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Liyou Han, Jun Hiratake,* Akane Kamiyama, and Kanzo Sakata
Institute for Chemical Research, Kyoto Wersity, Uji, Kyoto 611-0011, Japan
Receied September 11, 2006; Reed Manuscript Receéd Naember 8, 2006

ABSTRACT: v-Glutamyl transpeptidase (GGT, EC 2.3.2.2) catalyzes the transfer gfghgamyl group

of glutathione and relateg-glutamyl amides to water (hydrolysis) or to amino acids and peptides
(transpeptidation) and plays a central role in glutathione metabolism. GGT is involved in a number of
biological events, such as drug resistance and metastasis of cancer cells by detoxification of xenobiotics
and reactive oxygen species through glutathione metabolism, and is also implicated in physiological
disorders, such as Parkinson’s disease, neurodegerative disease, diabetes, and cardiovascular diseases. In
this study, we designed, synthesized, and evaluated a sestgshafsphono diester analogues of glutamate

as transition-state mimic inhibitors of GGT. The electrophilic phosphonate diesters served as highly potent
mechanism-based inhibitors that caused the time-dependent and irreversible inhibition of lEbthdle

and human enzymes, probably by phosphonylating the catalytic Thr residue of the enzyme. In particular,
one of the inhibitors exhibited more than 6000 times higher activity toward human GGT than acivicin, a
classical but nonselective inhibitor of GGT. The dependence of the inactivation rate on the leaving group
ability of the phosphonates (Brgnsted plot) revealed that the phosphonylation of the catalytic Thr residue
proceeded via a dissociative transition-state with substantial bond cleavage between the phosphorus and
the leaving group for botlk. coliand human GGTs. The binding site of GGT for the €&y moiety

of glutathione or for the acceptor molecules was probed by the phosphonate diesters to reveal a significant
difference in the mechanism of substrate recognition betieenliand human GGT. Thus, in the human
enzyme, a specific residue in the CySly binding site played a critical role in recognizing the €¥3ly

moiety or the acceptor molecules by interacting with the C-terminal carboxy group, whereas the Cys side
chain and the CysGly amide bond were not recognized significantly. In contrast,Eheoli enzyme

was a nonselective enzyme that accommodated substrates without specifically recognizing the C-terminal
carboxy group of the CysGly moiety of y-glutamyl compounds or the acceptor molecules. The
phosphonate diester-based GGT inhibitors shown here should serve as a blue print for the future design
of highly selective GGT inhibitors for use as drug leads and biological probes that gain insight into the
hitherto undefined physiological roles of GGT and the relationships between GGT and a variety of diseases.

y-Glutamyl transpeptidase (GGTEC 2.3.2.2) is a hetero-  amino acids through the hydrolysis of extracellular gluta-
dimeric enzyme found widely in organisms ranging from thione @, 5—7). In mammals, GGT is involved in a number
bacteria to mammals and plays a central role in the of important physiological processes such as the detoxifi-
metabolism of glutathione and its S-conjugates through the cation of xenobiotics through the cleavage of #hglutamyl
cleavage of the-glutamyl amide bondl(, 2). In mammalian linkage of glutathione S-conjugates, ¢, 3, 8). Although
cells, GGT is bound to the external surface of the plasmathe detoxification of xenobiotics and the reduction of
membrane and is expressed in high concentrations in kidneyoxidative stress are highly dependent on cellular glutathione
tubules, biliary epithelium, and brain capillarieb-4), but  levels, the biosynthesis of glutathione is limited by the
in E. coli, the enzyme is expressed in periplasmic space asavailability of cysteine §, 9). Accordingly, the overexpres-

a soluble form §). GGT is believed to play critical roles in  sion of GGT is often observed in human tumors, and its roles
cellular cysteine salvage and recovery of other constituentin tumor progressionl() and the expression of malignant
phenotypes of cancer cells, such as drug resistaliceld)
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chloride. cancer chemotherapy and a vast array of physiological
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Scheme 1: Proposed Catalytic Mechanism of GGT coo
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through a modified pingpong mechanism involving a coo

y-glutamyl enzyme intermediate (Scheme 25,(26). 2a-g HOG6T iAo OO
Although a number of inhibitors have been reported to ? o’ “o-GGT

date, few compounds appear to serve as potent and specific

inhibitors of GGT that could be used vivo as physiological
probes and potential drug leads:(aS59)-a-Amino-3-
chloro-4,5-dihydro-5-isoxazoleacetic acid (acivicin, AT-125),

a classical and most widely used irreversible inhibitor of gy ,cyyral elaboration at two sites of thephosphono diester
GGT (27-29), and other glutamine antagonists, such as p incomorating a variety of leaving groups (substituted
L-azaserine30, 31) and 6-diazo-5-oxa-norleucine (DON)  phenols) and a ligand equivalent to the €@y moiety of
(31), are strong inhibitors of glutamine-dependent amido- ¢ athione or the acceptor molecules to mimic the transition
transferases3@—35) and inactivate a number of biosynthetic  giate for the hydrolysis of glutathione (TS 1) or for the
enzymes for purine and pyrimidine, amino acids, and amino transpeptidation with amino acids (TS 2) (Scheme 1).
sugars to exert potent cytotoxicitg4, 35). Recently,.-2- The phosphonate diesteta—g and3 served as excellent
amino-4-boronobutanoic acid,aboronic acid analogue of jeyersible inhibitors that caused time-dependent inhibition
glutamate, was reported to be a slow-binding inhibitor of ¢ )yt theE. coliand human enzymes with rates more than
GGT (36, 37), but the inhibition was reversible, and the 5 oqers of magnitude higher than those of the monoesters
inactivated enzyme rapidly regained a,Ct'V'%I' la—d. In particular, inhibitor3 exhibited activity toward
We previously reported that a series pfphosphono  h man GGT ca. 6000 and 20,000 times higher than that of
monoester analogues of glutamae-d served as mecha-  cjyicin and monoestetd, respectively. The exceptionally

nism-based inhibitors that inactivated GGT by covalent hlgh activity of CompouncB toward human GGT inspired
modification of the active site3g). The phosphono mono- ¢ siryctural elaboration for a series of novel phosphonate

esters gave a stable adduct with the catalytic Thr residue of jjegtersa 5a, and5b for use as chemical probes to explore
GGT by mechanism-based phosphonylatidg)(but their ¢ 4ctive-site geometries & coli and human GGT. This
inhibitory activities were relatively low, especially toward  gricle describes the detailed structugtivity relationships

human GGT §8). in the inhibition of E. coli and human GGT by a series of
the phosphonate diesters, a significant difference between

Ficure 1: Structure of phosphonate diest@as—g, 3, 4, 5a, and
5b and the proposed mechanism of GGT inactivation.

(olelol COOH . . . .
< SN ,OOX the human and bacterial enzymes in active-site structure, and
HN Q_C' FN O//P\O— the mechanism of substrate recognition as probed by the
inhibitors.
acivicin 1a:X=H, 1c: X=Ac
tb:  CF, d: ON EXPERIMENTAL PROCEDURES

This might be due, in part, to the lower electrophilic nature ~ Materials and MethoddJnless otherwise stated, all chem-
of negatively charged phosphonate monoes#isdr to the icals were obtained commercially and used without further
lower affinity of the phosphonate monoesters for the enzyme purification. 7-f-L-Glutamylamino)-4-methylcoumariny{
active site by electrostatic repulsioflj. Herein we report ~ Glu-AMC) was purchased from Sigma. Racemic 2-amino-
the design, synthesis, and evaluation of a seriesifios- 4-phosphonobutanoic acid (APBA) was synthesized as
phono diester analogues of glutamate-g, 3, 4, 5a, and described in the literature4®, 43). Dry CH,Cl, and dry
5b as the second generation phosphonate-based inhibitorgriethylamine (EfN) were prepared by distillation from CaH
of GGT. The neutral phosphonate diesters were expected toand stored over Molecular Sieves 4&. coli y-glutamyl
be chemically more reactive than the monoesters, thus rapidlytranspeptidase was purified from the periplasmic fraction of
phosphonylating the catalytic residue to efficiently inactivate a recombinant strain d. coli K-12 (SH642) as described
GGT (Figure 1). Furthermore, the phosphonate diesters allowpreviously 6). Humany-glutamyl transpeptidase HC-GTP
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(T-72) was a generous gift from Asahi Kasei Corporation 70 °C) to give a yellow syrup. The residue was dissolved in
(Osaka, Japan). The latter enzyme preparation contained &tOAc (300 mL), and insoluble NaCl was removed by
large amount of bovine serum albumin (BSA) as the enzyme filtration. The filtrate was washed with @ (3 x 50 mL)
stabilizer (GGT content1%). and dried over anhydrous B80,. The solvent was evapo-

The protein concentration was determined by Bradford’s rated, and EO (300 mL) was added to the residual oil. Seed
method with BSA as a standard5). 'H and 3P NMR crystals were added to this partially solubilized crude product,
spectra were recorded on a JEOL JNM-AL 300 (300 MHz and the mixture was stirred vigorously to gives a colorless
for IH). Chemical shifts were recorded relative to the internal powder (21.2 g, 89%): mp 161103 °C; IR (KBr) vmax
standard (tetramethylsilane fo#) or to the external standard ~ 3600—-2000 (br), 1732, 1695, 1545, 1455, 1394, 13880
(sodium 3-(trimethylsilyl)propanesulfonate fét in D.,Oand ~ (br), and 847 cm’. *H NMR (300 MHz, acetonek) on:
85% HPQ, for 31P). Infrared spectra were recorded on a 1.7-1.9 (m, 2H, PCHCHy), 1.9-2.3(m, 2H, PEGi,.CH,),
HORIBA FT-720 infrared spectrophotometer. Mass spectra 4.38 (m, 1H,o-CH), 5.08 (s, 2H, O€i;Ph), 5.18 (s, 2H,
were obtained on a JEOL JMS 700 spectrometer. ElementalOCH2Ph), 6.9 (dJ = 7.8 Hz, 1H, NH), 6.77.3 [br s, 2H,
analyses were performed on a Yanaco MT-5. Thin layer P(OH)], 7.2—7.5 (m, 10H, 2x Ph);3P NMR (121 MHz,
chromatography was carried out using silica gel plates acetoneds) op: 29.09. Anal. Calcd for gH2.NO/P: C 56.02,
(Merck 5715, 0.25 mm). Compounds were purified by flash H 5.44, N 3.44; found: C 56.08, H 5.38, N 3.35. HRMS
column chromatography on silica gel 60 N (Kanto Kagaku, (FAB, glycerol) calcd for GgHxsNO;P (MH*') 408.1212;
spherical and neutral, 460 um, No. 37563-79) or by  found, 408.1192. Seed crystals were prepared by the filtration
medium-pressure reversed-phase column chromatographyof a hot oversaturated solution of crude diisopropyl ether,
using a Yamazen YFLC System (Yamazen Co., Osaka, followed by cooling at room temperature.

