Biochemistry2000,39, 7764-7771

Identification of Catalytic Nucleophile dEscherichia coliy-Glutamyltranspeptidase
by y-Monofluorophosphono Derivative of Glutamic Acid: N-Terminal Thr-391 in

Small Subunit Is the Nucleophile

Makoto Inouet Jun Hiratake,* Hideyuki Suzuki Hidehiko Kumagak and Kanzo Sakata

Institute for Chemical Research, Kyoto Weisity, Uji, Kyoto 611-0011, Japan, and Graduate School of Biostudies,
Kyoto University, Kitashirakawa, Sakyo-ku, Kyoto 606-8502, Japan

Receied February 2, 2000; Résed Manuscript Receed April 17, 2000

ABSTRACT: y-Glutamyltranspeptidase (EC 2.3.2.2) is the enzyme involved in glutathione metabolism and
catalyzes the hydrolysis and transpeptidationyeflutamyl compounds such as glutathione and its
derivatives. The reaction is thought to proceed vig-glutamyl-enzyme intermediate where a hitherto
unknown catalytic nucleophile ig-glutamylated. Neither affinity labeling nor site-directed mutagenesis

of conserved amino acids has succeeded so far in identifying the catalytic nucleophile. We describe here
the identification of the catalytic nucleophile &scherichia coliy-glutamyltranspeptidase by a novel
mechanism-based affinity labeling agent, 2-amino-4-(fluorophosphono)butanoid pagd {phosphonic

acid monofluoride derivative of glutamic acid. Compouhdapidly inactivated the enzyme in a time-
dependent mannekd, = 4.83 x 10* M~! s71). The inactivation rate was decreased by increasing the
concentration of the substrate. The inactivated enzyme did not regain its activity after prolonged dialysis,
suggesting that served as an active-site-directed affinity label by phosphonylating the putative catalytic
nucleophile. lon-spray mass spectrometric analyses revealed that one moletyleosphonylated one
molecule of the small subunit. LC/MS experiments of the proteolytic digests of the phosphonylated small
subunit identified the N-terminal peptide Thr391-Lys399 as the phosphonylation site. Subsequent MS/
MS experiments of this peptide revealed that the phosphonylated residue was Thr-391, the N-terminal

residue of the small subunit. We conclude that the N-terminal Thr-391 is the catalytic nucleopile of
coli y-glutamyltranspeptidase. This result strongly suggestg/tigattamyltranspeptidase is a new member
of the N-terminal nucleophile hydrolase family.

y-Glutamyltranspeptidase (EC 2.3.2.2) catalyzes the cleav-Scheme 1: Proposed Reaction Mechanism of
age of they-glutamyl bond of glutathione and other related y-Glutamyltranspeptidase

y-glutamyl compounds to transfer theglutamyl group coo™ coo”

either to water or to amino acids and peptides to complete « ). o~ HO-Enz +),,0/\
hydrolysis or transpeptidation, respectively. (This enzyme HaN™ ™ “G-NHR HaN™ 7 "G-O-Enz
is widely distributed among living organisms from bacteria °© HzN-R ©

to mammals and plays important rolles in the degradatipn of c00™ 1 00
glutathione for the salvage of cysteiriz{4) and, hence, in HoX | 4 ) A~ POEne +

the regulation of the intracellular levels of glutathior®. ( R A N "G
In addition to the importance in glutathione metabolism, this ? ¥ | Ho-Enz ©

enzyme also has clinical significance as a tumor marker
because the enzyme is expressed strongly in hepatocarcino-

genesis §, 7).

HoX = Ho0, amino acid or peptide

Despite the physiological importance of this enzyme, substitution by water, amino acids, or peptides. Although a

details of the catalytic mechanism still remain unclear. As
shown in Scheme 1, the reaction catalyzedybylutamyl-
transpeptidase is thought to proceed viay-glutamyl-

enzyme intermediate8¢10) followed by nucleophilic catalytic nucleophile has remained unidentified.

hydroxy nucleophile is proposed to undergo the acylation
deacylation double displacemeiitl( 12, as observed with
Ser hydrolases such as chymotrypsin and subtilisg), the

So far, the catalytic nucleophile has been probed mainly
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by affinity labeling and has been found to be located in the
small subunit. Classical potent inhibitors(aS5S)-o-amino-
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enzyme) 16), Ser-405 (pig kidney enzyme), and Ser-406 Scheme 2: Expected Inactivation Mechanism Tor
(human kidney enzyme, equivalent to Ser-405 in rat and pig

Co0~ Coo
enzymes) 17) as the labeled residue in the small subunit. +)\/\ o~ HO-Enz +)\/\ _O-Enz
However, the site-directed mutagenesis of the human enzyme HaN g\F N N g\o*
has shown that neither of these hydroxy residues is essential 1 HF

for catalysis or for the inactivation by aciviciiY). Because _ _ -

acivicin was bound to the enzyme by an unstable hydroximic in @ mechanism-based manner, forming a transition-state-
ester bondZ1), it was suggested that acivicin was initially like adduct in the enzyme active site (Scheme 2). Unlike

attached to the catalytic hydroxy residue but afterward was the conventional inactivators of Ser hydrolases, compound

transesterified to the aforementioned nearby hydroxy resi- 1 has a negative charge on the phosphonate oxygen. The
dues. negative charge ofl is expected not only to mimic the

anionic transition state but also to stabilize the phosphonic
proached by sequence comparison of severglutamyl- ac;dln;pnoeslter br?.?d fé)rmrc]ad b(tetvglleenhthe |Eac§|vatq(rjand the
transpeptidases from different species. Among five well- catalylic nucieopnile. such a stable phosphonic acid mono-

ester bond would prevent the postmodificational transesteri-

conserved serine residues in the small subunit, two residuesf. i b d with acivicin. th Hecting th
(Ser-451 and -452 in the human enzyme) were replaced with ication as observed with acivicin, thus efiecting the unam-
biguous identification of the labeled residue. In addition, the

