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Abstract

We investigated the molecular basis of specificity for the interaction between tumor necrosis factor-a converting
enzyme (TACE) and peptidomimetic inhibitors. Four novel peptidomimetic TACE inhibitors (8a-d) were designed
and synthesized by introducing a substituted sulfur group and a hydrophobic group to a novel matrix metal-
loprotease (MMP) inhibitor. Inhibition was determined by in vitro lipopolysaccharide (LPS) cytotoxicity tests in
HL-60 cell lines and by measuring the expression of mTNF-a using FCM techniques and immunohistochemistry
invivo.We simulated the interaction of the inhibitors with the 3D structure of the TACE active site in the Brookhaven
Protein Database (PDB). The four inhibitors (8a-d) inhibited activity by 9.1%, 54.5%, 27.3%, and 54.5%, respec-
tively. 8b and 8d showed significant in vitro inhibition in cytotoxicity tests, which corresponded to the molecular
docking results. 8d also showed inhibitory activity in vivo. We explored the interface between enzyme and sub-
strate by combining bioinformatics with experimental observations to further the development of specific TACE

inhibitors to reduce inflammatory responses.

Keywords: Metalloprotease (MMP); tumor necrosis factor-a converting enzyme (TACE); enzyme inhibitor; 3D

protein structure; inflammatory intervention

Introduction

Tumor necrosis factor-a (TNF-a) is an important
inflammatory cytokine secreted by monocytes/macro-
phages. Inflammatory diseases such as rheumatoid arthritis,
septic shock, cachexia, multiple sclerosis, congestive heart
failure, and regional ileitis involve over-expression of TNF-
as.

TNF-a is converted from a membrane precursor
(mTNF-a or Pro-TNF-a) into soluble TNF-a (sTNF-a) via
TACE (tumor necrosis factor-a converting enzyme)*. TACE
is a zinc metalloprotease belonging to the ADAM (a dis-
integrin and a metalloprotease) family, which functions
in proteolysis, cell adhesion, cell fusion, and cleavage of
extracellular structures in transmembrane proteins®. TACE
inhibitors block the secretion of soluble TNF-a and reduce
inflammation, providing a novel target for anti-inflamma-
tory compounds®.

The active center of TACE shows remarkable homol-
ogy with other zinc metalloproteases (MMPs), including

a conserved amino acid sequence of -HexGHxxGxxH-*4,
We chose a peptidomimetic MMP inhibitor compound 1
(Figure 1) as a lead compound for designing novel TACE
inhibitors by modifying the center groups to include sul-
fur atoms and hydrophobic groups such as phenyl®*.
Accordingly, four novel compounds (8a-d) (Figure 1) were
synthesized and their inhibitory activities against TACE
were determined. 8b and 8d inhibited TACE activity in an
in vitro model of inflammation, and 8d blocked inflamma-
tory reactions in vivo. These results were consistent with
molecular modeling.

Materials and methods

Chemistry

We used peptidomimetic inhibitor 2-(N-benzoxycarbonyl)
aminoethyl-N-{4-hydroxyamino-4-oxo-2-(isopropyl)
butanoyl}-L-AA-L-alanyl amide (compound 1), which
inhibits MMP selectively, as a lead compound® for TACE
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Compound  AA R, R, Formula MW m.p. (°C) Y(l"(/il;j
8a Phe Ph Bn CooH3oN4OsS 548.66 191-192  60.0
8b Phe Ph CH,CH,NH-Z  C3oH37NsO,S  635.74 142-144  80.5
8c Phe i-Pr CH,CHoNH-Z  CygH3gN50,S  601.72  162-164  62.7
8d Nal i-Pr CH,CHyNH-Z  Cg3H39N50,S  651.78 170 (dec.) 42.3

Figure 1. Chemical structures of lead compound 1 and modified compounds 8a-d with molecular weight (MW), melting point (m.p.), and yield per-

centage. Ala, L-alanine; Phe, L-3-phenylalanine; Nal, L-3-(2’-naphthyl)alanine.
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Figure 2. Synthesis of 8a-d. Reagents and conditions: (a) i-PrOH; (b) R SH/Et,N, benzene; (c) Z-Cl (PhCH,0COCI); (d) Boc-L-AlaOH, HOBt/DCC,
H,NCH,Ph; (e) TFA, Boc-L-AA-OH, HOBt/DCC/Et,N; (f) TFA, HOBt/DCC/Et,N; (g) HONH,/MeOH.

inhibitors (Figure 1). Based on the scaffold of compound
1, our target compounds 8a-d contained a substitutive
succinyl derivate and a small peptide fragment. We used
amino acid residues with hydrophobic aryl side groups in
the peptide segment and introduced alkyl/arylthio groups
to position 2 of the succinyl core. The synthetic procedures
(Figure 2) included: (a) synthesis of 2-alkyl/arylthio-
succinic acid-4-isopropyl ester according to the method
described in reference 20; (b) solid phase peptide synthesis
(SPPS) of a small peptide fragment; (c) coupling reaction:
2-alkyl/arylthio-succinic acid-4-isopropyl ester linked
with the small peptide fragment; (d) aminolysis reaction:

the coupling product was aminolyzed to form four novel
products.

