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Identification of Inhibitors of an 80 kDa Protease from Zrypanosoma cruzi
through the Screening of a Combinatorial Peptide Library
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Two orthogonal peptide combinatorial libraries were screened to discover inhibitors of Tc80 protease, a
novel target from Trypanosoma cruzi involved in host cell invasion. These libraries were composed of 15625 struc-
turally diversified tripeptides, partitioned in 125 mixtures. The screening led to a low micromolar inhibitor which
was actually an HF cleavage by-product H-Ipe-p-Tic-p-Glu(S-paratelyl)-OH. ICs, values of several analogous
molecules of this hit were determined and are discussed. For the best compounds, conformational analysis re-
vealed a high degree of similarity in shape with a potent prolylendopeptidase inhibitor, SUAM-1221.
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The flagellated protozoan Trypanosoma cruzi is the etio-
logical agent of Chagas disease, a chronic, debilitating, in-
curable illness that is highly prevalent in Latin America.” T.
cruzi trypomastigote forms use the bloodstream to reach and
infect a broad range of tissues and cells. To have access to
different cell types, the parasite must cross an intricate net-
work of fibrous proteins named the extracellular matrix.?
In respect of these features of the parasitic cycle, Santana et
al. postulated that T cruzi may express specific proteases
that could facilitate parasitic migration through the host ma-
trix. They characterized a T cruzi-secreted 80kDa protease
(Tc80), that specifically hydrolyses purified human collagens
type I and IV, and native collagen type I in rat mesentery at
neutral pH.> Thus, Tc80 may facilitate host cell infection by
degradation of the extracellular matrix collagens. Tc80 also
hydrolyses the fluorogenic substrate N-succinyl-Gly—Pro—
Leu-Gly-Pro-AMC, derived from repetitive sequences of
human collagen type I, between proline and AMC, suggest-
ing that Tc80 could be a member of the prolylendopeptidase
family. However, belonging to a specific class of proteases:
serine, cysteine, aspartic or metalloproteases, remains a de-
batable question for this enzyme because of the variety of in-
formation yielded by the main irreversible protease in-

hibitors.”

In this paper, we report the use of two orthogonal peptide
combinatorial libraries to quickly obtain inhibitors of Tc80.
These orthogonal self-deciphering libraries, recently de-
scribed by our group, can offer the advantage of an internal
validation, as any positive result detected in one library must
be confirmed by a positive result in the orthogonal library.”
Each library corresponds to 15625 tripeptides, synthesized
from 23 p-amino acids and 2 non-chiral amino acids, divided
in 125 mixtures. To synthesize a library, the 25 amino acids
were partitioned into five groups of five amino acids, each
named A,—A; for library A and B,—B; for library B (Fig.
1). For each group, amino acids were especially selected in
order to maximize the structural diversity. For the synthesis
of library A, each group (A, to A;), was coupled to a
chloromethylated Merrifield resin Polym-CH,CI, and the five
mixtures of aminoacyl resins were split into five parts each
and coupled with the mixtures of amino acids, leading, after
deprotection and cleavage from the resin, to 125 sub-libraries
in a soluble form. Library B was prepared according to the
same procedure, except that in this case, the orthogonal
groups of amino acids (B, to Bs), were used.

A A, A, A, As
(4-Nitro)-p- D-Isoglutamic
B, D-Leucine D-Proline D-Serine phenylalanine acid
D-
B, D-Arginine D-Isoleucine Glycine D-Threonine Isoglutamine
D-g-Nicotinoyl
B, D-Glutamine D-Tyrosine D-Valine lysine p-Histidine

B, | D-Tryptophane D-Asparagine

D-Glutamic acid

D-Methionine

sulfoxide D-Alanine

B; | Isonipecotic acid D-Lysine

D-Tetrahydro-

isoquinoleic acid

D-Aspartic acid | D-Phenylalanine

Fig. 1.
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Repartition of the 25 Amino Acids Used for the Synthesis of the Combinatorial Libraries
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Results

Both libraries were examined according to the following
method. The first library (A), was studied at a concentration
of 333 um for each of the 125 mixtures of 125 tripeptides.
Unfortunately, at this and lower concentrations, inhibition
values were almost identical for each mixture, rendering the
results unusable. In the second library (B), at 333 um, 11
mixtures displayed an inhibition greater than 50%, with the
best being, XpsXpsXp;, With 80% inhibition of the protease
activity. A deconvolution method, known as “positional scan-
ning,”>® had therefore to be used to identify the tripeptide(s)
responsible for activity. New syntheses were carried out
under the conditions previously described for libraries A and
B. The inhibiting potency of the different mixtures was eval-
vated by measuring IC,, values in the presence of 11 um suc-
cinyl-Gly—Pro—Leu—Gly—Pro-AMC as substrate.