Japan). Benzyl 2-(N-benzyloxycarbonylamino)-4-(dichlorophospho-
) no)butanoate ). Oxalyl chloride (1.41 g, 11.1 mmol) was
Synthesis added to a solution of (2.01 g, 4.93 mmol) in dry CCl,

2-(N-Benzyloxycarbonylamino)-4-phosphonobutanoic Acid (10 mL) in the presence of D_MF (1 _drop). Evolut_ion of gas
Monosodium Salt). Benzyl chloroformate (51.2 g, 300 (CO and CQ) was observed immediately. The mixture was

mmol) and NaHC® (25.2 g, 300 mmol) were added stirred at. 30°C for 1 h. Volatiles were removed by vacuum
portionwise ove1 h to avigorously stirred mixture of APBA  €vaporation followed by Ar gas flow to gve the correspond-
(36.6 g, 200 mmol) and NaOH (24.0 g, 600 mmol) in a "9 phosphonodichloridat® as a yellow oil.*H NMR (300
mixture of HO (200 mL) and BO (150 mL) at 0°C. The ~ MHZ, CDCl) 0u: 2.1-2.7 (m, 4H, PCHCH,), 4.53 (m, 1H,
mixture was stirred vigorously at ambient temperature for a-CH), 5.12 (s, 2H, PhB,0OCON), 5.18 (dJ = 12 Hz)
14 h. After completion of the reaction (TLC, BUOH/AcOH/ @nd 5.24 (dJ = 12 Hz) [2H, PhC®1.0], 5.46 (br d, 1H.J =
H.O = 5:2:2, ninhydrin for the consumption of APBA), the ~8-1 Hz, NH), 7.3-7.4 (m, 10H, 2x Ph); *P NMR (121
ethereal layer was discarded. The aqueous solution wasViHZ, CDCk) dp: 49.0. Compound@ was used fresh for the
washed with BO (3 x 200 mL), acidified wih 6 N HC| ~ Nnext reaction without purification.
(140 mL, 840 mmol) to pH 1, and evaporated to dryness. General Procedure for the Synthesis3#—g, 10, 144
Acetone (500 mL) was added to the residue, and insoluble and 14b. Methanol (0.16 g, 4.94 mmol) was added to a
NaCl was removed by filtration. The filtrate was evaporated solution of8 (4.94 mmol) in dry CHCI, (20 mL), and the
to give crude 24{-benzyloxycarbonylamino)-4-phosphono- solution was cooled te-65 °C. Triethylamine (0.5 g, 4.94
butanoic acid as a colorless syrup. An aqueous solution of mmol) was added dropwise to the solution, and the mixture
NaOH (7.2 g, 180 mmol, 250 mL) was added to the residue, was stirred at—=65 °C for 30 min. The cooling bath was
and the resulting solution (pH 3) was evaporated to dryness.removed, and the mixture was allowed to stand at room
Acetone (300 mL) was added to the residue, and the mixturetemperature for an additional hour to give the crude mono-
was stirred vigorously. The residue was crystallized spon- methylphosphono chloridate (ca. 1:1 mixture of diastereo-
taneously to givé as a colorless powder (51.8 g, yield 76%). mers) and the corresponding dimethyl phosphon&t83.6)
IR (KBr) vmax 3600-2000 (br), 1722, 1531, 1454, 1415, as the sole byproduct (ca. 25%) NMR (300 MHz, CDC})
1340, 1247, 1173, 1117, 1051, and 919¢mH NMR (300 On: 1.7-2.4 (m, 4H, PCHCH), 3.84 (d, 3H3J4p = 13.2
MHz, D,0) 0y: 1.6-1.8 (m, 2H, PCHCH,), 1.8-2.3 (m, Hz, CHOP), 4.52 (m, 1H,a-CH), 5.11 (s, 2H, PhB,-
2H, P(HCHy), 4.21 (m, 1H-CH), 5.13 (s, 2H, O€,Ph), OCON), 5.15-5.2 (m, 2H, Ph&1;0), 5.5 (brd, 1HJ=8.1
7.43 (m, 5H, Ph)3P NMR (121 MHz, BO) d,: 25.10. Hz, NH), 7.3-7.4 (m, 10H, 2x Ph);3P NMR (121 MHz,
Anal. Calcd for GoH1sNO,PNa0.7HO: C 40.97, H 4.70,  CDCl) J,: 44.8. The corresponding phenol (4.93 mmol)
N 3.98; found: C 40.86, H 4.50, N 4.22. HRMS (FAB, was added successively to the solution at@ and the
glycerol) calcd for G:HigNO/PNa (MH + Na') 340.0562;  reaction was initiated by adding 4& (0.50 g, 4.94 mmol).
found, 340.0565. The mixture was stirred at @ for 30 min and was allowed
Benzyl 2-(N-benzyloxycarbonylamino)-4-phosphonobutan-to stand at room temperature for an additional hour. After
oate (7). Thionyl chloride (19.5 g, 164 mmol) was added the completion of the reaction (TLC, acetone/hexank:1),
dropwise to benzyl alcohol (230 mL) afC, and the mixture  the reaction mixture was concentrated and diluted with
was stirred for 15 min. Compoungl (19.8 g, 58.4 mmol) EtOAc (50 mL), and the insoluble salt was removed by
was added to the solution, and the mixture was stirred at filtration. The filtrate was concentrated, and the crude product
ambient temperature for 20 h. After the completion of the was purified by flash column chromatography on neutral
reaction (TLC, BUOH/AcOH/HO = 5:2:2, 254 nm), benzyl  silica gel 60 N (acetone/hexane, 1:1) to g8ee-g, 10, 144
alcohol was removed under reduced pressure (vacuum pumpand 14b as a mixture of four stereocisomers.
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Benzyl 2-(N-benzyloxycarbonylamino)-4-[4-methoxyphen-

yl(methyl)phosphono]butanoat@d). Yield, 32%, colorless
oil. *H NMR (300 MHz, CDC}) oy 1.8-2.3 (m, 4H, PCH-
CHyp), 3.72 (d,%Jyp = 10.8 Hz, 3H, POCH), 3.77 (s, 3H,
OCHy), 4.47 (m, 1H0-CH), 5.10 (s, 2H,06,Ph), 5.17 (s,
2H, OCH,Ph), 5.5 (br dJ = 6.9 Hz, 1H, NH), 6.81 (dJ =
9.0 Hz, 2H) and 7.1 (d] = 7.8 Hz, 2H)(4-methoxyphenyl),
7.3 (s, 10H, 2x Ph);3P NMR (121 MHz, CDGJ) 9, 29.56.
Anal. Calcd for G/H3oNOgP: C 61.48, H 5.73, N 2.66;
found: C 61.47, H 5.82, N 2.72. HRMS (FAB, glycerol)
calcd for G7H3iNOgP (MH") 528.1787; found, 528.1777.

Benzyl 2-(N-benzyloxycarbonylamino)-4-[methyl(4-methyl-
phenyl)phosphono]butanoatgh). Yield 40%, colorless oil.
IH NMR (300 MHz, CDC}) oy: 1.8-2.3 (m, 4H, PCH-
CHp), 2.3 (s, 3H, CH), 3.72 (d,3Jsp = 11.1 Hz, 3H,
POCH;,), 4.46 (m, 1H,0-CH), 5.10 (s, 2H, O@,Ph), 5.16
(s, 2H, OQH,Ph), 5.6 (br dJ = 6.9 Hz, 1H, NH), 7.0 (d)
= 8.4 Hz, 2H) and 7.1 (d] = 8.4 Hz, 2H)(4-methylphenyl),
7.3 (s, 10H, 2< Ph);31P NMR (121 MHz, CDG)) 6, 29.34.
Anal. Calcd for G/H3NO,P: C 63.40, H 5.91, N 2.74;
found: C 63.15, H 5.91, N 2.81. HRMS (FAB, glycerol)
calcd for G7H3:NO;P (MH") 512.1838; found, 512.1837.

Benzyl 2-(N-4-Nitrobenzyloxycarbonylamino)-4-[methyl-
(phenyl)phosphono]lbutanoat@d). Yield 48%, colorless oil.
IH NMR (300 MHz, CDC}) oy: 1.8-2.4 (m, 4H, PCH
CHy), 3.75 and 3.76 (% d, 3Jyp = 11.1 Hz, 3H, POCH),
4.47 (m, 1H,a-CH), 5.20 (m, 4H, 2x OCH,Ph), 5.7 (2x
brd,J=7.8Hz, 1H, NH), 7.+7.4 (m, 10H, 2x Ph), 7.5
(d, J = 7.2 Hz, 2H) and 8.2 (dJ = 7.5 Hz, 2H)(4-
nitrophenyl); 3P NMR (121 MHz, CDCJ) dp: 29.25 and
29.28. Anal. Calcd for @H2/N,OgP: C 57.57, H 5.02, N
5.16; found: C 57.50, H 4.96, N 5.13.

Benzyl 2-(N-benzyloxycarbonylamino)-4-[4-chlorophenyl-
(methyl)phosphono]butanoat®d). Yield 42%, colorless oil.
H NMR (300 MHz, CDC}) on: 1.7-2.4 (m, 4H, PCH
CHy), 3.73 (d,3J4p = 11.1 Hz, 3H, POCH), 4.47 (m, 1H,
o-CH), 5.10 (2x s, 2H, O®,Ph), 5.17 (s, 2H, OB,Ph),
5.5 (br d,J = 8.4 Hz, 1H, NH), 7.09 (dJ = 8.1 Hz, 2H)
and 7.26 (dJ = 8.1 Hz, 2H)(4-chlorophenyl), 7.287.40
(m, 10H, 2x Ph); 3P NMR (121 MHz, CDCJ) dp: 29.69.
Anal. Calcd for GeH7CINO;P: C 58.71, H 5.12, N 2.63;
found: C 58.68, H 5.10, N 2.61. HRMS (FAB, glycerol)
calcd for GgH2gNO,CIP (MH') 532.1292, 534.1262; found,
532.1300, 534.1272.