The reagents (chemicals) were purchased from Sigma-
Aldrich (Beijing, China) and Beijing Chemical Reagent
Company (Beijing, China), and were used with further
purification. Melting points were measured in capil-
lary tubes on a Yanako MP-500 (Kyoto, Japan) appara-
tus without correction. Nuclear magnetic resonance
(NMR) spectra were obtained on a Varian-200 NMR
spectrometer (Palo Alto, CA, USA). Mass spectra were
obtained on a VG-ZAB-HS mass analyzer (Micromass,
Manchester, UK).



Maleic acid monoisopropyl ester (2a)

Maleic anhydride (49g, 0.5mol) was heated to 75°C, and
equal molar 2-propanol was added slowly. After the reaction
was stirred for 12 h, the solvent was removed under vacuum.
The crude monoester was purified by vacuum distillation
and recrystallization to give 2a (6.18g, 21%). m.p. 45-47°C;
'H NMR (200 MHz, CDCL), 6 (ppm): 10.40 (br, 1H, -OH),
6.92 (d, 1H, J = 16, -CH=CH-), 6.84 (d, 1H, J = 16, -CH=CH-),
5.13 (m, 1H, -OCH(CH,),), 1.33-1.22 (d, 6H, -OCH(CH,),);
3C NMR (50 MHz, CDCIS): 6170.0,164.2,136.2, 132.4, 69.30,
21.60.

General procedures for preparation of 2-alkyl/
arylthio-succinic acid-4-isopropyl ester (3a-b)
Compound 2a (10 mmol) was dissolved in anhydrous ben-
zene (CARE: CARCINOGENIC). Alkyl/arylthiol (20 mmol)
and 0.14mL Et,N were added with constant stirring at room
temperature for 3d. After removing the solvent under vac-
uum, the crude product was separated by column chroma-
tography on silica gel (H 60) to give 3a-b (R, = 0.67, mobile
phase: CHCL,/MeOH = 20:1 (v/v)).

2-Isopropylthio-succinic acid-4-isopropyl ester (3a) 3a
was prepared as a yellow liquid (0.52g), yield 25%. 'H NMR
(200 MHz, CDCL,), § (ppm): 9.38 (br, 1H, -COOH), 3.73 (dd,
1H, ] = 6, ] = 9.8, -CH(SPr-i)-), 3.72 (m, 1H, -OCH(CH,),),
3.24 (m, 1H, -SCH(CH,),), 2.98 (dd, 1H, J = 9.8, J = 17.2,
-CH,CH(SPr-i)-), 2.67 (d, 6H, -OCH(CH,),), 1.31 (d, 6H,
-SCH(CH,),).

2-Phenylthio-succinic acid-4-isopropyl ester (3b) 3b was
prepared as a yellow liquid (0.84g), yield 31%. '"H NMR (200
MHz, CDCL,), 6 (ppm): 9.40 (br, 1H, -COOH), 7.52-7.27 (m,
5H, Ar-H), 4.98 (m, 1H, -OCH(CH,),), 3.94 (dd, 1H, J=5.6,/ =
9.6,-CH(SPh)CO-),3.00(dd, 1H,/=9.6,J=17.6,-CH,CH(SPh)
CO-),2.77 (dd, 1H, J = 5.6, ] = 17.6, -CH,CH(SPh)CO-), 1.22-
1.14 (d, 6H, -OCH(CH,),).

N-Benzoxycarbonyl-1,2-ethylenediamine (4a)
5mLsolution of Z-Cl (benzyl chloroformate) (4 Min CH,Cl,)
was slowly added to anhydrous 1,2-ethylenediamine (13.4 g,
0.224mol) for a period of 5h, and was cooled in an ice bath.
After addition, the reaction mixture was stirred overnight at
room temperature. NaOH aq. (1M, 15mL) was added and
stirred violently for 10 min. The organic layer was separated
and washed with water, and condensed to afford a yellow
oil. The crude product was separated by column chroma-
tography on silica gel (H 60, saturated with Et,N) to give
the product (R, = 0.25, mobile phase: CHCL,/MeOH = 65:25
(v/v)). After recrystallization, 1.04g (27%) of 4a as a white
solid was obtained. m.p. 110-114°C; 'H NMR (200 MHz,
CDCL), 6 (ppm): 7.36 (s, 5H, Ar-H), 6.65 (br, 1H, -CONH),
5.11 (s, 2H, PhCH,-), 3.24 (t, 2H, J = 5.8, -NHCH,CH,NH,),
2.83 (t, 2H, J = 5.8, -NHCH,CH,NH,), 1.45 (t, 2H, -NH,).