The first series of five syntheses XpsXps0g; (Xps=mixture
of the five amino acids of Bs; Og =only one of the five
amino acids of B, group, comprising p-Leu, p-Pro, p-Ser, 4-
nitro-p-Phe and p-isoGlu), led us to define p-Glu as the C-
terminal residue for the best mixture of 25 tripeptides dis-
playing an IC,, of 0.65 um (the mixture with 4-nitro-n-Phe
was active to a lesser degree). The second series of five syn-
theses Xps0p:X5, gave us D-Tic (tetrahydroisoquinoleic acid)
as the intermediate residue for the best mixture of 25 tripep-
tides displaying an IC,, of 0.8 um, while for the third series
OpsXysXp, there remained little to choose between Ipe
(isonipecotic acid), p-Tic, and D-Asp for the best N-terminal
residue (IC;, values around 4 uwm). This approximate activity
led us to synthesize and to test the three corresponding
tripeptides: H-Ipe-p-Tic-p-Glu-OH, H-p-Tic-b-Tic-p-Glu-
OH, H-p-Asp-p-Tic-p-Glu-OH, the first one displaying the
best inhibition with an IC,, of 3 um before purification (ICs,
higher than 30 um for the two others).

The purification and analysis of the crude product, ex-
pected to be H-Ipe-p-Tic-p-Glu(OH)-OH, revealed that the
major constituent was in fact, the HF cleavage by-product H-
Ipe-p-Tic-p-Glu(S-paratolyl)-OH 1 with a smaller quantity of
the corresponding paracresol ester 2. Numerous side reac-
tions with glutamic acid have already been described as oc-
curing during HF/scavenger cleavage step.>’~ Esterification
of glutamic acid by scavengers (parathiocresol or paracresol),
is explained by nucleophilic attack by the sulfur or oxygen
atom upon the activated y carboxyl and here, the higher nu-
cleophilic character of the sulfur atom justifies the greater
formation of thiocresol derivative. Cleavage of the H-Ipe-p-
Tic-p-Glu(OH)-O-resin without scavengers, mainly yielded
H-Ipe-p-Tic-p-Glu(OH)-OH (3) which when isolated, proved
to be inactive.

The presence of an aromatic ring in the C-terminal posi-
tion seemed therefore critical for inhibition, all the more so,
since among the XXOp, mixtures, only those corresponding
to 4-nitro-pD-Phe and p-Glu(S-paratolyl), were active. The
sensitivity of aromatic thioesters to hydrolysis led us first to
prepare their esters and amide bioisosteres with paracresol or
benzylic alcohol and paratoluidine respectively (compounds
2, 4, 5). New products turned out to be as active (IC,, values
around 12 um), as the reference tripeptide 1 (Table 1). How-
ever, when paratoluidine was positioned on the glutamyl o
carbonyl (compound 6), inhibition decreased, suggesting that
a minimum spacer length is required for inhibition. Modifi-
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Table 1. Inhibitory Activities of Compounds 1—10 towards Tc80 Pro-
tease

No. Compound ICs, (um)

1 H-Ipe-p-Tic-p-Glu(S-paratolyl)-OH 12

2 H-Ipe-p-Tic-p-Glu(O-paratolyl)-OH 13

3 H-Ipe-p-Tic-p-Glu(OH)-OH >80

4  H-Ipe-n-Tic-p-Glu(OBzl)-OH —

5 H-Ipe-p-Tic-p-Glu(NH-paratolyl)-OH 12

6 H-Ipe-p-Tic-p-Glu(OH)-NH-paratolyl 30

7 Cyclohexylcarbonyl-p-Tic-p-Glu(NH-paratolyl)-OH 39

8 Phenylcarbonyl-p-Tic-p-Glu(NH-paratolyl)-OH 27

9 H-Ipe-L-Tic-D-Glu(NH-paratolyl)-OH >80

10 H-Ipe-p-Tic-L-Glu(NH-paratolyl)-OH 32

a) ICy, not determined because of the insolubility of the compound.

cation of the N-terminal extremity was also studied and the
isonipecotic residue was replaced by a cyclohexyl (com-
pound 7), or a phenyl ring (compound 8), to determine re-
spectively, the influence of a basic site and of a 7 aromatic
moiety in this position. Both analogues were less active than
the reference tripeptide 5. Finally, the stereochemistry of the
two chiral residues was studied with the synthesis of deriva-
tives 9 and 10 of the L series. Contrary to Glu stereochem-
istry which seemed not to be essential for inhibition (com-
pound 10 displayed an IC; of 32 um), Tic stereochemistry
was found to be critical for inhibition as no activity was ob-
served with compound 9 at concentrations below 80 Lim.