Benzyl 2-(N-benzyloxycarbonylamino)-4-[methyl(4-trifluoro-
methylphenyl)phosphono]butanoa8z); Yield 54%, color-
less oil.*H NMR (300 MHz, CDC}) éy: 1.8-2.3 (m, 4H,
PCH.CH,), 3.75 (d,2Jup = 11.1 Hz, 3H, POCH), 4.49 (m,
1H, a-CH), 5.10 (2 x s, 2H, OGH,Ph), 5.18 (s, 2H,
OCH,Ph), 5.5 (br dJ = 6.9 Hz, 1H, NH), 7.26 (dJ = 8.4
Hz, 2H) and 7.58 (d,J = 8.4 Hz, 2H)(4-trifluoromethyl-
phenyl), 7.3 (s, 10H, Z Ph);3P NMR (121 MHz, CDCJ)
Op: 29.83. Anal. Calcd for gH,7FNO/P: C57.35, H 4.81,
N2.48; found: C 57.25, H 4.77, N 2.50. HRMS (FAB,
glycerol) calcd for G/HgFNO/P (MH') 566.1556; found,
566.1546.

Benzyl 2-(N-benzyloxycarbonylamino)-4-[4-cyanophenyl-
(methyl)phosphono]butanoatéf]. Yield 38%, pale yellow
oil. '"H NMR (300 MHz, CDC}) oy: 1.8-2.4 (m, 4H,
PCH,CHy), 3.76 (d,3Jup = 11.4 Hz, 3H, POCH), 4.49 (m,
1H, a-CH), 5.10 (2 x s, 2H, OQ,Ph), 5.18 (s, 2H,
OCH,Ph), 5.46 (br dJ = 6.6 Hz, 1H, NH), 7.3 (dJ= 7.5
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Hz, 2H) and 7.60 (dd) = 1.6 and 8.4 Hz)(4-cyanophenyl),
7.4 (s, 10H, 2x Ph);3P NMR (121 MHz, CDCJ) d,: 30.05.
Anal. Calcd for G;H»N,O;P: C 62.07, H 5.21, N 5.36;
found: C 61.93, H 5.15, N 5.47.

Benzyl 2-(N-benzyloxycarbonylamino)-4-[methyl(4-nitro-
phenyl)phosphono]butanoate ¢). Yield 45%, pale yellow
oil. *H NMR (300 MHz, CDC}) oy: 1.8-2.3 (m, 4H, PCH
CHy), 3.77 (d,3Jup = 11.1 Hz, 3H, POCH), 4.5 (m, 1H,
a-CH), 5.10 (m, 2H) and 5.18 (m, 2H)(R OCH,Ph), 5.5
(br d,J = 6.9 Hz, 1H, NH), 7.31 (dJ = 9.3 Hz, 2H) and
8.20 (d,J = 9.0 Hz, 2H)(4-nitrophenyl), 7.3 (s, 10H, 2
Ph); 31> NMR (121 MHz, CDCJ) d,: 30.20. Anal. Calcd
for CaeH2/N,OgP: C 57.57, H 5.02, N 5.16; found: C 57.35,
H5.11, N 5.17; HRMS (FAB, glycerol) calcd for,gH,sN.OqP
(MH™) 543.1532; found, 543.1537.

Benzyl 2-(N-benzyloxycarbonylamino)-4-[methyl(4-methyl-
umbelliferyl)phosphono]butanoat&@). Yield 40%, colorless
oil. *H NMR (300 MHz, CDC}) 6i: 1.8-2.3 (m, 4H, PCH
CHy), 2.42 (s, 3H, 4-CHs), 3.77 (d,3J4p = 11.1 Hz, 3H,
POCH), 4.49 (m, 1H,a-CH), 5.11 (s, 2H, O@,Ph), 5.19
(s, 2H, O®,Ph), 5.5 (br dJ = 6.9 Hz, 1H, NH), 6.25 (s,
1H, 3-H), 7.14 (s, 1H, 8H), 7.16 (d, 1H,J = 9.0 Hz, 8-

H), 7.3-7.4 (s, 10H, 2x Ph), 7.53 (d, 1HJ = 8.4 Hz,
6'-H); 3P NMR (121 MHz, CDCJ) 6,: 30.07. Anal. Calcd
for CsoHzoNOgP: C 62.18, H 5.22, N 2.42; found C 62.09,
H 5.25, N 2.54. HRMS (FAB, glycerol) calcd. forgi3;NOgP
(MH™) 580.1737; found, 580.1727.

N-(2-Hydroxybutanoyl)glycine benzyl estgf). A mixture
of lithium 2-hydroxybutyrate (racemic, 1.50 g, 13.6 mmol),
glycine benzyl estep-toluenesulfonate salt (4.60 g, 13.6
mmol) and 1-hydroxybenzotriazole hydrate (HOBt) (1.84 g,
13.6 mmol) in acetonitrile (80 mL) was stirred at room
temperature for 20 min to give a fine suspension. To this
mixture, was added 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (EDC) (2.61 g, 13.6 mmol), and
the mixture was stirred at room temperature overnight. The
reaction mixture was filtered, and the filtrate was evaporated.
The residual oil was dissolved in EtOAc (200 mL), washed
successively wit 1 N HCI, sat. NaHC®@and sat. NaCl, and
dried over anhydrous N&QO,. The solvent was evaporated,
and the crude product was purified by flash column chro-
matography on silica gel (Merck, No. 9385) (hexane/EtOAc
= 1:2) to giveN-(2-hydroxybutanoyl)glycine benzyl ester
as a colorless syrup (1.67 g, 49%MH NMR (300 MHz,
CDClg) 0n: 0.99 (t,J = 7.5 Hz, 3H, Gi3CHy), 1.70 (ddq,
J=7.2,7.2 and 15 Hz, 1H) and 1.89 (ddt= 4.2, 7.2 and
15 Hz, 1H) (CHCHy), 4.08 (dd,J = 5.6 and 18 Hz, 1H,
NHCH,CO), 4.14 (ddJ = 3.9 and 7.5 Hz, 1H, CH), 4.16
(dd, 3 = 5.7 and 18 Hz, 1H, NHB,CO), 7.10 (br t, 1H,
NH), 7.3-7.4 (s, 5H, Ph). HRMS (FAB, glycerol) calcd.
for CisH1sNO, (MH™) 252.1236; found, 252.1232.

Benzyl 2-(N-benzyloxycarbonylaminof-#{N-(benzyloxy-
carbonylmethyl)carbamoyl] propyl(phenyl)phosphpimatan-
oate (L2). CompoundL2 was synthesized fro by stepwise
reaction with phenol and alcohall by the same procedure
described for the synthesis 8&—g. Yield 15% (a mixture
four diastereomers), colorless oil. IR (KBt} 3600-
3100 (br), 3064, 3033, 2972, 2941, 1747, 1685, 1591, 1533,
1491, 1455, 1387, 1346, 1255, 1201, 1051, 1002, 937, and
740 cm. 'H NMR (300 MHz, CDC}) éy: 0.81 and 0.92
(2xt,J=7.5Hz, 3H, CHCH;y), 1.7-2.4 (m, 6H, PCHCH,
and H,CHjs), 3.7-4.1 (m, 2H, NHCGH,CO), 4.5 (m, 1H,



1436 Biochemistry, Vol. 46, No. 5, 2007 Han et al.

o-CH), 4.9 (m, H, POEGCO), 5.+5.2 (m, 6H, 3 x (20 mL) was added. After 10 min, the reaction mixture was
PhH,0), 5.5 (br m, 1H, NH), 5.6 and 5.8 (R br m, 1H, washed with BEO (3 x 50 mL) to remove nitromethane.
NH), 7.1-7.4 (m, 20H, 4x Ph); 3P NMR (121 MHz, The aqueous layer was diluted with MeOH (final concn of
CDCl) 6, 28.05 (24%), 28.31 (17%), 28.47 (25%), 28.66 ca. 30%) and was passed through a short column (ca. 8 cm)
(34%). Anal. Calcd for GgHsiN2O10P: C 63.68, H 5.77, N of neutral silica gel 60 N to remove Al(Okl)The eluate
3.91; found C 63.66, H 5.85, N 3.86. HRMS (FAB, glycerol) (ca. 30 mL) was applied directly to medium-pressure
calcd for GgH4oN,010P (MHT) 717.2577; found, 717.2578.  reversed-phase column chromatography on an ODS-S-50B.
Benzyl 3-hydroxyphenylacetaté3@ and Benzyl 4-hy- The column was eluted (6 mL/min) with a linear gradient
droxyphenylacetatel@h). Phenolsl3aand13b were pre-  0of 30—60% MeOH/HO, and the fractions containing the
pared by benzylation (BnBr, 40, acetonitrile) of the  product (TLC, BUOH/AcOH/HO, 5:2:2, ninhydrin) were
corresponding acid a_ccording to the reported procedm)e ( col!ected and Iyophilized to afforﬂd—g and3 as colorless
Benzyl 2-(N-benzyloxycarbonylamino}-f8-(benzyloxy- ~ Solids.
carbonylmethyl)phenyl](methyl)phosphdbatanoate {43). 2-Amino-4-[(4-methoxyphenyl)(methyl)phosphono]-
Yield 31%, colorless oil. IR (KBrWmax 3600-2300 (br), butanoic Acid 2a). Yield 58%, colorless solid. IR (KBr)
1736, 1608, 1587, 1533, 1448, 1379, 1340, 1250, 1174, 1047 Vmax_3600-2300 (br), 1635, 1597, 1508, 1456, 1409, 1363,
and 980 cm®. 'H NMR (300 MHz, CDC}) dn: 1.8-2.4 1252, 1207, 1029, 953, and 840 cin*H NMR (300 MHz,
(M, 4H, PCHCH;), 3.64 (s, 2H, €,COOBn), 3.71 (d3J4p  D20) on: 2.1-2.3 (m, 4H, PCHCH,), 3.8-3.9 (m, 7H,
= 10.8 Hz, 3H, POCH), 4.5 (m, 1H,0-CH), 5.10 and 5.12  @-CH, POGHz and PhO@l5), 7.03 (d,J = 9.3 Hz, 2H) and
(2 x s, 4H, 2x OCH,Ph), 5.17 (s, 2H, CHCOO:Ph),  7-20 (d,J = 8.4 Hz, 2H)(4-methoxyphenylj;P NMR (121
5.6 (br m, 1H, NH), 7.067.11 (m) and 7.22 (m) (4H, MHz, D;O) 9, 32.88; Anal. Calcd for ©HigNOsP
POC@H4), 7.3-75 (m, 15H, 3x ph);Slp NMR (121 |V|HZ, O.SHZOZ C 46.16, H 6.13, N 4.49; found: C 46.15, H 6.20,
CDCly) 6, 29.31. Anal. Calcd for §HseNOP: C 65.11, N 4.45. HRMS (FAB, glycerol) caled for 5H1gNOgP (MHT)
H 5.62, N 2.17; found: C 65.36, H 5.38, N 2.11. HRMS 304.0950; found, 304.0945. _
(FAB, glycerol) calcd for GsHazNOP (MH') 646.2206; 2-Amino-4-[methyl(4-methylphenyl)phosphono]butanoic
found, 646.2233. Acid 2b). Yield 51%, colorless solid. IR (KBymax 3600
Benzyl 2-(N-benzyloxycarbonylamino)-f+(benzyloxy- 2300 (br), 1623, 1540, 1508, 1448, 1409, 1365, 1205, 1047,