General procedures for preparation of R,-N-Boc-L-

alanyl amide (5a-b) are described as those for 2-(N-
Benzoxycarbonyl)aminoethyl-N-Boc-L-alanyl amide (5a)
Boc-L-AlaOH (0.57 g, 3 mmol) was dissolved in 10 mL anhy-
drous CH,Cl,. HOBt (0.40 g, 3 mmol) and compound 4a (2.5
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mmol) were added with stirring in an ice bath. After 15 min,
a solution of dicyclohexylcarbodiimide (DCC; 0.62g, 3
mmol) in 5mL of CH,CI, was added slowly, and the reaction
mixture was stirred overnight. The dicyclohexylurea (DCU)
precipitate was filtered. After removing the solvent under
vacuum, 60mL of ethyl acetate was added and filtered
again. The organic layer was washed respectively with 10%
NaHCO, solution, water, 5% citric acid solution, water, and
saturated NaCl solution, and dried, condensed, and recrys-
tallized from ethyl acetate to afford 5a (0.78g, 85%). m.p.
100-102°C; 'H NMR (200 MHz, CDCL,), 6 (ppm): 7.34-7.24
(m, 5H, Ar-H), 6.65 (br, 1H, NH), 5.54 (br, 1H, NH), 5.09 (s,
2H, PhCH,0-), 4.98 (br, 1H, NH), 4.07 (m, 1H, -CH(CH,)-),
3.36 (m, 4H, -NHCH,CH,NH-), 1.43 (s, 9H, t-Bu), 1.31 (d,
3H, -CH(CH,)-).

Benzyl-N-Boc-L-alanyl amide (5b) 0.77g (97%) of 5b
was obtained by recrystallization from ethyl acetate. m.p.
102-104°C; '"H NMR (200 MHz, CDCL,), 6 (ppm): 7.36-7.26
(m, 5H, Ar-H), 6.59 (br, 1H, NH), 5.01 (br, 1H, NH), 4.44 (d,
2H, PhCH,-), 4.17 (m, 1H, -CH(CH,)-), 1.41 (s, 9H, t-Bu), 1.38
(d, 3H, -CH(CH,)-).

Peptide segments Boc-L-AA-L-Ala-NH-R, (6a-d)
Boc-L-Ala-NH-R, (2 mmol) and CF,COOH (1.4 mL) were
dissolved in 2mL anhydrous CH,CI,, respectively. The
two solutions were mixed together under stirring in an
ice bath for a period of 30 min. The reaction was con-
tinued for a further 1-2h at room temperature. After
removing CH,Cl, under vacuum, 3 mL anhydrous CH,ClI,
was added and the pH value was adjusted to 8 by the
addition of Et,N. Then, Boc-L-AA-OH (2 mmol) and
HOBt (0.28 g, 2 mmol) were added with constant stirring
in an ice bath. After 30 min, a solution of DCC (0.50g, 2.4
mmol) in 8 mL of CH,CI, was added slowly to the reac-
tion mixture and stirred overnight. After removing the
solvent under vacuum, 60 mL ethyl acetate was added
and the solution was filtered. The filtrate was washed
respectively with 10% NaHCO, solution, water, 5% citric
acid solution, water, and saturated NaCl solution, and
dried, condensed, and recrystallized from ethyl acetate
to afford 6a-d.

Benzyl-N-Boc-L-3-phenylalanyl-L-alanyl amide
(6a) Yield 85%: m.p. 177-179°C; 'H NMR (200 MHz,
CDCL), 6 (ppm): 7.36-7.26 (m, 10H, Ar-H), 6.57 (br, 1H,
NH), 6.34 (d, 1H, J = 7, NH), 4.89 (br, 1H, NH), 4.39 (d, 2H,
PhCH,NH-), 4.50-4.29 (m, 1H, -CH(CH,)-), 4.10 (m, 1H,
-CH(CH,Ph)-), 3.03 (d, 2H, -CH(CH,Ph)-), 1.36 (s, 9H,
t-Bu), 1.30 (d, 3H, J = 6 Hz, -CH(CH,)-).

Benzyl-N-Boc-L-3-(2"-naphthyl)alanyl-L-alanyl ~ amide
(6b) Yield 47%: m.p. 185-187°C; 'H NMR (200 MHz,
CDCL,), 6 (ppm): 7.77 (d, 3H, Ar-H), 7.62 (s, 1H, Ar-H), 7.46
(m, 2H, Ar-H), 7.29-7.23 (m, 5H, Ar-H), 7.21 (s, 1H, Ar-H),
6.57 (br, 1H, NH), 6.42 (d, 1H, NH), 4.90 (br, 1H, NH), 4.28 (d,
2H, PhCH,NH-), 4.48 (m, 1H, -CH(CH,Nal)-), 4.39 (m, 1H,
-CH(CH,)-), 3.21 (d, 2H, -CH(CH,Nal)-), 1.34-1.31 (m, 12H,
t-Bu and -CH(CH,)-).

2-(N-Benzoxycarbonyl)aminoethyl-N-Boc-L-3-phenyla-
lanyl-L-alanyl amide (6¢) Yield 60.6%: m.p. 155-156°C;
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'H NMR (200 MHz, CDCL), 6 (ppm): 7.33-7.15 (m, 10H,
Ar-H), 6.76 (br, 1H, NH), 6.56 (br, 1H, NH), 5.58 (br, 1H,
NH), 5.08 (s, 2H, PhCH,0-), 5.01 (br, 1H, NH), 4.38 (m, 2H,
-CH(CH,Ph)-, -CH(CH,)-), 3.30 (m, 4H, -NHCH,CH,NH-),
3.03 (d, 2H, -CH(CH,Ph)-), 1.38 (s, 9H, t-Bu), 1.28 (d, 3H,
-CH(CH,)-).