Recognition of the Tic residue by Tc80 and Tic/Proline
analogy, in addition to the already reported substrate speci-
ficity and molecular weight of the enzyme,” led us to assume
that our protease could be a prolylendopeptidase. Moreover,
the conformational analysis of H-Ipe-p-Tic-p-Glu(NH-para-
tolyl)-OH 5 and phenylpropylcarbonyl-L-prolyl-pyrrolidine
(the latter known as SUAM-1221),'°~'? a potent prolylen-
dopeptidase inhibitor, permitted the identification of low-en-
ergy conformers adopting a similar U-shape already reported
for SUAM-1221."Y The two conformers superimposed in
Fig. 2 are in the cis form with respect to the N-terminal
amide linkage. Although this form was found to be energeti-
cally favoured over the rrans, the small energy difference;
0.5 kcal/mol and 1.7 kcal/mol for 5 and SUAM-1221 respec-
tively, does not aid in the deduction of which is the biologi-
cally active one. Furthermore, NMR analysis of both com-
pounds revealed that two forms exist in solution (for SUAM-
1221, see reference 14, for compound 5, see experimental
data). The p-Tic ring of 5 could thus mimic the L-Pro ring of
SUAM-1221, while the C-terminal p-Glu(NH-paratolyl)-OH,
could overlap with the N-terminal propylphenyl moiety and
the N-terminal Ipe moiety with the C-terminal pyrrolidine
ring (these two molecules can be regarded as “retro-inverso
analogues™).!” The superimposition shows that compound 5
matches the pharmacophore model of SUAM-1221.3 This
pharmacophore is characterized by three spatially close
anchorage points: two hydrogen-bond acceptors (the N- and
C-terminal carbonyl groups), and a hydrophobic moiety
(phenyl ring), that could be responsible for the potency of
numerous prolylendopeptidase inhibitors, as previously re-
ported.

In conclusion, the use of a combinatorial library of tripep-
tides allowed us both to quickly find inhibitors of Tc80 from
T’ cruzi and to identify an original tripeptide structure con-
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Fig. 2. Best-overlap Obtained for H-Ipe-p-Tic-p-Glu(NHparatolyl)-OH 5
and SUAM-1221

The latter compound is shown in dashed lines. The superimposition was performed
using the coordinates of ring centers (saturated six-membered ring of b-Tic residue and
prolyl ring of L-Pro residue, the phenyl moieties of paratoluidine and phenylpropyl
sidechains, isonipecotic and pyrrolidine ring) and amide oxygen atoms of the two mole-
cules (C-terminal amide oxygen of p-Tic residue, N-terminal amide oxygen of L-Pro
residue, N-terminal amide oxygen of p-Tic residue, C-terminal amide oxygen of L-Pro
residue). The overall root mean square deviation (rmsd), is ~0.58 A.

taining a non-natural amino acid, Tic, as the central residue.
The Tic/proline analogy and conformational similarities be-
tween one of our most potent inhibitors and a prolyl en-
dopeptidase (PEP), inhibitor named SUAM-1221 enabled us
to classify this parasitic protease in the proline-specific
oligopeptidase family. Furthermore, the synthesis of specific
inhibitors of Tc80 based upon the Tic residue could consti-
tute new tools to evaluate the role of this enzyme in the biol-
ogy of T. cruzi. A study of the specificity against other prolyl
endopeptidases will be presented in a further paper.