carbonylmethyl)phenyl](methyl)phosphdbatanoate {4b). 941, and 833 cmt. *H NMR (300 MHz, DO) oy: 2.1-2.3
Yield 40%, colorless oil. IR (KBrymac 3600-2000 (br), (M 4H, PCHCHy), 2.31 (s, 3H, Phély), 3.81 (m, 1H,
1731, 1508, 1455, 1340, 1259, 1217, 1153, 1047, and 919%CH), 385 (d,Jwp= 12.3 Hz, 3H, POCH), 7.11 (d,J =
el 'H NMR (300 MHz, CDC!;) 6H: 1.8-2.4 (m’ 4H, ?ll Hz, 2H) and 7.27 (d.] = 7.8 Hz, 2H)(4-methylphenyl),
PCH20H2), 3.62 (S, 2H, (HzCOOBn), 3.73 (d,SJHP: 11.1 P NMR (121 MHz, QO) (3p: 32.53. Anal. Calcd for
HZ, 3H, POCH), 45 (m, 1H,(1-CH), 5.10 and 5.12 (2< S, C12H18NO5P'0.3|‘}ZO: C 4925, H 641, N 479, found: C
4H, 2% OCHzPh), 5.17 (S, 2H, CHCOG@zph), 55 (bl’ m, 4928, H 632, |\1 4.77. HRMS (FAB, glycerol) calcd for
lH, NH), 7.10 (d,J =78 HZ) and 7.22 (dJ =84 HZ) C12H19N.O5P (MH ) 2882567, found, 2881009

(4H, POGH.), 7.3-7.4 (m, 15H, 3x Ph);3P NMR (121 '2-Amino 4-[methyl(phenyl)phosphono]butanoic Add)(
MHz, CDCh) o, 29.36. Anal. Calcd for GHseNOGP: C Yield 48%, colorless solid. IR (KBrymax 3600-2300 (br),
65.11, H 5.62, N 2.17; found: C 65.01, H 5.71, N 2.25, 1634, 1593, 1491, 1455, 1403, 1345, 1208, 1045, 936, and

HRMS (FAB, glycerol) calcd for GHNOP (MHY) 832 CnT™ *H NMR (300 MHz, DO) o 2.1-2.4 (m, 4H,

646.2206: found, 6462605, PCH,CH;), 3.88 (d,Jye= 11.1 Hz, 3H, POCH), 3.85 (m,

1H, o-CH), 7.25 (d,J = 7.8 Hz, 2H), 7.33 () = 7.2 Hz,
General Procedure for the Synthesisasf—g, 3, 4, 5a, 1H) and 7.48 (tJ = 7.8 Hz, 2H)(phenyl)*P NMR (121
and5b MHz, D;O) dp: 32.55. Anal. Calcd for GHieNOsP:

0.6H,O: C 46.32, H 6.10, N 4.93; found: C 46.36, H5.97,

Method A.Compoun®a—c, 12, 143, or 14b (1.37 mmol) N 5.06. HRMS (FAB, glycerol) calcd for GHi7NOsP (MH*)
was dissolved in MeOH/KD (2:1, 30 mL) or in AcOH (30 274.0844: found, 274.0840.
mL). Hydrogen gas was passed through the solution in the  2-Amino 4-[4-chlorophenyl(methyl)phosphono]butanoic
presence of 5% Pd-C (270 mg)rfa h atambient temper-  Acid (2d). Yield 57%, colorless solid. IR (KBMfma: 3600-
ature. Pd-C was removed by filtration through Celite, and 2300 (br), 1623, 1595, 1488, 1405, 1358, 1213, 1093, 1045,
the filtrate was evaporated. In most cases, the products wereg28, and 835 crrt. *H NMR (300 MHz, D,0) dy: 2.1-2.3
pure enough without purification and were lyophilized from (m, 4H, PCHCH), 3.83 (m, 1Ho-CH), 3.86 (d3Jyp= 11.4
water to give the final produc2a—c, 4, 5a, and5b as a Hz, 3H, POCH), 7.21 (d,J = 7.8 Hz, 2H) and 7.46 (d] =
colorless and slightly hygroscopic solid. If necessary, the 8.7 Hz, 2H)(4-chlorophenyl)®P NMR (121 MHz, RO)
product was purified by medium-pressure reversed-phases,; 32.69. Anal. Calcd for GH1sCINOsP-0.4H,0: C 41.96,
column chromatography on an ODS-S-50B (Yamazen Co., H 5.06, N 4.45; found: C 42.17, H 5.03, N 4.53. HRMS
Osaka, Japan). The column was eluted (6 mL/min) with a (FAB, glycerol) calcd for GH1cCINOsP (MH*) 308.0455;
linear gradient of 3660% MeOH/HO, and the fractions  found, 308.0466.
containing the product (TLC, BUuOH/AcOHM, 5:2:2, 2-Amino-4-[methyl(4-trifluoromethylphenyl)phosphono]-
ninhydrin) were collected and lyophilized. butanoic Acid 2€). Yield 63%, colorless solid. IR (KBr)