2-(N-Benzoxycarbonyl)aminoethyl-N-Boc-L-3-(2’-
naphthyl)alanyl-L-alanyl amide (6d) Yield 51%: m.p.
174-176°C; 'H NMR (200 MHz, CDCL,), 6 (ppm): 7.78 (m,
3H, Ar-H), 7.62 (s, 1H, Ar-H), 7.46-7.44 (m, 2H, Ar-H),
7.31-7.23 (m, 5H, Ar-H), 7.21 (s, 1H, Ar-H), 6.90 (d, 1H,
NH), 6.82 (m, 1H, NH), 6.68 (m, 1H, NH), 5.69 (m, 1H,
NH),5.07 (s, 2H, PhCH,0-), 4.50 (m, 1H, -CH(CH,-2-Nal)-),
4.39 (m, 1H, -CH(CH,)-), 3.40 (m, 4H, -NHCH,CH,NH-),
3.21 (d, 2H, -CH(CH,Nal)-), 1.35 (s, 9H, t-Bu), 1.26 (d, 3H,
-CH(CH,)-).

General procedures for preparation of R -N-{4-
isopropoxy-4-oxo-2-(alkyl/arylthio)butanoyl}-L-AA-L-
alanyl amide (7a-d)
Compounds 6a-d (1 mmol) and trifluoroacetic acid (TFA;
0.7mL) were dissolved in CH,CI, (1 mL), respectively. The
two solutions were mixed together under stirring in an ice
bath for a period of 30 min. The reaction was continued
for a further 1-2h at room temperature. After removing
CH,Cl, under vacuum, 2 mL anhydrous CH,Cl, was added
and the pH value was adjusted to 8 by the addition of
Et,N. Then, compounds 3a-b (1.5 mmol) and HOBt (1.1
mmol) were added with constant stirring in an ice bath.
After 30 min, a solution of DCC (1.5 mmol) in 4mL CH,ClI,
was added slowly to the reaction mixture and stirred over-
night. After removing the precipitated DCU by filtration
and then the solvent under vacuum, 20 mL ethyl acetate
was added and the solution was filtered. The filtrate was
washed respectively with 1M HCI, water, 10% Na,CO,
solution, water, and saturated NaCl solution, and dried,
condensed, and recrystallized from ethanol-petroleum
ether to afford 7a-d.
Benzyl-N-{4-isopropoxy-4-oxo-2-(phenylthio)
butanoyl}-L-3-phenylalanyl-L-alanyl amide (7a) Yield
51%: m.p. 180-182°C; 'H NMR (200 MHz, CDCIS), o
(ppm): 7.40-7.17 (m, 15H, ArH), 6.60 (br, 1H, NH),
6.57 (br, 1H, NH), 6.30 (br, 1H, NH), 4.90 (m, 1H, J = 6,
-OCH(CH,),), 4.60-4.51 (m, 1H, -CH(CH,)-), 4.39 (d, 2H,
J=6,PhCH,NH-),3.95 (dd, 1H, J=5.6,]=9.6, -CH,CH(SPh)
CO-), 3.48 (m, 1H, J = 7.2, -CH(CH,Ph)-), 3.05 (d, 2H,
J = 6, -CH(CH,Ph)-), 2.72-2.58 (dd, 2H, ] = 9.6, ] = 17.6,
-CH,CH(SPh)CO-), 1.39-1.22 (d, 3H, -CH(CH,)-), 1.19-
1.07 (d, 6H, -OCH(CH,),); (FAB-MS: m/z 576 (M + H)*;
Anal. calcd for C,,H, N,O.S: C, 66.76; H, 6.48; N, 7.30.
Found: C, 66.50; H, 6.40; N, 7.39%).
2-(N-Benzoxycarbonyl)aminoethyl-N-{4-isopropoxy-4-
-0x0-2-(phenylthio)butanoyl}-L-3-phenylalanyl-L-alanyl
amide (7b) Yield 69%: m.p. 170-172°C; 'H NMR (200
MHz, CDCL,), 6 (ppm): 7.37-7.18 (m, 15H, ArH), 6.78 (br,
1H, NH), 6.55 (br, 1H, NH), 6.17 (br, 1H, NH), 5.81 (br, 1H,
NH), 5.06 (s, 2H, -OCH,Ph), 5.01 (m, 1H, /=6, -OCH(CH,),),