Experimental

Amino-acid derivatives were purchased from Bachem. Analytical re-
versed-phase high performance liquid chromatography (RP-HPLC), was
performed on a Shimadzu liquid chromatograph using 25X200 cm stainless
steel columns packed with C,; derivatized silica (7 um, 300A). Chro-
matograms were obtained at flow rates of 1 ml/min using a linear gradient of
(A) and (B) (0—100% B, 30 min), with UV detection at 254 nm. Preparative
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RP-HPLC was carried out on a Gilson system in combination with a chart
recorder and a UV detector. The following solvent systems were used: sol-
vent A: 0.05% trifluoroacetic acid (TFA) in H,O; solvent B: 0.05% TFA,
20% H,0, 80% CH,CN. Mass spectra were obtained on a time-of-flight
plasma desorption mass spectrometer (TOF-PDMS), using a californium
source. NMR spectra were recorded on a Brucker DRX 300 MHz spectrom-
eter; coupling constants are expressed in Hz and chemical shifts in ppm rela-
tive to TMS as an internal standard. Abbreviations were used as follows:
Tic=1,2,3,4-tetrahydroisoquinoleic acid; Ipe=isonipecotic acid; DCC=
N,N'-dicyclohexylcarbodiimide; DCU=N,N'-dicyclohexylurea; HOBt=1-
hydroxybenzotriazole; HBTU=0-(1H-benzotriazol-1-yl)-N,N,N' ,N'-tetram-
ethyluronium hexafluorophosphate; HF =hydrogen fluoride; TFA=trifluo-
roacetic acid; DIEA=N,N’-diisopropylethylamine; DCM =methylene chlo-
ride; DMF=N,N'-dimethylformamide; AMC=7-amino-4-methylcoumarin.

Preparation of a tBoc-Aminoacyl-resin tBoc-p-Glu(OBzl)-OH (1.95 g,
6 mmol), was added to a stirred solution of EtOH (30 ml), containing 3 ml of
1M Cs,CO,. Solvent was then evaporated at 40 °C under reduced pressure. A
mixture of toluene/ethanol (1/1) was added three times, to the residue and
evaporated to completely eliminate residual water. The resulting oily cesium
salt was solubilized in 25ml DMF and Merrifield resin (5.72 g, 4 mmol,
0.70 mmol/g), was added. The mixture was gently stirred at 50 °C for 24 h.
The resin was then filtered and washed with 50ml DMF (3 times),
DMF/H,0 1/1 (3 times), DMF/EtOH 1/1 (3 times), EtOH (3 times), MeOH
(3 times), DCM (3 times), and dried at 50°C overnight: loading: 0.636
mmol/g.

General Procedure for the Synthesis of the Two Orthogonal Libraries
and Deconvolution Mixtures tBoc-stategy with HBTU/HOBt activated
esters was employed using a chloromethylated resin. Benzyl-based protec-
tions were used for side-chains. The tBoc-protected aminoacids were esteri-
fied to the resin as described above. Removal of the tBoc-protecting group
was achieved in TFA/DCM 1/1 for 30 min. After a neutralization step in
DIEA/DCM 5/95, amino acid coupling was achieved by in sifu activation of
1.1 equivalent of tBoc-amino acid and 1.1 equivalent of HBTU and HOBt in
DMEF for 2h. A second coupling step was then performed to lead the reac-
tion to completion which was monitored by the Kaiser ninhydrin test. The
tripeptides were removed from the resin and side-chains deprotected in an-
hydrous HF containing parathiocresol (25 mg/ml of HF), and paracresol (75
mg/ml of HF), at 0 °C for 1.5 h. The resulting mixtures of peptides were pre-
cipitated with a mixture diethylether/pentane, dissolved in TFA, reprecipi-
tated and lyophilized from acetic acid.

Preparation of H-Ipe-p-Tic-p-Glu(OH)-OH (3), H-p-Tic-p-Tic-p-Glu-
(OH)-OH and H-p-Asp-p-Tic-p-Glu(OH)-OH Synthesis and cleavage of
these three compounds were performed on 0.2 mmol (127 mg), of tBoc-p-
Glu-OBzl(O-resin), for each tripeptide in the same manner as reported for
the libraries. HPLC analysis of the crude tripeptides show a purity of 30—
70% and no purification of these products was attempted prior to bioassay.
For the most active crude tripeptide, compound 3 and side-products 1 and 2
were isolated by preparative RP-HPLC using a linear gradient of (A) and (B)
(0—100% B, 1h). They were characterized by mass spectroscopy and NMR.