Method B Aluminum chloride (0.55 g, 4.11 mmol) was vmax 3600-2300 (br), 1646, 1616, 1516, 1403, 1338, 1225,
added to a solution dd—g or 10 (1.37 mmol) and anisole 1174, 1121, 1070, 1047, 933, and 850 ¢éniH NMR (300
(0.89 g, 8.22 mmol) in dry nitromethane (10 mL). The MHz, D;O) on: 2.1-2.4 (m, 4H, PCHCH,), 3.85 (m, 1H,
solution was stirred at room temperature for 1 h, an®H  o-CH), 3.89 (2x d, 3J4p= 11.4 Hz, 3H, POCH), 7.41 (d,
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J = 8.4 Hz, 2H) and 7.80 (dJ = 8.7 Hz, 2H)(4- C 45.56, H 5.43, N 4.04. HRMS (FAB, glycerol) calcd for
trifluoromethylphenyl) 3P NMR (121 MHz, DO) 6,: 32.58. CisH1aNO7P (MH") 332.0899; found, 332.0894.
Anal. Calcd for GoH1sFsNOsP-0.8H,0O: C 40.53, H 4.70, 2-Amino-44 [4-(carboxymethyl)phenyl](methyl)phosphdno
N 3.94; found: C 40.63, H 4.41, N 4.20. HRMS (FAB, butanoic Acid b). Yield 64%, colorless solid. IR (KBr)
glycerol) calcd for G,H16F3NOsP (MH') 342.0178; found, Vmax 3600-2300 (br), 1718, 1630, 1508, 1448, 1406, 1346,
342.0709. 1215, 1169, 1045, 939, and 825 ch'H NMR (300 MHz,
2-Amino-4-[4-cyanophenyl(methyl)phosphono]butanoic Acid D20) oy: 2.2—2.3 (m, 4H, PCHCH,), 3.67 (s, 2H, Ph82-
(2f). Yield 70%, colorless solid. IR (KBrymax 3600-2300 COOH), 3.8-4.0 (m, 1H,a-CH), 3.88 (d,2Jyp= 11.4 Hz,
(br), 2231, 1647, 1604, 1500, 1412, 1360, 1225, 1176, 1105,3H, POCH), 7.21 (d,J = 8.1 Hz, 2H) and 7.35 (d] = 8.4
1045, 926, and 837 cm. *H NMR (300 MHz, D:O) Ou: Hz, 2H)(phenyl)2P NMR (121 MHz, BO) d,: 32.56. Anal.
2.1-2.4 (m, 4H, PCHCH,), 3.82 (m, 1H,a-CH), 3.88 (d, Calcd for GsH1gNO7P-1.0 HO: C 44.70, H 5.77, N 4.01;
3Jwp= 11.4 Hz, 3H, POCH), 7.39 (d,J = 8.7 Hz, 2H) and ~ found: C 44.42, H 5.43, N 3.83. HRMS (FAB, glycerol)
7.83 (d,J = 8.1 Hz, 2H)(4-cyanophenylfP NMR (121 calcd for GsHoNO/P (MH*) 332.0899; found, 332.0900.
MHz, D;O) op: 32.61. Anal. Calcd for GHisN,OsP Hydrolytic Stability of Inhibitors The hydrolysis of the
0.3H,0: C 47.47, H5.18, N 9.23; found: C 47.56, H 5.09, inhibitors 2a—g, 3, 4, 5a, and5b was monitored with#P
N 9.24. HRMS (FAB, glycerol) calcd for GH1eN,OsP NMR (121 MHz) by incubating the compounds in® at
(MH™) 299.0797; found, 299.0789. 23 °C. The stability of2g was also investigated inJD at
2-Amino-4-[methyl(4-nitrophenyl)phosphono]butanoic Acid 23 °C under varying pH conditions: 1 M N&G;, 1 M
(29). Yield 70%, colorless solid. IR (KBrymax 3600-2300 NaHCG;, 1 M CH;COOD, 1 M CRCOOD, am 1 M DCI.
(br), 2231, 1629, 1590, 1490, 1411, 1342, 1292, 1223, 1164, The ratio of the remaining phosphonate diesters and the
1108, 1045, 931, and 860 cf 'H NMR (300 MHz, D,O) hydrolyzed product, 2-amino-4-[hydrogen(methyl)phospho-
On: 2.1-2.4 (m, 4H, PCHCH,), 3.88 (m, 1H,a-CH), 3.91 nolbutanoic acid §,: = 27.2), was calculated from the
(d, 3Jup= 11.4 Hz, 3H, POCH), 7.44 (d,J = 8.7 Hz, 2H) integration of the’'P NMR peak areas.
and 8.33 (dJ = 9.0 Hz, 2H)(4-nitrophenyl)}*P NMR (121 Enzyme Assajl.he hydrolytic activity ofE. coliGGT was
MHz, D;O) o,: 32.63. Anal. Calcd for GH1sN,O;P fluorimetrically measured by following the release of 7-amino-
1.5H,0: C 38.27, H 5.26, N 8.11; found: C 38.25, H 5.05, 4-methylcoumarin (AMC) using 0.2M 7-(N-y-glutamyl-
N 8.20. HRMS (FAB, glycerol) calcd for H;6N,O7P amino)-4-methylcoumarin/¢Glu-AMC) as the substrate at
(MH™) 319.0695; found, 319.07083. 25°C (pH 5.5) @6). Assays were initiated by adding 1Q
2-Amino-4-[methyl(4-methylumbelliferyl)phosphono]bu- of enzyme stock solution to 100 mM succinatéaOH buffer
tanoic Acid Q). Yield 49%, colorless solid. IR (KBrymax. (pH 5.5) in a total volume of 1 mL containing 1QQ. of
3600-2300 (br), 1733, 1716, 1612, 1506, 1446, 1390, 1270, y-Glu-AMC stock solution (4«M in water) at 25°C (a final
1230, 1137, 1070, 1043, 989, 920, and 833 trifH NMR y-Glu-AMC concentration of 0.2M). The release of AMC
(300 MHz, D,O) dy: 2.1-2.4 (m, 4H, PCHCH,), 2.49 (s, was monitored continuously for 10 min with a Hitachi
3H, 4-CHjy), 3.86 (m, 1H,a-CH), 3.91 (2x d, 3Jyp= 11.4 F-2000 spectrophotometer (350 nm excitation, 440 nm
Hz, 3H, POCH), 6.4 (s, 1H, 3H), 7.27 (d,J = 8.1 Hz, 1H, emission). AMC concentrations were calculated using a
5'-H), 7.28 (s, 1H, 8H), 7.84 (d,J = 8.1 Hz, 1H, 6-H); standard calibration curve of fluorescence intensijyersus
3P NMR (121 MHz, BO) 6, 32.69. Anal. Calcd for ~ AMC concentration €): AF/AC = 0.11 nM™. The fluo-
Ci1sH1eNO7P-0.3H,0: C 49.95, H 5.20, N 3.88; found: C rescence intensity was proportional to the concentration of
49.86, H 5.14, N 3.84. HRMS (FAB, glycerol) calcd for AMC up to 2.0uM. The Michaelis constant(,) for y-Glu-
Ci1sH1gNO7P (MH*) 356.0899; found, 356.0904. AMC was determined to be 02V under these conditions.
2-Amino-4¢ 1-[N-(carboxymethyl)carbamoyl]propyl(phenyl)-  The hydrolytic activity of human GGT was measured under
phosphondbutanoic Acid 4). Yield 18% (a mixture of four ~ the same conditions, except that the final substrate concen-
diastereomers), colorless solid. IR (KBrax 3600—2300 tration was 4.«M in 100 mM succinateNaOH buffer. The
(br), 1668, 1652, 1593, 1541, 1489, 1455, 1398, 1348, 1205,Kn, value for y-Glu-AMC was determined to be 12,6V
1051, 1007, 941, and 769 cf *H NMR (300 MHz, D,O) under these conditions.
on: 0.84 (t, 3H,J = 7.5 Hz, CHCHj3), 1.6-1.9 (m, 3H) Time-Dependent Inhibition Assaphe inhibition of GGT
and 2.2-2.4 (m, 3H) (P®,CH, and tH,CHj), 3.8-4.0 (m, was measured using a continuous or discontinuous assay
3H, a-CH and NHCH,COOH), 4.9 (m, H, POECO), 7.26 method under pseudo-first-order rate conditions. For the
(d,J=8.1Hz, 2H), 7.33 (tJ = 7.3 Hz, 1H) and 7.46 (1 continuous assay, a typical run was as follows: enzyme was
= 7.8 Hz, 2H)(phenyl);*®P NMR (121 MHz, BO) oy added to a preincubated mixture of varying concentrations
30.91. HRMS (FAB, glycerol) calcd for fgH24N,OgP (MH™) of the inhibitor and the substrate (final concentrations of 0.2
403.1270; found, 403.1275. and 4.0uM y-Glu-AMC for E. coli and human GGT,
2-Amino-4{ [3-(carboxymethyl)phenyl](methyl)phosphpno  respectively) in 100 mM sodium succinate buffer (pH 5.5)
butanoic Acid $a). Yield 51%, colorless solid. IR (KBr)  at 25 °C. Time-dependent inhibition of the enzyme was
vmax 3600-2300 (br), 1718, 1637, 1587, 1489, 1446, 1406, followed by continuously monitoring the release of AMC
1346, 1236, 1149, 1045, 984, 939, 885 and 860'criH for 10 min. The resulting progress curves were analyzed by
NMR (300 MHz, D,O) 6n: 2.2-2.3 (m, 4H, PCHCH,), fitting the data to the first-order rate eq 1 to calculate the
3.68 (s, 2H, Ph8,COOH), 3.8-3.9 (m, 1H,a-CH), 3.86 observed pseudo-first-order rate constants for enzyme inac-
(d,3J4p= 11.1 Hz) and 3.87 (¢Jup= 11.1 Hz) (3H, POCH), tivation (ko9 USing the KaleidaGraph v.3.5 program package
7.15 (s, 2H), 7.20 (dJ= 7.8 Hz, 1H) and 7.41 (m, 1H)  (Synergy Software).
(phenyl);3P NMR (121 MHz, DO) 6,: 32.52. Anal. Calcd
for C;aH:gNO;P-0.6H,0: C 45.65, H 5.66, N 4.09; found: [P]= [Pla[1 — exp(—Kopst)] @)
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where [P] and [R] are the concentrations of AMC formed Scheme 2: Synthesis of Phosphonate Die2ersg, 3, 4,
at time t and at time approaching infinity, respectively. 5a and5b

Because the replot ¢fpsversus inhibitor concentration ([1]) 2.1 COOH & o0 COOBn
exhibited no saturation under standard inhibitor concentra- APBA —-5 ZHNJ\/\/p\/O Na TBnoH . ZHN pd
tions, the second-order rate constant for enzyme inactivation o" OH 0" OH
(kon) was calculated according to eq 2 derived from the 6 7
kinetic mechanism described below - COOBN o1 oo BN COooBn ]
E+S=Sa ES— > E+P cal DM ZANT T P 2 HO_@"" En ZN o”P<9\©
lkon 1] 8 9a-g O
E-I
a:X=0CH e:X=CF
H,/Pd-C 2a-g b: cH33 f: CN3
Kops= Konlll/(1 + [SVK,) (2) or AICls, anisole/CH;NO, c: H g: NO,
d: cl
H . COOBn
where S is the substrate Glu-AMC; [S] and K, are 0.2 1) CH;0H, EtN I o OO Al anisols
and 0.2uM (E. coli GGT), and 4.0 and 12.6M (human 8 o o o ZHN o ~ohno, 3
GGT). For5a and 5b, the plot of k. Versus [lI] reached 2 W JEtN CH, 7
saturation at higher inhibitor concentrations (18@d and 10
9.0 mM, respectively), and the values of the dissociation
constant ;) and the first-order rate constant for enzyme
inactivation Kinac) Were calculated according to eq 87 1) QOH, EtsN COOBn o o
derived from the following kinetic mechanism. 8 —=——z1in ROy N coosn HPEC
2)  11,EtN o o H
Ky
E+S=—= ES—> E+P
+
I 12
K; COOBn
. g DOHOHEN o g0 coomn _FZPHC o
El —— E-1 2)13a, Et;N o0
CH,
Kobs = Kinacl I/ { Ki(1 + [SVK) + 11} (3) 14a
For the discontinuous assay (for human GGT i#tend
2b), the enzyme (final concn of 0/4g/mL of enzyme) was 1) CH,0H, Et;N COOBn PG
incubated in the presence of varying concentrations of the 8 ————z1n //F(O\@\/ —4— - 5b
inhibitor at 25°C in 100 mM succinateNaOH (pH 5.5). 2) 13b, BN e COOBn
An aliquot (10uL) was taken at various time intervals and 14b3

was assayed for residual activity. The valueskgf were
obtained by fitting the residual activities to the eq 4

o
HO N Scoosn MO COOBn HO
afay = exp(—kyyst) (4) %H \EjA \©\/COOBn
11 13a 13b

wherea; is the residual activity at timg andag is the initial

activity before inactivationt(= 0). Nonlinear regression ) ] o

analyses of kinetic data were also performed using the Powder, thereby greatly improving the purification procedure
KaleidaGraph program. The values for, were calculated SO that it is amenable to a large scale synthesi€arboxy

according to eq 5. group6 was protected by selective esterification under acidic
conditions to afford benzyl est&with a freey-phosphono
Kon = Kond [1] (5) group. Compound was also obtained in high yield as non-
hygroscopic crystals. Phosphonic adidvas converted to
RESULTS AND DISCUSSION the phosphonic dichlorid® a common intermediate for the

synthesis of a series of the phosphonate diesters by stepwise
Synthesis and Stability of Phosphonate Diestdise esterification. Thus, dichlorid8 was allowed to react with

phosphonate dieste?a—g, 3, 4, 5a and5h were synthesized ~ One equivalent of methanol with ft as a _catalysté(8) to
as shown in Scheme 2. The amino group of racemic 2-amino-afford the monomethyl phosphonochloridate as a major
4-phosphonobutanoic acid (APBA3Z, 43) was protected ~ Product, but the corresponding dimethyl phosphonate was
by the benzyloxycarbonyl (Z) group. The protected phos- also formed (ca. 25%). Because the phosphonyltriethyl-
phonic acid (Z-APBA) was obtained previously as a syrup, ammonium intermediate4) was so reactive, BNl was

and its purification required reversed-phase column chro- added carefully at low temperatures (eg65 °C) after the
matography39). We found, however, that the corresponding addition of methanol to minimize the formation of the
monosodium salt was crystallized readily from acetone to dimethyl phosphonate. The crude monomethyl phosphono-
give pure productt as a colorless and non-hygroscopic chloridate was treated with phenols andNEto give the
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corresponding phosphonate dies@ais g, 10, 143 and14b. 251 A
Phosphonatel2 was obtained by successively treating
dichloride 8 with phenol and alcohal 1.