4.57 (m, 1H, J = 6, -CH(CH,Ph)-), 4.43 (m, 1H, -CH(CH,)-),
4.02 (dd, 1H, J = 7.4, J = 9.6, -CH(SPh)CO-), 3.31 (m, 4H,
-NHCH,CH,NH-), 3.08 (d, 2H, J = 6, -CH(CH,Ph)-), 2.79
(dd, 1H, J = 9.6, ] = 16.8, -CH,CH(SPh)CO-), 2.56 (dd, 1H, J
= 7.4, ] = 16.8, -CH,CH(SPh)CO-), 1.26 (d, 3H, -CH(CH,)-),
1.16-1.07 (d, 6H, -OCH(CH,),); (FAB-MS: m/z 663 (M + H)*;
Anal. calcd for C,,H,,N,O.S: C, 63.43; H, 6.39; N, 8.45. Found:
C, 63.03; H, 6.43; N, 8.45%).
2-(N-Benzoxycarbonyl)aminoethyl-N-{4-isopropoxy-4-
oxo-2-(isopropylthio)butanoyl}-L-3-phenylalanyl-L-alanyl
amide (7c) Yield 72%: m.p. 158-160°C; 'H NMR (200
MHz, CDCL,), 6 (ppm): 7.34-7.15 (m, 10H, ArH), 6.76 (br,
1H, NH), 6.60 (br, 1H, NH), 6.28 (br, 1H, NH), 5.58 (br, 1H,
NH), 5.09 (s, 2H, -OCH,Ph), 4.90 (m, 1H, -OCH(CH,),), 4.50
(t, 1H, -CH(CH,Ph)-), 4.38 (m, 1H, -CH(CH,)-), 4.20 (t, 1H,
-CH,CH(SPr-i)CO-), 3.48 (m, 1H, -S-CH(CH,),), 3.30 (m,
4H, -NHCH,CH,NH-), 3.08 (d, 2H, -CH(CH,Ph)-), 2.98 (m,
1H, -CH,CH(SPr-i)CO-), 2.58 (m, 1H, -CH,CH(SPr-i)CO-),
1.25 (d, 6H, -OCH(CH,),), 1.23 (d, 6H, -SCH(CH,),); 1.18 (d,
3H, -CH(CH,)-); (FAB-MS: m/z629 (M + H)*; Anal. calcd for
C,H,N,0.S: C, 61.13; H, 7.05; N, 8.91. Found: C, 61.35; H,
7.06; N, 8.96%).
2-(N-Benzoxycarbonyl)aminoethyl-N-{4-isopropoxy-4-
oxo-2-(isopropylthio)butanoyl}-L-3-(2’-naphthyl)alanyl-L-
alanyl amide (7d) Yield 33%: m.p. 155-157°C; '"H NMR
(200 MHz, CDCL), & (ppm): 7.73-7.16 (m, 12H, ArH), 7.63
(s, 1H, ArH), 7.46-7.42 (m, 2H, ArH), 7.31 (s, 5H, ArH), 7.16
(s, 1H, ArH), 6.95 (br, 1H, NH), 6.84 (br, 1H, NH), 5.99 (br,
1H, NH), 5.88 (br, 1H, NH), 5.07 (s, 2H, -OCH,Ph), 4.89 (m,
1H, -OCH(CH,),), 4.74 (m, 1H, -CH(CH,-2-Nal)-), 4.47 (m,
1H, -CH(CH,)-), 3.16 (m, 6H, -NHCH,CH,NH-, -CH(CH,-
2-Nal)-), 1.40-1.18 (m, 15H, -OCH(CH,),), -SCH(CH,),,
-CH(CH,)-); (FAB-MS: m/z 679 (M + H)*; Anal. calcd for
C.H N O.S:C, 63.64; H, 6.78; N, 8.25. Found: C, 63.60; H,
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6.80; N, 8.27%).

General procedures for preparation of R -N-{4-
hydroxyamino-4-oxo-(2-alkyl/arylthio)butanoyl}-L-AA-
L-alanyl amide (8a-d)
Hydroxylamine hydrochloride (0.14 g, 2 mmol) and KOH
(0.18g, 3.2 mmol) were dissolved in 2mL anhydrous
methanol, respectively. The two solutions were mixed
together under stirring and cooled in an ice bath for 1h.
After the mixture was filtered, the filtrate was added slowly
to a solution of 7a-b (0.56 mmol, in 2mL methanol). The
reaction was monitored by thin layer chromatography
(TLC; CHCL,/MeOH = 20:1 (v/v)). About 15min later, the
reaction was stopped and the solvent was removed under
vacuum. 2 mL water was added to dissolve the condensate
and the pH value was adjusted to 5 with 1 mol/L HCI and
neutralized with saturated NaHCO, aq. The crude product
shown as a white precipitate was washed and recrystal-
lized from ethanol-petroleum ether to obtain 8a-d as a
white solid.
Benzyl-N-{4-hydroxyamino-4-oxo-2-(phenylthio)
butanoyl}-L-3-phenylalanyl-L-alanyl amide (8a) Yield
60%: m.p. 191-192°C; ‘H NMR (200 MHz, DMSO-dG), o



(ppm): 10.57 (s, LH, -OH), 8.84-8.14 (m, 4H, NH), 7.29-7.19
(m, 15H, ArH), 4.60-4.40 (m, 2H, -CH(CH,Ph)-, -CH(CH,)-),
4.25 (d, 2H, J = 6.4, PACH,NH-), 4.12 (dd, 1H, J = 6, ] = 9.4,
-CH,CH(SPh)CO-), 3.05 (d, 2H, J = 14, -CH(CH,Ph)-), 2.73
(dd, 1H, J = 9.4, ] = 14.2, -CH,CH(SPh)CO-), 2.24 (dd, 1H, J
= 6, ] = 14.2, -CH,CH(SPh)CO-), 1.27 (d, 3H, -CH(CH,)-);
(FAB-MS: m/z 549 (M + H)").