(1) H-Ipe-p-Tic-p-Glu(S-paratolyl)-OH: Yield, 18%. TOF-PDMS (m/z)=
523.5 (M"). HPLC (t3=19.460min). 'H-NMR (DMSO-d,): 1.50—2.30
(m, 11H), 2.68—3.25 (m, 7H), 3.75—3.90 (m, 1H, CH,g,), 447+4.64
(d, 1H, J=16Hz, H, y, cistrans: 50/50), 4.53+4.78 (d, 1H, J=16Hz,
H,.p.), 4.80+4.86 (m, 1H, H, 1), 7.05—7.25 (m, 8H), 7.62+7.78 (m, 1H,
NHD—Glu)'

(2) H-Ipe-p-Tic-p-Glu(O-paratolyl)-OH: Yield, 7%. TOF-PDMS (m/z)=
507.3 (M™). HPLC (t;=18.055 min). 'H-NMR (DMSO-d,): 1.70—2.30 (m,
11H), 2.72—3.38 (m, 7H), 4.00—4.15 (m, 1H, CH, ), 4.53+4.58 (d, 1H,
J=16Hz, H ., cist+trans: 40/60), 4.69+4.83 (d, 1H, J=16Hz, H, ),
4.85+4.91 (m, 1H, H; 1), 6.93—6.98 (m, 2H, paracresol), 7.16—7.28 (m,
6H), 7.65+7.80 (m, 1H, NH_ ).

(3) H-Ipe-p-Tic-p-Glu(OH)-OH: Yield, 15%. TOF-PDMS (m/z)=417
(M*). HPLC (,=12.610min). 'H-NMR (DMSO-d): 1.61—2.10 (m, 8H),
2.74—3.53 (m, 7H), 4.46—4.95 (m, 4H), 7.17—7.30 (m, 4H), 7.85+8.00
(d, 1H, J=8.5Hz, NH, g, cis+trans: 50/50), 8.27+8.45 (broad, 1H, NHy,,),
12.20 (broad, 2H, COOH).

Direct Preparation of H-Ipe-p-Tic-p-Glu(OH)-OH (3) The synthesis
of this compound was performed in the same way as above from tBoc-D-
Glu-OBzI(O-resin), except that no scavenger was used during the HF-cleav-
age step. Compound 3 was obtained in a pure form, with a yield of 42%.

Preparation of Starting Materials for Synthesizing Compounds 4—10.
Fmoc-p-Glu(NH-paratolyl)-OtBu To 600 mg (1.410 mmol), of Fmoc-p-
Glu(OH)-OtBu in DCM (20 ml), were added paratoluidine (151 mg, 1.410
mmol), HOBt (190 mg, 1.410 mmol), in DMF (2 ml). DCC (291 mg, 1.410
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mmol) was then added and the reaction mixture was stirred at room temper-
ature overnight. DCU was filtered, and solvents evaporated. The residue was
taken up by EtOAc and washed with aqueous solutions of NaHCO,, citric
acid and brine. After drying over MgSO, and evaporation, the solid was pu-
rified by preparative TLC (DCM-MeOH, 95:5) to yield 650 mg (90%), of
the desired product. TOF-PDMS (m/z)=514.5 (M*), 537.3 (M+Na*).
HPLC (#,=28.670min). '"H-NMR (DMSO-d,): 1.41 (s, 9H, Boc), 1.77—
1.90 (m, 1H, CH,CH,CO), 2.00—2.08 (m, 1H, CH,CH,CO), 2.24 (s, 3H,
CH,), 2.41 (t, 2H, J=7.43 Hz, CH,CH,CO), 3.91—3.98 (m, 1H, CH_g,),
4.20—4.34 (m, 3H, Hy,,,,), 7.09 (d, 2H, J=8.29 Hz, H,pyupigmd) 734 (4 2H,
J=742Hz, Hp,.), 743 (t, 2H, J=7.42Hz, Hg,,..), 7.46 (d, 2H, J/=8.29 Hz,
Horatotuidgines 7-73—7.75 (m, 3H), 7.91 (d, 2H, J=7.42Hz, Hg,.), 9.83 (s,
1H5 NHparaloluidine)'

Fmoc-p-Glu(OtBu)-NH-paratolyl: Yield, 87%. TOF-PDMS (m/z)=514.1
(M™). HPLC (£=28.203min). 'H-NMR (DMSO-d,): 1.41 (s, 9H, Boc),
1.84—2.00 (m, 2H, CH,CH,COOH), 2.25 (s, 3H, CH,), 2.30—2.33 (m, 2H,
CH,CH,COOH), 4.02—4.30 (m, 4H), 7.11 (d, 2H, J=8.25 Hz, Hyuoiuidine)»
7.34 (t, 2H, J=7.45Hz, Hp,,.), 743 (t, 2H, J=7.45Hz, H,..), 749 (d, 2H,
J=8.25Hz, Hyopigine)s 7-70—7.75 (m, 3H), 791 (d, 2H, J=7.45Hz,
Hparatoluidine)’ 9.95 (35 1H7 NHpamtoluidins)'