The benzyl protecting groups 8&—c, 12, 14a and14b
were removed by conventional hydrogenolysis with Pd-C %
as a catalyst (Method A), whereas those in phosphonates o
9d—g and10 containing the chloro-, trifluoromethyl-, cyano-, =
and nitrophenyl groups and the 4-methylumbelliferyl group
were removed by a Lewis-acid promoted deprotection
method using AlGland anisole (Method B; see Experimental
Procedures)49) to avoid the reduction of these functional
groups. The latter method worked well for cleaving the 0 100 200 300 400 500 600
benzyl protecting groups but was problematic in product Time (sec)
isolation: the remaining Al(OH)promoted the cleavage of
the methyl phosphonate to give the corresponding mono- 50 7
phenyl phosphonates. Interestingly, the methyl phosphonate
was neither cleaved under the Ai€lnisole reaction condi- 40 "
tions nor hydrolyzed in a diluted aqueous solution containing
Al(OH); after aqueous workup but was selectively hydro-
lyzed to give the corresponding monophenyl phosphonate
when the aqueous solution was concentrated. This was
attributed to the coordination of Lewis acidic Al(Otio
the phosphoryl oxygen when most of the Lewis basic water
was removed. The coordination ofAlprobably catalyzed
the &2 type C-O bond fission of the methyl phosphonate . . . . . .
by the nucleophilic attack of water on the methyl carbon. 0 100 200 300 400 500 600
This mechanism was supported by the fact that no hydrolysis Time (sec)

was observed with the otherwise hydrolytically more Iab|le_ FicUre 2: Typical time-dependent inhibition of GGT by phos-
phenyl ester bond of the phosphonates. In order to avoid phonate diesters. (A) Progress curve€otoli GGT with 0.24M
demethylation, Al(OH)was removed by passing the product ,-Glu-AMC as the substrate at pH 5.5 in the presence of varying
mixture through a neutral silica gel column before concentra- concentrations o2d: (a) 0, (b) 7.1, (c) 21, and (d) 36M. (B)
tion of the product, followed by purification with reversed- Progress curves of human GGT with 48 y-Glu-AMC at pH
phase column chromatography. ?é)s(ljn?'[ge;)r:gsg;ciezfn\qlﬁﬂtrylng concentration2df (a) 0, (b) 0.36,

The phosphonate dieste?s—g, 3, 4, 5a and5b were o ' '
obtained as a mixture of four or eight stereoisomers with catalyzed and was consistent with the hydrolysis of neutral
respect to the chirat-carbon, the phosphorus and the chiral phosphate triesters, in which hydrolysis proceeds with a tight
2-hydroxybutyryl carbon atom (for compou#jl Although and associative transition state().
no attempts were successful in separating the diastereomers Inactivation of E. coli and Human GGT ¥a—g and 3.
or directly determining the diastereomeric ratio by spectro- Phosphonate diesteBa—g and 3 were found to serve as
scopic methods, each phosphonate was expected to be a 1:highly potent and time-dependent inhibitors of b&thcoli
mixture of the diastereomers with respect to the chiral phos- and human GGTs. Figure 2 shows a typical time-dependent
phorus because 2-amino-4-[methyl(3-nitrophenyl)phosphono]- inhibition profile observed witi2d. Enzyme activity was
butanoic acid synthesized by the same procedure consistedlecreased as a function of time and the concentration of the
of an equal amount of two diastereomef®(NMR; see inhibitor. In each case, the enzyme was totally inactivated

AMC (nM)
n w
o o

Supporting Information). in the end, and no activity was recovered after a prolonged
The hydrolytic stability of2a—g and3 was examined in  dialysis of the inactivated enzyme (Supporting Information).
D,O at 23°C. Phenyl phosphonateza—e with electron- These results were consistent with the proposed inhibition

donating groups or weak electron-withdrawing groups were mechanism (Figure 1), where the phosphonate die2terg

very stable, and no hydrolysis was observed in 12 h. In and 3 reacted covalently with the catalytic Thr residue of
contrast, phosphonat8s2f, and2g with good leaving groups ~ GGT in a mechanism-based manner to form a phosphonyl-
were hydrolyzed by 6, 12, and 49%, respectively, to give ated enzyme, as was confirmed with the corresponding
the monomethyl phosphonate under the same conditions. Asmonofluorophosphono derivativ89).

expected, the rate of hydrolysis was increased by increasing The time-dependent inhibition curves®f coli GGT and

the leaving group ability of the phenols. Compol2gl the human GGT by2c—g and 3 were fit to the first-order rate
least stable phosphonate, was subjected to further investigaeq 1 to determine the observed pseudo-first-order rate
tion for stability under varying pH conditions at 2%. constant for enzyme inactivatiork.fy at each inhibitor
Phosphonat2gwas hydrolyzed completelyil M NgCOs concentration (see Experimental Procedures). With less
or NaHCQ in 12 h, but the hydrolysis was reduced to ca. reactive inhibitors, such @&aand2b, the inhibition of human
40% in 1 M CHCOOD. Under highly acidic conditions (1 GGT was so slow that the values kj,s were determined

M CFsCOOD or DCI), compoun@g was quite stable, and by periodically measuring the remaining enzyme activity by
no hydrolysis was observed in 24 h. These results indicatedincubating the enzyme with varying concentrations of the
that the hydrolysis of the phosphonate diesters was base-inhibitor without the substrate and by fitting the data to the
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Table 1: Inhibitory Activities of2a—g and 3 towardE. coli and

Human GGT 5 -

na
(M5 1

inhibitor  leaving group K> E.coliGGT human GGT j;:’ 34

2a p-OCHs-CsH,OH  10.40 19+ 1 0.16+ 0.01 2 L,

2b p-CHs-CeH,OH  10.21 24+ 3 0.24+ 0.03

2c CeH,OH 9.98 120+ 10 0.40+ 0.03 14

2d p-Cl—CgH4OH 9.41 610+ 50 5.0+ 0.2

2e p-CFs-CeH4OH 8.51 2900+ 300 12+ 1 01

2f p-CN—CeH,OH 7.95 12000+ 1000 46+ 3 .

29 p-NO,-CsH,OH 7.15 35000+ 3000 130+ 10 T T T T !
3 4-UM® 8.10 16000+ 1000 2400+ 100 2 4 6 X 8 10 12
acivicin - HCl —6.18 4200+ 100"  0.40+ 0.02 P,

aSecond-order rate constant for enzyme inactivatigk, of the
leaving group¢ 4-Methylumbelliferoned Ref 38 @8).

first-order rate eq 4 (discontinuous assay). A plotkgf
against inhibitor concentration gave a straight line without
saturation until the highest inhibitor concentration under 5 34
standard inhibition assay conditions, and the second-order 2
rate constant for enzyme inactivatiok,{ was calculated

according to eq 2 or 5. The values kf, and K, of the 14
leaving groups foRa—g, 3, and acivicin are listed in Table
1.

The inhibition potency of the phosphonate diesters were -1
more than 2 orders of magnitude larger than those of 2
previously reported phosphonate monoestkas-d. For
example, phosphonat@s, 2e and2f inactivatedE. coliGGT FIGURE 3: B_mnsted_ plots re_Iating the §econd-orde_r_ rate constants
40 to 460-times faster than the corresponding monoesters f0r €nzyme inactivationkey) with the leaving group ability foa—g

. .- . 'and3. (A) E. coli GGT. (B) Human GGT.
under the same reaction conditioB8). The difference was
even larger with human GGT: diesté&sand?2f inactivated exceptionally strong activity toward human GQg,(= 2400
the human enzyme more than 380 times faster than mono-M~* s1), but not towardE. coli GGT, in comparison with
esterslb and1d with the same leaving group, respectively. other phosphonateéza—g. As a result, compound served
Even phosphonate&a—c with relatively poor leaving groups  as an extremely potent human GGT inhibitor with activity
served as fairly good inhibitors of human GGT with activities ca. 6000 times higher than that of acivicin. As far as we
almost comparable to that of acivicin, whereas monophenyl know, compoun® was by far the most potent inhibitor of
phosphonatéafailed to inactivate human GGB8). These human GGT to date.
results are consistent with the higher electrophilicity of  Another interesting facet regarding the properties of the
neutral phosphonate diesters compared to that of mono-phosphonate diesters is that the inactivation rate was highly
anionic phosphonates toward nucleophilic substituté®) (  dependent on thekq of the leaving group for both enzymes.
but may also be due to the higher affinity of the neutral Thus, the inhibition potency of phosphonate diesgasg
phosphonates to the enzyme active site compared to that ofand3 towardE. coliand human GGTs increased significantly
the negatively charged phosphono monoesters. Keillor et al.by increasing the leaving group ability of the phenols. For
reported that the affinity of APBA with rat GGT was quantitative analysis of the substituent effect, Brgnsted plots
significantly increased by decreasing the negative chargewere constructed for the inactivation Bf coli and human
around the phosphorus at lower pH and postulated thatGGTs by2a—g and 3. A large negative slopeffy —1.0)
electrostatic repulsion explained the resdlt)( The affinity with excellent linearity was obtained for the inactivation of
of the phosphonate diesters also seemed to be affected b¥. coli GGT by phosphonate dieste2a—g and 3 (Figure
the steric bulk around the phosphorus because 2-amino-4-3A). Such a large leaving group dependence in phosphoryl
[butyl(phenyl)phosphono]butanoic acid, a butyl ester version transfer reactions50) suggested that the reaction of the
of compound2c (Supporting Information), was a rather weak catalytic nucleophile oE. coli GGT and the electrophilic
inhibitor of both E. coli and human GGTk,, = 9.0 and phosphorus of the phosphonate diesters proceeded via an
0.023 Mt s1, respectively) tharc. anionic and dissociative transition state with substantial bond

The phosphonate diesters were far more potent inhibitors cleavage between the phosphorus and the leaving group as
toward E. coli GGT than toward the human enzyme: the shown in Figure 4.
inactivation rates oE. coliGGT by a series gb-substituted A similar negative slope fy —0.94) with excellent
phenyl phosphonate®a—g were uniformly more than 2 linearity was also obtained for the inactivation of human
orders of magnitude larger than those of human GGT. This GGT by phosphonate diest&2a—g (Figure 3B), suggesting
also holds for the inhibition by phosphonate monoesters that the phosphonylation of the active site of human GGT
d, where human GGT was inactivated much more slowly proceeded via a similar dissociative transition state. This is
than theE. coli enzyme 88). Interestingly, phosphonate in sharp contrast to our previous results, where the inactiva-
with 4-methylumbelliferone as a leaving group showed an tion rate of human GGT by phosphonate monoestersd
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Ficure 4: Transition state for the phosphonylation of the catalytic
Thr residue by phosphonate diesters.
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Ficure 5: Structural comparison of phosphonate die&evith
GSH and the proposed transition state for the hydrolysis of GSH.
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was almost independent of the leaving group abilBg)(
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Table 2: Inhibitory Activities of4, 5a, and5b towardE. coli and
Human GGT

a

n
(M~'s™)
inhibitor pKL E. coliGGT human GGT
4 9.98 80+ 2 75+ 3
5a 9.7r 150+ 10 51+ 3
5b 9.84 210+ 10 0.33+ 0.01

aSecond-order rate constant for enzyme inactivatigK, of the
leaving group® Calculated K. values of methyl 3-hydroxyphenyl-
acetate (for5a) and methyl 4-hydroxyphenylacetate (f6b) using
Advanced Chemistry Development (ACD/Labs) Software V8.14 for
Solaris (1994-2006 ACD/Labs).

dipeptides with a C-terminal glycine carboxy group, such
as Met-Gly, Ala—Gly, and Gly-Gly, are the preferred
acceptor molecule2f).