2-(N-Benzoxycarbonyl)aminoethyl-N-{4-hydroxyamino-
4-0x0-2-(phenylthio)butanoyl}-L-3-phenylalanyl-L-alanyl
amide (8b) Yield 81%: m.p. 142-144°C; ‘H NMR (200
MHz, DMSO-d,), 6 (ppm): 10.59 (s, 1H, -OH), 9.05-7.97 (m,
5H, NH), 7.29-7.19 (s, 15H, ArH), 4.97 (s, 2H, -COOCH, Ph),
4.40 (m, 1H, -CH(CH,Ph)-), 4.16 (m, 1H, -CH(CH,)-), 4.12
(dd, 1H, J = 6, J = 9.4, -CH,CH(SPh)CO-), 3.04 (m, 6H,
-NHCH,CH,NH-, -CH,Ph), 2.45 (m, 1H, -CH,CH(SPh)
CO-), 2.30 (m, 1H, -CH,CH(SPh)CO-), 1.18 (d, 3H, J = 6.8,
-CH(CH,)-); (FAB-MS: m/z 636 (M + H)", 658 (M + Na)", 674
(M +K)*).

2-(N-Benzoxycarbonyl)aminoethyl-N-{4-hydroxyamino-
4-oxo0-2-(isopropylthio)butanoyl}-L-3-phenylalanyl-L-
alanyl amide (8c) Yield 63%: m.p. 162-164°C; 'H NMR
(200 MHz, DMSO-d,), 6 (ppm): 10.65 (br, 1H, -OH),
8.95-8.17 (m, 5H, NH), 7.58-7.47 (s, 10H, ArH), 5.25 (s, 2H,
-COOCH,Ph), 4.50-4.40 (m, 2H, -CH(CH,Ph)-, -CH(CH,)-),
4.18 (t, 1H, -CH,CH(SPr-i)CO-), 3.38 (m, 1H, -SCH(CH,),),
3.06 (m, 6H, -NHCH,CH,NH-, -CH,Ph), 2.78 (m, 1H,
-CH,CH(SPr-)CO-), 2.58 (m, 1H, -CH,CH(SPr-i)CO-), 1.25
(d, 6H, -SCH(CH,),), 1.10 (d, 3H, -CH(CH,)-); (FAB-MS:
m/z 602 (M + H)").

2-(N-Benzoxycarbonyl)aminoethyl-N-{4-hydroxyamino-
4-oxo0-2-(isopropylthio)butanoyl}-L-3-(2’-naphthyl)alanyl-
L-alanyl amide (8d) Yield 42%: m.p. 170°C (dec.); 'H
NMR (200 MHz, DMSO-d,), & (ppm): 10.61 (br, 1H, -OH),
8.83-8.02 (m, 5H, NH), 7.77-7.30 (m, 12H, ArH), 4.97 (s,
2H, -COOCH,Ph), 4.56 (m, 1H, -CH(CH,-2-Nal)-), 4.17 (m,
1H, -CH(CH,)-), 4.10 (t, 1H, J = 9.6, -CH,CH(SPr-)CO-),
3.28 (m, 1H, -SCH(CH,),), 3.10 (d, 2H, -CH(CH,-2-Nal)-),
3.01 (m, 4H, -NHCH,CH,NH-), 2.78 (m, 1H, -CH,CH(SPr-i)
CO-), 2.40 (m, 1H, -CH,CH(SPr-i)CO-), 1.17-1.12 (d, 6H,
-SCH(CH,),), 1.03-0.88 (d, 3H, -CH(CH,)-); (FAB-MS: m/z
679 (M + H)").