Fmoc-p-Glu(NH-paratolyl)-OH: 650 mg (1.264 mmol) of Fmoc-p-Glu-
(NH-paratolyl)-OtBu was deprotected in a solution of 50% TFA in DCM
(20 ml) at room temperature for 2h. Excess acid and solvent were evapo-
rated under reduced pressure. The residue was re-evaporated twice from pe-
troleum ether and crystallized from an acetone—petroleum ether mixture to
give 578 mg (100%) of a white solid. TOF-PDMS (m/z)=458 (M™). HPLC
(tx=24.700 min). "H-NMR (DMSO-d,): 1.82—1.89 (m, 1H, CH,CH,CO),
2.06—2.13 (m, 1H, CH,CH,CO), 2.25 (s, 3H, CH3), 2.42 (t, 2H, J=17.70
Hz, CH,CH,CO), 3.97—4.05 (m, 4H), 7.09 (d, 2H, J=8.30 Hz, H, ssotuidine)»
7.34 (t, 2H, J=7.32Hz, H;,,..), 743 (t, 2H, J=7.32Hz, H,..), 7.47 (d, 2H,
J=8.30Hz, Hyuotigine)s 7-70—7.76 (m, 3H), 7.91 (d, 2H, J=7.32Hz,
HFmoc)’ 9.83 (Ss IH’ NHparatoluldme)'

Fmoc-p-Glu(OH)-NH-paratolyl: Yield, 99%. TOF-PDMS (m/z)=458.6
(M"). HPLC (13=24.191 min). 'H-NMR (DMSO-d,): 1.85—1.99 (m, 2H,
CH,CH,COOH), 2.26 (s, 3H, CH,), 2.29—2.36 (m, 2H, CH,CH,COOH),
4.13—4.31 (m, 4H), 7.12 (d, 2H, J=8.22Hz, H,, i) 7-34 (t, 2H, J=
744Hz, Hy ), 743 (t, 2H, J=7.44Hz, Hg,..), 7.50 (d, 2H, J=8.22 Hz,
Hpprotidind)s 7-69—7.77 (m, 3H), 7.91 (d, 2H, J=7.44 Hz, H,,), 9.95 (s,
1H= NHparatoluidine)'

Fmoc-p-Glu(OBzl)-OH: 1.340 g (5.650 mmol) of H-p-Glu(OBzl)-OH was
dissolved in a 10% solution of Na,CO, in water (15 ml) and dioxane (9 ml).
1.460 g (5.650 mmol) of 9-fluorenylmethyl chlorocarbonate was then added
at ice-water bath temperature and the mixture was stirred overnight at room
temperature. The reaction mixture was poured into water (300 ml) and ex-
tracted with ether (100 ml). The aqueous solution was cooled in an ice-bath,
acidified under vigorous stirring with concentrated hydrochloric acid to
Congo and extracted with DCM (2X50 ml). After drying over MgSO, and
evaporation, the product was purified by flash chromatography (EtOAc) to
yield 1.167 g (45%) of a white solid. TOF-PDMS (m/z)=459 (M™). HPLC
(6x=26.325min). "H-NMR (DMSO-d,): 1.75—2.08 (m, 2H, CH,CH,CO),
2.26—2.40 (m, 2H, CH,CH,CO), 3.80 (m, 1H, CH, ), 4.18—4.37 (m,
3H), 5.06 (s, 2H, CH,C/Hy), 7.28—7.42 (m, 10H), 7.68 (d, 2H, J=7.35 Hz,
Hppoo)s 7.88 (d, 2H, J=7.35Hz, H, ).

General Procedure for the Syntheses of Compounds 4—10 Solid-
phase synthesis on the 2-chlorotritylchloride resin using a Fmoc-strategy
with HBTU-activated esters was employed. Coupling to the resin (1 eq, 0.97
mmol/g) was achieved using 0.6eq of carboxylic acid (Fmoc-p-Glu(NH-
paratolyl)-OH, Fmoc-p-Glu(OH)-NH-paratolyl, Fmoc-L-Glu(NH-paratolyl)-
OH or Fmoc-p-Glu(OBzl)-OH), and 4 eq of DIEA in dry DCM for 30 min.
The Fmoc-protecting group was removed by 20% piperidine/DMF for 15
min. Amino acid coupling was then achieved by ir situ activation of 1.25eq
of carboxylic acid, 1.25eq of HBTU and 2.5eq of DIEA in a mixture of
DCM and DMEF for 1 h. The reaction was monitored by the Kaiser or Chris-
tensen tests. In the case of incomplete reaction, the coupling step was re-
peated. Final cleavage of the desired molecule from the resin was achieved
by 1% TFA in DCM for 10 min. No purification step was needed.