Design and Ezaluation of Phosphonate Diestefs5a, and
5b. The significantly higher activity 08 toward human GGT
than those of simple phosphonate diesfasg suggested
that the structures mimicking the Cy&ly moiety of
glutathione played an important role in the affinity of
inhibitors to the active site of human GGT. We, therefore,
designed phosphonate diestér®a, and5b for structure-
activity relationships. Compound is the closest analogue
of the transition state (TS 1) for the hydrolysis of glutathione.
Compoundbais an analogue @3, in which a highly acidic
4-methylumbelliferone (I8, = 8.10) was replaced by a less
acidic m-carboxymethylphenol but with a carboxy group at
the position corresponding to the ring carbonyl of compound

The present results argue against the participation of a genera. Compoundb with a p-CH,COOH group was a reference

acid catalysis in the phosphonylation of human GGT by
phosphonate diestea—g.

Interestingly, the plot for compound was located far
above the line foRa—g with human GGT, whereas the plots
of all of the phosphonates stood well on a line for the
inactivation of theE. coli enzyme. This was indicative of a
significantly higher activity of3 than that expected from its
leaving group ability toward human GGT: the observed
inhibitory activity of 3 was ca. 100 times higher than that
predicted from its leaving group ability g = 8.10). This
might be attributed to the high affinity & toward human
GGT rather than its reactivity because the bimolecular
reaction rate constankd,) is dependent on two kinetic

compound of5a to see the effect of the position of the
carboxy group on inhibitory activity.

The inactivation rates oE. coli and human GGT by,
5a, and5b are listed in Table 2. Despite the similar chemical
reactivities of4, 5a, and5b with that of2c as expected from
their leaving group K., phosphonate$ and5a showed 188
and 128 times higher activity, respectively, thaa(kon
0.40 M! sY) toward human GGT. In contrast, the para-
substituted phenyl phosphonath was a rather weak
inhibitor of human GGT with activity comparable to that of
2c. However, theE. coli enzyme was inactivated By 5a,
and5b with rates almost comparable with that 2 (ko, =
120 M! s71). The difference betweeR. coli and human

parameters with respect to the reversible binding step of theGGTs as well as the difference amofygba, and5b for the

inhibitor (Kj) and the unimolecular reaction rate constant
(kinacy for the formation of a covalent bond with the enzyme,
as will be discussed later (sd€inetics of Human GGT
Inactivation by5aand5b). Thus, phosphonate diesters with
a ligand that mimics the CysGly moiety of glutathione

inactivation of human GGT was highlighted when the results
were analyzed by Brgnsted plots (Figure 6). For the
inactivation ofE. coli GGT, a plot for4, 5a, and5b yielded
the same line as those f@a—g. Even phosphonaté, the
closest mimic of transition state 1, was not deviated at all

might be well accommodated by the enzyme to increase from the line. For human GGT, however, a plot #and

inhibitory activity. Figure 5 shows the structure &

5a, but not for5b, significantly deviated upward from the

compared to those of glutathione and the proposed transitionline for 2a—g. Interestingly, a plot foi3, 4, and5a gave a

state for its hydrolysis (TS 1).
It is easily recognized that the carbonyl group of 4-methyl-
umbelliferone in3 is located nicely at the position occupied

new line (Figure 6B, dotted line) that was parallel to the
line for 2a—g, and the new line was almost superimposed
on the line for the inactivation dt. coli GGT. These results

by the C-terminal carboxy group of glutathione and its indicated that the introduction of a carboxy or a carbonyl
transition state. Furthermore, the aromatic ring intervening group in a specific position caused a dramatic increase in
between the phosphorus atom and the terminal carbonylthe inhibitory activity of the phosphonates toward human
appears to mimic the planar amide bond of €@&y. The GGT, but not toward theE. coli enzyme, and that the
preference of human GGT f@ also seems related to the activities of 3, 4, and5a toward human GGT approached
acceptor-site substrate specificity of mammalian GGT, where those toward thé&. coli enzyme. It is noteworthy that the
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Ficure 6: Brgnsted plots relating thie,, values of3, 4, 5a, and
5b (@) with the leaving group ability. The plots f@a—g are shown
as open circlesd). (A) E. coli GGT. (B) Human GGT.
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Table 3: Kinetic Parameters for Human GGT Inactivation3ay
and5b

Kiel kinacta kinac{Ki konb
inhibitor (mM) (s (M~ts) (M~ts™)
5a 0.17 0.0097 57 51

5b 7.2 0.0023 0.32 0.33

a Calculated from eq 3 (Experimental Proceduré€)alculated from
eq 2 (Experimental Procedures).

andkinact is the first-order rate constant for the formation of
a covalent bond that results in enzyme inactivation. To gain
insight into the molecular basis for the difference in the
inhibitory activities, the kinetic parameteiks andkinac: were
determined separately for the inactivation of human GGT
by 5aand5b according to the kinetic mechanism 2. Because
a plot of kops against inhibitor concentration usually gave a
straight line without saturation under the standard inhibition
assay conditions, the concentrations 5# and 5b were
increased until a saturation curve was obtained. The values
of Ki andkinact Were calculated according to eq 3 (Experi-
mental Procedures) and are summarized in Table 3.KThe
value for5a (0.17 mM) was significantly smaller than that
for 5b (7.2 mM), indicating that inhibitoba was bound to
the active site of human GGT more than 40 times as tightly
asbb before the formation of a covalent bond. Furthermore,
bound phosphonatga reacted with the active-site nucleo-
phile 4.2 times faster thaBb, as estimated from thknac
values.

As a result, the calculated second-order rate constant for
enzyme inactivationki,,./K;) for 5awas 178 times as large

activity toward human GGT was increased by the same as that forsb, and thekio/Ki value for each inhibitor agreed
extent when a carboxy or a carbonyl group was introduced el with the ko, value determined according to kinetic

either in the leaving group (f@ and5a) or in the remaining
ligand (for 4), provided that the functional group occupied
the specific position topologically equivalent to the C-
terminal carboxy group of the Cy<Gly moiety. These results
cogently suggested that the 4-methylumbelliferyl, 2-hydroxy-
butyrylglycyl andm-carboxymethylphenyl moieties &f 4,
and 5a, respectively, mimicked the Cy$Gly moiety of
glutathione in the transition state fairly well and occupied
the Cys-Gly binding site of mammalian GGT when bound
to the enzyme. The almost same level of the inhibitory
activities of4 and5aindicated that the side chain and amide
linkage of the Cys Gly moiety were reasonably mimicked
by a simple phenyl ring dba and that the terminal carboxy
group was by far the most important recognition element
by the human enzyme.

Kinetics of Human GGT Inaatation by5a and5b. It is

mechanism 1. These results clearly indicated that the
significantly higher activity oba toward human GGT was
mainly due to improved affinity with the enzyme active site,
while the increase in the phosphonylation ratg.§) also
contributed to some extent (4.2 times). Therefore, the
carboxymethyl function introduced at the meta position of
the phenyl leaving group probably mimicked well the
C-terminal carboxy group of the Cy<ly moiety in the
substrate and interacted specifically with the enzyme active
site to improve the affinity oba. The resulting productive
binding of 5a was also accompanied by the increase in the
rate of active-site phosphonylation, thereby facilitating
enzyme inactivation. In contrast, the carboxymethyl group
at the para position (as bBb) failed to interact with the active
site effectively. It is surprising that a small difference in the
position of a carboxy group caused a large difference in the

rather interesting to know the reason for the more than 150 affinity of the inhibitors, but this is indicative of the highly

times higher activity obatoward human GGT than that of
structurally analogousbh. As described briefly in the

specific recognition of human GGT for the Cy&ly
C-terminal carboxy group. A similar structuractivity

previous section, the second-order rate constant for enzymeee|ationship showing the importance of the terminal car-

inactivation ko) is dependent on two kinetic paramete{s,
andkinac, and is expressed &s, = kinac/Ki according to the
following kinetic mechanisms 1 and 2:

E+I Lo, E—I (mechanism 1)
Ki kinact .
E+1=El——E—1 (mechanism 2)

boxy group was noted for the competitive inhibition of rat
kidney GGT by a naturally occurring glutathione analogue.
Anthglutin L-y-glutamyl-@©-carboxy)phenylhydrazide), orig-
inally isolated from the culture medium d®enicillium
oxalicum(52), inhibited GGT with &K; of 8.2uM, whereas
the para-substituted analogue;y-glutamyl-{p-carboxy)-
phenylhydrazide, served as a rather poor inhibikge= 800
uM) (53). The importance of the CysGly moiety in the

whereK; is the dissociation constant between the enzyme affinity of inhibitors was also reported with sulfur derivatives

and the inhibitor before the formation of a covalent bond,

of L-Glu, in which the affinity of.-methionine sulfoxide was
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human GGT E. coli GGT

Ficure 7: Schematic drawings of the active site of human GGT (A and B)Endoli GGT (C and D) in complex with phosphonate
diesters (A and C) and the tetrahedral intermediate for the hydrolysis of glutathione (B and D).

increased more than 100 times by substitutingStmeethy! are thought to occupy the subsites for the €@y moiety
with a S-propionylglycine that mimicked GlyGly (41). of the donor substrate glutathion€Qf, and hence, the
Therefore, a single carboxy group can increase the activity y-glutamyl donor site partially overlaps the acceptor site. It
of the inhibitors up to ca. 100 times, if it is introduced in a has been observed that most acceptor substrates also act as
position that is topologically equivalent to the C-terminal inhibitors by competing with the donor substratég, (61)
carboxy group of the CysGly moiety of the glutathione  and that GGT usually exhibits a significant autotranspepti-
substrate. The significantly high activities 8fand 4 can dation activity at high substrate concentrations due to the
also be attributed to the improved affinities of these inhibitors binding of the donor substrate in the acceptor sub§ig. (
with the active site by the recognition of the C-terminal These catalytic properties of GGT have made the kinetic
carboxy group or the ring carbonyl group. In contrdst,  analysis rather complexb, 60). Besides, there are several
coli GGT was inactivated by a series of phosphonate diesters potential problems in evaluating the affinity of substrates
including 4, 5a, and5b solely according to their chemical  py kinetic parameters. For example, it has been pointed out
reactivity, irrespective of their structures. These results that the apparent reactivity of the acceptor amino acids and
suggested that tHe. colienzyme had a rather broad substrate peptides is highly dependent on théof the a-amino group
specificity to accommodate any phosphonate diesters almosihat determines the effective concentration of the depro-
equally without recognizing the C-terminal carboxy group. tonated form of amino acids and peptides as the true acceptor
Although the specificity of human GGT differed consider- molecules §3). In addition, the apparenk,, value for
ably from that ofE. coli GGT, no significant difference was y-glutamyl donor substrates can be much smaller than the
observed in the transition state for the phosphonylation of ;e Michaelis constanKs because GGT catalyzes the
the catalytic residue (Figure 3, the Bransigg value of reaction by a modified pingpong mechanism via a

—0.94 vs—1.0) and in the inactivation rate by the most , g tamyl enzyme intermediate with the deacylation as the
preferred phosphonate(Table 2,kon = 75 vs 80 Mt s™1). rate-determining ste[26, 64).

