonium group of R-i-Dab and D160 forces the residue to
adopt a y1 value (—160°) normally found in parallel B-sheets.
This phenomenon is obviously fighting the natural antiparallel
mode of binding of inhibitors of PACE4. Consequently, the
PACE4-15 complex is probably less stable than the stereoiso-
meric complex between PACE4 and 14.

On top of the beneficial B-sheet stabilization in peptide 14,
it is also likely that the isopropyl group orientation could affect
the solvation profile of (3-sheet hydrogen bonds, by screening
them from external water molecules. Such shield effect is
absent in inhibitor 15.

Because inhibitor 14 has the correct stereochemistry for op-
timal binding, its equivalent guanylated analogue 16 was in-
vestigated. Some degree of synergy appears to be at work in
its mode of inhibition, because it is eight times more potent
for PACE4 than ML 5, while two times more selective (20-fold
vs. 40-fold, respectively).

To gather additional support for our hypothesis that (-
branching of P3 residue might affect the conformation of pep-
tide inhibitors; we recorded the CD spectra of inhibitors 5 and
6. We were expecting to witness different conformational be-
haviors. Unfortunately, both octapeptides displayed identical
random coil spectral patterns. We then turned our attention to
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molecular dynamics (MD) simulations on a PACE4 homology
model in coordination with the two tetrapeptides Ac-RVKR-
NH, and Ac-RAKR-NH, as ligands. Because the P3 side chains in
these two model peptides are solvent exposed and have no in-
teractions with the target enzyme, effect of [-branching on
conformation could be investigated independently. The Rama-
chandran plot parameters, ® and W as descriptors of confor-
mations, were analyzed for the P3 residue during the simula-
tion (Figure 4a). The two tetrapeptides adopt different confor-

a)

180 180

90 90

Val Ala

W2 L 4

0 4 0

-90 -90
-180 . ; y -180 , | v

-180 -90 0@/0 90 180 180 -90 0@/" 90 180
b)

1804 ‘ i 180

1507 ’ i Vel s

1 |‘““""mm‘w* A'M“f Ala

1204 I 120
a/° 3 a/°

904 94 9, Jgo

O-----“H*N

601 Gly158 R 60

] N—H------- 0= TH:

30 14 30 G

Ly S — ———r— (O S —— -

0 200 400 600 800 1000 0 200 400 600 800 1000
t/ps t/ps

Figure 4. MD simulation (1 ns) of Ac-RVKR-NH, and Ac-RAKR-NH, docked in
a PACE4 homology model. a) Ramachandran plots for the P3 residues. The
@ and W angles for Val correspond to an antiparallel $-sheet, whereas those
for Ala correspond to a PPII helix. b) Variations of the hydrogen bond angles
o, and a, (/N-H--O) between Gly158 of PACE4 and the P3 residues of the in-
hibitor backbones.

mations described by the /N-H--O hydrogen bond angles (a,
and a,) between the P3 residue and Gly158 backbones (Fig-
ures 3 and 4b). During the MD simulations, the values of these
angles for the Val residue remain consistently larger (average
a, of 149° and a, of 159°) than for the Ala residue (average a,
of 115° and a, of 130°). Because the ideal o, and a, angles for
an antiparallel B-sheet, are 160° 4+ 10°,%¥ the Val residue, in the
model tetrapeptide, mostly adopts an antiparallel $-sheet con-
formation. Whereas the Ala equivalent in P3 is mainly in the
poly-Pro Il (PPII) helix region, which is often observed in -turn
residues.

These computational data add credibility to the idea that -
branched residues like Val, S-i-Dab (as in 14) and S-i-Agb (as in
16) are [-sheet inducers when located at position P3 of PACE4
(as well as furin) inhibitors structurally related to 5.

In summary, we introduced a new basic [-branched amino
acid (S-iso-Agb in 16) to the P3 position of the PACE4 inhibitor,
ML 5, leading to the discovery of a peptidic inhibitor with im-
proved potency and selectivity over furin. We propose that
this improvement is the result of three additive effects at the
same P3 position: 1) additional stabilizing electrostatic interac-
tions with Asp160; 2) stabilizing hydrophobic interaction be-
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tween the B-methyl substituent (having the correct configura-
tion as in Figure 3, left) and the Gly158-Pro159 region of
PACE4, and 3) increase in 3-sheet propensity resulting from [3-
branching. To the best of our knowledge, the correlation that
might exist between f-sheet propensity of inhibitor residues
and protease inhibition has not been studied. We suggest that
[B-sheet propensity improvement, coupled with other side
chain stabilizing interactions, could be considered as a principle
to target other proteases as well.
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COMMUNICATIONS

Setting the PACE with concurrent con-
trol of conformation and binding: Most
substrates of proteases form a [3-sheet

HoN_ONH,

Ki (PACE4) : 2.7 nm NH
Ki (Furin) : 110 nm u
Selectivity : 40

Ly
H

Ac-Leu-Leu-Leu-Leu-Arg Lys-Arg-NH,

Ki (PACE4) : 22 nm
Ki (Furin) : 430 nm

Selectivity : 20
Ay
H o

V. Dianati, A. Shamloo, A. Kwiatkowska,
R. Desjardins, A. Soldera, R. Day,*
Y. L. Dory*

. . . . . o
with the actlve‘5|te upon binding. New Xaa: Val Xaa: S--Agb EE-EE
B-branched residues, known to favor f3-
sheet conformation in linear peptides, H Rational Design of a Highly Potent
were introduced at the P3 Val position | Bsheet ,I,ﬁ,‘;:i?h‘, and Selective Peptide Inhibitor of

. ells . propensity
of inhibitors of the serine protease H PACE4 by Salt Bridge Interaction with
PACE4. Through this P3 strategic posi- HzN\IQNHz D160 at Position P3
tion, it was possible to obtain potent Ki (PACE4) : 195 nm Ki (PACE4) : 29 nm NH
Ki (Furin) : 1400 nm Ki (Furin) : 550 nm

and selective inhibitors, by additive [3- ;\N T e S ef\”«r\(i
sheet conformation control and salt o Tteraction %
bridge formation with PACE4 Asp160.
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