(4) H-Ipe-p-Tic-p-Glu(OBzl)-OH: Yield, 40%. TOF-PDMS (m/z)=507.5
(M"). HPLC (z=16.750min). 'H-NMR (DMSO-d,): 1.61-2.29 (m, 8H),
2.52—3.34 (m, 7H), 4.12 (m, 1H, CH_g,), 447 (m, 1H, H, ), 4.63 (m,
1H, H, 5.), 4.80—4.87 (m, 1H, H, 1), 5.08 (s, 2H, CH,CH,), 7.05—7.45
(m, 9H, aromatic), 7.97+8.02 (d, 1H, J=7.09Hz, NH, ., cis+trans:
45/55), 8.30 (broad, 1H, NHy,,), 12.60 (broad, 1H, COOH).

(5) H-Ipe-p-Tic-p-Glu(NH-paratolyl)-OH : Yield, 60%. TOF-PDMS (m/z)
=506.8 (M*). HPLC (%=15.535min). 'H-NMR (DMSO-d,): 1.55—2.28
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(m, 11H), 2.59—3.38 (m, 7H), 4.12—4.16 (m, 1H, CH_,,), 4.52+4.62 (d,
1H, J=164Hz, H, 1, cis+trans: 50/50), 4.68+4.84 (d, 1H, J=16.4 Hz,
H, . cisttrans), 4.86+4.91 (m, 1H, H,y,, cist+trans), 7.11 (d, 2H,
J=7.95Hz, Hmonigine)> 7-15—7.30 (m, 4H, Hy,), 7.47 (d, 2H, J=7.95 Hz,
Hpraoluigine)> 8-14+8.29 (4, 1H, J=7.80 Hz, NH, , cis+trans), 8.34+8.60
(broad, 1H, NHy,, cist+irans), 9.67+9.83 (broad, 1H, NH, uigines €IS
+trans), 12.60 (broad, 1H, COOH).

(6) H-Ipe-p-Tic-p-Glu(OH)-NH-paratolyl: Yield, 76%. TOF-PDMS (m/z)
=507.1 (M™). HPLC (£,=5.730 min). '"H-NMR (DMSO-d,): 1.71—2.38 (m,
11H), 2.74—3.39 (m, 7H), 4.23—4.26 (m, 1H, CH, ), 4.5—4.94 (m, 3H),
7.09—7.50 (m, 8H, aromatic), 7.86+8.08 (d, 1H, J=7.95Hz, NH, g,
cis+trans: 47/53), 8.32+8.60 (broad, 1H, NH,,, cis+irans), 9.83+10.15 (s,
TH, NH,y,yotyidines Cis +trans), 12.05 (broad, 1H, COOH).

(7) Cyclohexylcarbonyl-p-Tic-p-Glu(NH-paratolyl)-OH: Yield, 75%. TOF-
PDMS (m/z)=505.2 (M*). HPLC (13=22.575 min). 'H-NMR (DMSO-d,):
1.03—2.45 (m, 17H), 2.71—2.84 (m, 1H, CHyjqpexie)> 2.99—3.12 (m, 2H,
H, 1), 4.05—4.10 (m, 1H, CH, ), 443+4.63 (d, 1H, J=16.16Hz, H, 1,
cis+trans: 45/55), 4.53+4.72 (d, 1H, J=16.16Hz, H, q, cis+trans),
4.74+4.83 (t, 1H, J=5.76 Hz, H, 1, cis+trans), 7.04 (d, 2H, J=8.16 Hz,
Hparamluidine)a 7.08—7.23 (mz 4H’ HTic)! 7.40 (dv 2H’ J:8-16HZ’ Hparatoluidinc)=
7.92+8.21 (d, 1H, J=7.74Hz, NH, q,, cisttrans), 9.62+9.69 (s, 1H,
NH,,pcosidines iS5 T#rans), 12.50 (broad, IH, COOH).