It seems, therefore, that human GGT was very similar to ) N . .
the E. coli enzyme in terms of the chemical reactivity with 1€ Problems associated with kinetic analysis using true

the phosphonates, the only difference being the active-siteSUPStrates can be avoided by using the kinetics of enzyme
structure, which defines the specificity for the substrates asnactivation by phosphonateza—g, 3, 4, and 5a because
well as the phosphonate inhibitors. This notion raised the Phosphonates incorporate both theglutamyl donor and
possibility of probing the active-site geometry of GGT by acceptor moieties in Fhelr structure to mimic the transition
the phosphonates as transition-state analogue inhibitors. ~State for the hydrolysis of-glutamyl donors (TS 1) or for
Active-Site Geometries of GGT Probed by Transition State 1€ transpeptidation by amino acids and peptides (TS 2) as
Analogue Inhibitors.GGT catalyzes the transfer of the Shownin Scheme 1. Hence, phosphonates serve as excellent
y-glutamyl group ofy-glutamyl donor substrates to a wide chemical probes to gain msght into thg active site geometries
range of acceptor amino acids and peptides and exhibits a°f GGT. The r(_asults_ of |nh|b|t|or_1 kinetics can be interpreted
broad donor-substrate specificity for the moiety correspond- @S unique active site geometries of human GGT. Thus, a
ing to the Cys residue of glutathion®l( 54, 60). This broad hitherto unknown specific residue is present at the far end
substrate specificity appears to be associated with theOf the acceptor binding site, and this residue played a critical
physiological roles of mammalian GGT: the enzyme me- role in the recognition of the C-terminal carboxy group of
tabolizes glutathione and its S-conjugates with a number of glutathione and its S-conjugates in the transition state
structurally diverse xenobiotics. Therefore, much research probably by hydrogen bonding and/or electrostatic interaction
interest has focused on the donor- and acceptor-site substratéFigure 7B). It has been suggested that there are three
specificities of GGT for characterizing the enzyme from the separate subsites corresponding to each amino acid compo-
view point of its biological functiong, 51, 55—60). Meister nent of glutathione in the active site of mammalian GGT
et al. extensively studied the substrate specificity of rat GGT (65). However, according to the results of active-site probing
and reported that the best acceptor molecules wessstine by phosphonate inhibitors, the cysteinyl side chain and the
and aminoacylglycines, followed by glycyl amino acids and Cys—Gly amide linkage appeared to play a minor role in
free amino acidsq1, 60). However, the acceptor substrates the recognition of the substrate. This seems reasonable from
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N o sers2 recognizing the C-terminal Gly carboxy group as that
A - I 0 Y Arg114 anticipated in the human enzyme (Figure 7D).
Serd63 Hk[ S NHL ,\‘,H Recently, the X-ray crystal structure Bf coli GGT was
OH. ™ “on \N(H determined, and the detailed active-site residues of GGT at
Ind30 NH HzQ\j::\; 2 % th_e y-glutamyl site were i_denti_fied fo_r the first timeﬁ@).
Y 0420 HO—Thr391 Figure 8A shows the active-site residueskfcoli GGT
O j/ OH interacting with glutamate as observed in the X-ray crystal
Q-----moee SHN “N structure. Unfortunately, the attempts to identify the €ys
Asn411JLNH2 ° Gly binding site were not successful because of the rapid
H o formation of they-glutamyl enzyme intermediate in the
_ﬁ HNWNA crystals ofE. coli GGT in complex with glutathione6g).
Asp433 o \ Hence, the CysGly binding site of GGT still remains
Gly4s4  Gly4s3 unidentified. So far, no crystal structure of mammalian GGT
is available, but the residues essential for the recognition of
the glutamate moiety are completely conserved in human
GGT. Figure 8B depicts the proposed active-site residues
B /H O Serds1 Arg107 of human GGT interacting with the glutamyl moiety and the
I 9 H | proposed key residue recognizing the C-terminal Gly carboxy
Serd52 H)K[ > NHz\\\l/NH group of glutathione. The hitherto unknown CySly
OH .. “OH . binding site might be identified by an X-ray structural
o . HzQ\f\:\‘\: HO—THe381 gna_llysis of E. co_li GGT in complex v_vith phosphon_ate
4\0‘(;“* ‘Oj:—/’o o inhibitor 4, and this aspect of research is in progress in our
Tl H collaborative study.
Ol ?_\_H?y N N\_)LH 0 % _E Y
Asn401_)LNH2 p O Ngy © CONCLUSIONS
o TR The electrophilic y-phosphono diester analogues of
_)\ H,N/\H/N\)I\ glutamate served as highly potent transition-state analogue
Aspa23 °© : inhibitors of GGT that inactivated both bacterial and human

Gly474  Glya73 . . S
_ _ o . enzymes in a mechanism-based manner. One such inhibitor
Ficure 8: Schematic drawings of the glutamate binding site of

GGT. (A) Active-site residues oE. coli GGT interacting with  (comPounds) exhibited inhibitory activity more than 6000

glutamate observed in the X-ray crystal struct@@)((B) Proposed  mes higher than that of acivicin and is the most potent
interactions of the active-site residues of human GGT with inhibitor of human GGT to date. Enzyme inactivation

glutathione. proceeded probably by an initial reversible binding of the
inhibitor (formation of the E| complex), followed by
phosphonylation of the active-site catalytic Thr residue
(formation of the E-1 dead end product) via a dissociative
transition state. The inhibitors allowed the incorporation of
a variety of leaving groups and Cy§&ly mimics at two sites

of the y-phosphono diester for use as chemical probes to
gain insight into the active-site structures and the mechanism
of substrate recognition of GGT. The human enzyme was
highly selective and inactivated exceptionally rapidly by the
phosphonates with a functional group that was chemically
and topologically equivalent to the C-terminal carboxy group

the physiological function of mammalian GGT. Thus,
mammalian GGT is responsible for the degradation of
glutathione and its S-conjugate65 and accommodates
structurally diverse glutathione conjugates that are highly
variable at the Cys side chain but are constant at the-Cys
Gly amide bond and the C-terminal Gly carboxy group. This
mode of substrate recognition is consistent with the reported
substrate specificity of mammalian GGT, where cystine as
well as dipeptides with a glycine C-terminal carboxy group,

such as MetGly, Ala—Gly, GIn=Gly, Gly—Gly, servedas "¢ jqirate glutathione, but thE. coli enzyme was

far better acceptor substrates than monomeric amino ac'd%onselective and was readily inactivated by any phosphonate

(2‘:’)' C(:jyztme \]:vas p:_o babl){[rk]mtut?]d Itn thg ;fcelz)ptor Site In an giesters according to their chemical reactivities. These results
extended conformation o (hat the termiassarboxy group suggested that a specific residue recognizing the C-terminal

approached and interacted with the aforementioned keycarbox : :
X - . y group of glutathione was present in the €gdy
residue recognizing the C-terminal Cy8ly carboxy group. binding site in human GGT, but not in & coli enzyme,

However, theE. coli enzyme was readily inactivated by  and that this residue played a critical role in the recognition
any of the phosphonate diesters tested, and its inactivationof glutathione and its S-conjugates by the human enzyme.
rate correlated well with chemical reactivity but not with Because mammalian GGTs are very similar to each other in
the structure of the phosphonates. Because the inhibitors useg@rimary sequences and conserved amino acids, this mode
were substituted phenyl phosphonates and their derivatives of substrate recognition appears to be a common character-
E. coli GGT may have tightly bound the phosphonates by istic of mammalian GGT and is deeply associated with its
recognizing the aromatic ring (Figure 7C). This is consistent physiological function. Accordingly, the significantly dif-
with previous results that the aromatic amino acids were ferent active-site structure dt. coli GGT suggested a
favored substrates &. coliGGT as acceptor molecules)( biological role for bacterial GGT totally different from that
TheE. colienzyme accommodated the phosphonate diestersof the mammalian enzyme$7, 68). Furthermore, useful
almost equally without recognizing the C-terminal carboxy active-site probes could be developed by structural elabora-
group, suggesting th&. coliGGT lacked such a key residue tion of the phosphonate diesters. For example, the derivatives
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of compound4 with a different side chain at the cysteinyl
and/or the glycyl sites should be extremely effective in

probing the acceptor-site substrate specificity with respect

to the corresponding amino acid.
This study is a first step toward the development of highly
selective GGT inhibitors that could be uséd vivo as

physiological probes and potential drug leads. GGT has been

implicated in drug resistanc&1—13, 18, 69), the metastatic
activity (15—17) of cancer cells, and in many physiological
disorders through glutathione homeostass 70). An
increasing number of epidemiological studies have shown
that elevated serum GGT is associated with morbidity and
mortality from cardiovascular diseas@4( 71) and with
metabolic syndromer@). A prooxidant effect of GGT{3—

75) has attracted much research interest as a potential

molecular mechanism for glutathione-driven lipid peroxida-

tion and related physiological disorders such as atheroscle- 13-

rosis @3, 76—78). However, the relationships between the

diseases and the activity of GGT are still unclear because of

a lack of sufficient experimental evidence. We believe,

therefore, that the-phosphono diesters shown here should 14
serve as useful physiological probes to unravel the currently
mysterious relationships between the diseases and the activity 15,

of GGT, and may also lead to such drugs as those for
increasing the efficacy of cancer chemotherapy and for
treating cardiovascular diseases by modulating cellular
glutathione metabolism and oxidative stress.
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