Biology assay

Cytotoxicity assay by MTT

Human promyelocytic leukemia cells (HL-60) and high
TNF-susceptible mouse 1929 cells, purchased from ATCC
(stored by WTCC) (Wuhan, China), were used for the cyto-
toxicity assay. Cells were cultivated in RPMI-1640 (Gibco,
USA) supplemented with 100 mL/L fetal calf serum (FCS;
Gibco, USA), penicillin (100 pg/mL), and streptomycin
(100 ug/mL) in a humidified atmosphere of 5% CO, at 37°C.
LPS was obtained from Sigma-Aldrich (Beijing, China).
Cytotoxicity was evaluated by modified MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide)
assay*'?%. Briefly, HL-60 cells were seeded at 1 x 10° cells/
well in six-well plates and L1929 cells in 96-well plates
(Falcon, USA), and incubated for 12h in 100 mL culture
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media with 10% FCS. Media were then replaced with
serum-free medium. After a 6h treatment of HL-60 with
lipopolysaccharide (LPS; 200 ng/mL), cells were incubated
with 8a (2mg/mL), 8b (1 mg/mL), 8¢ (4mg/mL), and 8d
(2mg/mL) dissolved in 1% absolute alcohol/phosphate
buffered saline (PBS) at 37°C for 2 h. The supernatant was
then added to 1929 cell culture medium (200 uL/well),
followed by incubation at 37°C for 12h. Then the L929
cells were treated with MTT (Sigma, USA) 10 pL (5g/L)
for 4h. After removal of the supernatant, the purple-blue
sediment was dissolved in 100 pL/well dimethylsulfoxide
(DMSO0), and the optical densities were read on a multi-
well spectrophotometer (Labsystems Dragon, Finland) at
570nm (OD570). The inhibitory activity of 8a-d against
TACE was then determined based on the growth inhibi-
tory rate (GIR) of sSTNF-a in 1L929 cells. The GIR value was
calculated by Equation (1) as follows:

OD570(experimental group)

e —0D570(LPS(+)controlgroup)
~ OD570(LPS(-)control group)

—0D570(LPS(+)controlgroup)

x100% (1)

where LPS(-) and LPS(+) indicate the supernatants of
HL-60 culture media in the absence or presence of LPS,
respectively.

mTNF-a content in the macrophage cell surface by FCM
We tested the effect of inhibitors on the amount of
mTNF-a on the macrophage surface using the following
procedure. KM mice (weight about 20g) were sacrificed
by cervical dislocation and the abdominal macrophages
were isolated and cultivated. Transmembrane TNF-a on
the macrophage surface was labeled with primary goat
anti-mouse TNF-a polyclonal antibody followed by a
secondary antibody of FITC (fluorescein isothiocyanate)-
labeled rabbit anti-goat immunoglobulin G (IgG) anti-
body. Finally, mTNF-a content was determined with flow
cytometry (FCM). The specific procedures are described
in reference 23.

m-TNFa content after LPS-endotoxemia using FCM and
histology
A mouse model of LPS endotoxemia was prepared accord-
ing to the method of our project team. Briefly, 0.1 mL of a
solution containing 10 mg D-GalN (D-galactosamine) and
0.4-2 pg LPS was intra-caudally injected into clean KM
mice weighing about 20 g. Systemic reactions such as shiv-
ering and piloerection were observed 20 min after injec-
tion, and 40 min later, some mice showed cyanosis and
drowsiness. Mice were sacrificed by cervical dislocation
6h later.

Grouping methods were: intraperitoneal injection (IP
injection) of 0.1 mL PBS (group A, blank control), PBS +
Tween-80 (group B, solvent control), Tween-80 containing
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1.5mg of compound 8d (group C), and Tween-80 contain-
ing 2.5mg of compound 8d (group D). 0.5h after injection
of the four solutions, 0.1mL of the solution containing
10mg D-GalN and 0.4-2 pg LPS was intra-caudally injected.
A positive control injected with only 0.1 mL of 10 mg b-GalN
and 0.4-2 ug LPS was considered as group E. Each group
contained five mice. Mice were sacrificed 6h later by cer-
vical dislocation and macrophage cells were isolated and
cultivated from the abdominal cavity. mTNF-a content was
determined by FCM.

Livers, kidneys, and lungs were collected, fixed with 10%
formalin, dehydrated, cleared, embedded, stained with
hematoxylin and eosin (HE), and mounted with neutral
gum for histological examination.

Molecular modeling

The crystal structures of the TACE catalytic domain
were acquired from the Brookhaven Protein Database
(PDB) (http://www.pdb.org). To find the binding mode
of compounds 8a-d with TACE, we used the advanced
Insight IT 2003.3L molecular modeling software, Catalyst
4.3 pharmacophore modeling software, and MLD
chemical information system to automatically dock the
inhibitors to the TACE binding site on an SCI Octane 2
workstation.

We used flexible docking methods for TACE and the
inhibitors. First, we obtained three-dimensional (3D)
conformations of 8a-d by energy minimization; second,
the crystal structures (INN, 1BKC were the PDB codes for
inhibitor and TACE complex, respectively) of the 1BKC
complex of the catalytic domain of TACE and INN of the
inhibitor were obtained by a database search in PDB.
The detailed docking procedures were: open 1BKC file in
PDB and display the 3D structure of 1BKC; determine the
initial position of inhibitor in the TACE binding site by
molecular alignment of 8a-d with INN; delete INN and
molecularly dock the catalytic domain of TACE with
8a-d.

Molecular docking should be conducted in a cvff (con-
sistent valence force field)'*?*. However, zinc could not
be charged because zinc force field parameters do not
exist in a cvff. Therefore, we changed zinc in the active
center to copper to complete the charge distribution for
each atom in the 1BKC complex. This substitution of cop-
per for zinc should only introduce a minor error since
copper is close to zinc in the periodic table and has a simi-
lar structure.