(8) Phenylcarbonyl-p-Tic-p-Glu(NH-paratolyl)-OH: Yield, 83%. TOF-
PDMS (m/z)=499.1 (M"). HPLC (t3=21.310min). 'H-NMR (DMSO-dj):
1.85—2.45 (m, 7TH), 3.13—3.25 (m, 2H, H, y;.), 4.18+4.28 (m, 1H, CH,_ g,
cis+trans: 45/55), 4.54+4.70 (d, 1H, J=16.30Hz, H, 1, cis+trans), 4.55+
5.04 (m, 1H, H, ., cis+trans), 4.63+5.05 (d, 1H, J=16.30Hz, H, 1, cis+
trans), 7.01—7.57 (m, 13H, aromatic), 8.41 (t, 1H, J=8.30Hz, NH_ ),
9.70+9.77 (s, 1H, NH, o otuidines €IS T 1rans).

(9) H-Ipe-L-Tic-p-Glu(NH-paratolyl)-OH : Yield, 70%. TOF-PDMS (m/z)
=506.8 (M*). HPLC (t,=16.395min). 'H-NMR (DMSO-d,): 1.75—2.40
(m, 11H), 2.89—3.37 (m, 7H), 4.09—4.12 (m, 1H, CH_g,), 442+4.67 (d,
1H, J=16.05Hz, H, 1., cis+lrans: 40/60), 4.90+4.93 (d, 1H, J=16.05 Hz,
H, i, cis+trans), 4.97+5.06 (m, 1H, H, ., cis+trans), 7.13—7.53 (m, 8H,
aromatic), 8.01+8.41 (t, 1H, J=7.48 Hz, NH, g, cis+trans), 9.84+9.90 (s,
1H9 NHparamluidine’ CiS+tranS)~

(10) H-Ipe-p-Tic-L-Glu(NH-paratolyl)-OH: Yield, 65%. TOF-PDMS (m/z)
=505.4 (M*). HPLC (4=16.730min). '"H-NMR (DMSO-d,): 1.79—2.40
(m, 11H), 2.94—3.35 (m, 7H), 4.10 (m, 1H, CH, _g,), 4.42+4.67 (d, 1H,
J=16.10Hz, H, . cis+trans: 45/55), 491+4.94 (d, 1H, J=16.10Hz,
H, p, cist+trans), 4.99+5.04 (m, 1H, H; ., cis+trans), 7.12—7.53 (m, 8H,
aromatic), 7.88+8.32 (broad, 1H, NH,_g,,, cis+trans), 9.84+9.90 (s, 1H,
NHparato]uidine’ cistir ans).

Conformational Analysis The conformational space of H-Ipe-p-Tic-D-
Glu(NH-paratolyl)-OH and phenylpropylcarbonyl-L-prolyl-pyrrolidine com-
pounds were explored by systematic torsional driving. Calculations were
performed with the DISCOVER module of the MSI software package (Mol-
ecular Simulation Inc., San Diego, U.S.A.), and we used the implemented
CVFF force field. An initial number of rotamers was associated to each dif-
ferent bond depending on its free rotable or pseudo-rotable character. Two
rotamers corresponding to the cis and #ans conformations were associated
to the N-terminal amide linkage. For single bonds, a set of three rotamers
was considered. For those directly attached to the prolyl or p-Tic ring on the
C-terminal side or to the N-terminal amide group, five rotamers were con-
sidered. Geometry of proline and p-Tic rings were also altered during the
search. With regard to the Ipe amino ring, its initial conformation was taken
in a “chair” form. After discarding abnormal conformations, each rotamer
was then refined by a molecular mechanics procedure. To take into account
solvent effects, solvation energy was calculated according to the BEM
method’® and added to the potential energy term. Redundant conformers
were finally eliminated on the basis of energetic and interatomic distances
and dihedral angle geometric criteria. Particular interest was focused upon
conformers with total energy E<E_; +5 kcal/mol.

Assay of Tc80 Inhibition Tc80 was purified following two steps of
chromatography (DEAE and phenyl-sepharose), as previously reported.”
Tc80 inhibition was evaluated by using the fluorogenic substrate Suc-
Gly-Pro-Leu~Gly—Pro-AMC. A test compound was dissolved in tris—-HCl
buffer (25 mm, pH=7.5), containing 10% DMSO at various concentrations.
The solution (20 ul), was pre-incubated for 15 min with 20 ul of enzyme in
the same buffer at 37 °C. The enzymic reaction was then initiated by adding
20 1 of 33 um substrate solution. After 15 min the reaction was stopped by
adding 100 ul of EtOH. The fluorescence of free released AMC was mea-
sured at 440 nm upon excitation at 380 nm in a Hitachi 2000 spectrofluorom-
eter. Inhibitory potency was evaluated by the ICs, value, which was defined
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as the concentration of the test compound that resulted in 50% inhibition of
the fluorescence with respect to the DMSO control.
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