Amino acid residues within 1nm around the inhibitor
were designated as active regions, and the conformations
of these regions could freely change during molecular
docking: nitrogen (of 405, 409, and 415 histidine of TACE)
linked with zinc; oxygen (of the inhibitor) linked with zinc;
and zinc itself. Conformations outside of these regions
remained unchanged. Calculation following docking
was done in two steps: determine 10 lower energy con-
formations with a Monte Carlo algorithm, and obtain a
minimum energy conformation by simulated annealing

dynamics using a cell multipole method for nonbonding
interactions.

Results and discussion

Biological activity

We first determined the effects of peptidomimeticinhibitors
on LPS-medicated sTNF-a production in a cytotoxicity test
(Table 1). The sTNF-a production of HL-60 cells induced by
the same amount of LPS caused different GIR in 1929 cells.
8b and 8d inhibited TACE better than 8a and 8c.

sTNF-a secretion from macrophages was then assayed by
FCM (Figure 3). mTNF-a fluorescence on peritoneal mac-
rophage surfaces was low because of high sSTNF-a secretion
after LPS treatment. Inhibitor injection increased the fluo-
rescence intensity of mTNF-a on peritoneal macrophages,
suggesting that LPS-mediated conversion of mTNF-a into
SsTNF-a was inhibited.

LPS treatment produced swelling, degeneration, and
necrosis of mouse liver and kidney in HE staining, and 8d
could reverse this inflammatory reaction, and alleviate
degeneration and necrosis of the liver and kidney (Figure 4).
LPS did not affect the lungs.

Molecular modeling

The conformations between 8c and TACE in the molecular
docking are shown as protein surfaces expressed as a pseu-
do-Connolly solvent accessible surface, and the radius of the
probe atom (solvent atom) was 0.05nm (Figure 5). Stronger
nonbonding interactions (larger negative value) between
the inhibitors and TACE indicated that the inhibitor had a
larger binding constant with TACE and higher inhibitory
activity (Table 2).

The electrostatic interaction energy between 8a and
TACE was significantly lower than for the other three inhibi-
tors, which might be attributed to the few charged groups of
8a*. Molecular docking and cell experiments showed simi-
lar results, indicating that molecular docking could simulate
the interaction between molecules.

Conclusions

We tried to model the molecular interactions of a small
molecular peptidomimetic inhibitor and TACE using
3D modeling and biological experiments for developing

Table 1. Effects of inhibitors on LPS-induced sTNF-a secretion by
HL-60.

sTNF-a secretion

Group 0D570 (mean * SD) p value GIR (%)
LPS(-) 0.42+0.034

LPS(+) 0.31+£0.026

8a (2mg/mL) 0.32+0.037 <0.05* 9.1
8b (1mg/mL) 0.37+0.036 <0.05° 54.5
8c (4mg/mL) 0.34+0.016 <0.05* 27.3
8d (2 mg/mL) 0.37+£0.030 <0.05* 54.5

2All compared with LPS(+) group.
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Figure 3. Content assay of mTNF-a on peritoneal macrophage surfaces of LPS-treated mice by FCM. (A) 0.1 mL PBS (blank control); (B) PBS + Tween-80
(solvent control); (C) Tween-80 containing 1.5 mg of compound 8d; (D) Tween-80 containing 2.5 mg of compound 8d; (A-D) i.p. injection of the above
solutions, respectively, followed by intracaudate injection of 0.1 mL solution containing 10 mg D-GalN and 0.4-2 pg LPS; (E) intracaudate injection of
0.1 mL solution containing 10 mg p-GalN and 0.4-2 pg LPS only (positive control).
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Figure 4. Hematoxylin and eosin (HE) staining of liver and kidney before
and after injection of LPS, inhibitor 8d (x200). (A) LPS in liver; (B) LPS
and 8d (2.5mg) in liver; (C) LPS in kidney; (D) LPS and 8d (2.5mg) in
kidney.

specific TACE inhibitors. By introducing a sulfur atom at
position 2 of the succinyl core of compound 1, and using
L-3-phenylalanine and L-3-(2’-naphthyl)alanine with
hydrophobic aryl side groups in the peptide segment, we
successfully produced four novel TACE inhibitors, and
cell experiments confirmed that two of the four inhibitors
inhibited TACE. The inhibitors could also alleviate inflam-
matory reactions and inhibit the conversion of membrane

Figure 5. Resultant conformation after molecular docking between
inhibitor 8¢ and TACE on SCI Octane 2 graph workstation using advanced
Insight IT 2003.3L molecular modeling software.

TNF-a on the macrophage surface into soluble TNF-a.
We established a method for flexible molecular docking
between TACE and inhibitors that showed good agree-
ment with biological experiments. Appropriate molecular
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Table 2. Comparison of nonbonding interaction energies between four inhibitors (8a-d) and TACE with results of cell experiments.

Nonbonding interaction energy (kcal/mol)

Inhibitor van der Waals interaction energy Electrostatic interaction energy Total energy GIR (%)
8a -71 -11 -82 9.1
8b -94 -25 -119 54.5
8c -72 -22 -94 27.3
8d -86 -25 -111 54.5

modifications of these potent compounds might improve
their ability to inhibit TACE.
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