Ala to impair both the catalytic activity and the inactivation . h i the hvdrolvic stabilitt afhich
rate by acivicin 22). Although these two residues were likely negative charge increases the hydrolytic stabil §.akrhic
enables a straightforward kinetic analysis.

to participate in the catalysis, this result did not lead to the : - .
P P y E. coli y-glutamyltranspeptidase was selected for this

conclusion that either of these residues was the catalytic wav. b E coli h h teristi imilar t
nucleophile, due to the lack of direct evidence such as affinity study, because. collenzyme nas characteristics simiar to
those of well-studied mammalian enzymes, such as the amino

labeling. acid sequence (especially of the small suburf)), the
Another well-conserved hydroxy residue in the small catalytic properties, and the inhibitor sensitiviti@8), The

subunit is the N-terminal Thr (Thr-391 iischerichia coli major advantage of studyirig colienzyme is the simplicity
enzyme). This residue is invariably conserved among all the ;4 homogeneity of the enzym. coli y-glutamyltrans-

r-glutamyltranspeptidases for which the primary Sequen.cespeptidase is a soluble and nonglycosylated enzyme, while
are _known. U nfortunately, the_ repl_acement of the Thf with the mammalian ones are membrane-bound and heterolo-
Alain E: colienzyme resultgd in ffaulure of posttranslational gously glycosylated enzymes)(

processing, thereby prod'ucyng ”e'thef the S”?a” (20 kDa) NOT™ \We describe here the mechanism-based affinity labeling
the Ia}rge (39 kDa) subunit with catalytic fun_ct|on, but msteqd of E. coli y-glutamyltranspeptidase by the phosphonic acid
yielding the unprocessed precursor peptide (59 kDa) with monofluoridel. The enzyme was rapidly and irreversibly

no enzymatic activity23). Recently, from the preliminary —ippinited by 1, and the inactivation rate was decreased by

X-ray stréjc:]ure ?]E coll y-gIutamyltranspe?nqasl,le@' we dincreasing the concentration of the substrate. lon-spray mass
proposed that this enzyme was autocatalytically processedg,q yrometric analyses of the inactivated enzyme revealed
(25 where the hydroxy group of Thr-391 attacked the

) that Thr-391, the N-terminal residue of the small subunit,
carbonyl CanO” (.)f the pep_tlde bond petwe_en GIn-390 a_nd was the phosphonylated residue. This finding indicates that
Thr-391. This notion gave impetus to identify the catalytic the Thr-391 is the catalytic nucleophile B coli y-glutamyl-
nucleophile not only for understanding the catalytic mech- transpeptidase.
anism but also for defining the role of this threonine residue

in the processing of this class of enzymes. EXPERIMENTAL PROCEDURES
An effective approach to identify the catalytic nucleophile . . .
is to use a mechanism-based inactivator. For this purpose, Materials 7-(y-L-Glutamylamino)-4-methylcoumarin was

the mechanism-based inactivator must form a stable covalent® ulrclha§ ed glomGIS |gma;(/j—L—GdIutarrlyl_p—nltroLan|Iédef, o%vlél
bond with the catalytic nucleophile to avoid the postmodi- fgrgoyt?r:\r(l?egl ¥cu &)hgg-l)evceggg%g%aeilefroﬁ W;LO P_ure
ficational migration, as with the case with acivicin. Here, Chemical Ind)[Jtstries >-Amino-4-phosphonobutanoic acid was
we designed 2-amino-4-(fluorophosphono)butanoic 4cid svnthesized by a ublished roc:dtﬁa)p(E coli v-alutamvi-

a y-phosphonic acid monofluoride derivative of glutamic ty tid yap i g)f th " | 79 ¢ 3{ ¢
acid, as the mechanism-based affinity labeling agent to trap ranspeptidase was purified from € peripasmic fraction o

the catalytic nucleophile dt. coli y-glutamyltranspeptidase. ?rergtcrﬁrennbtln:rztrr?(t)rﬁilgm&s.uﬁ?allltslrzeéisz_t'aet‘ilozrz bgnlgsgﬁr{)nr:;o_
Because/-glutamyltranspeptidase is proposed to catalyze the focusin a{s described reviouslgq Tﬁe rotéin Concentra-
reaction in a manner similar to that of Ser hydrolases 9 P X P

i tion was determined by Bradford’s methagfl).
(Scheme 1), an electrophilic organophosphorus compound, . o
a conventional active-site-directed inactivator of Ser hydro- Synthesis and Stability of CompouhdCompoundl was

. . .~ synthesized from 2-amino-4-phosphonobutanoic acid, as
lases 26) should be effective also for trapping the catalytic . . o !
nucleozpz]ile ofy-glutamyltranspeptidase.pE)I'hL?s compoﬁnd reported previously32). The detailed procedure is given in

1is expected to bind covalently to the catalytic nucleophile S;Eugom% I(rg;) r(;n '\a/l‘t"_'()zr; 'O-Ir-]h:cgg;ﬂﬁ;(s;f%%ss'gg;fggger
after incubating 10.6 mM in 1 M sodium succinate buffer
! Abbreviations: acivicini-(a.S5S)-a-amino-3-chloro-4,5-dihydro-  (pH 5.5) containing BO (50% v/v) at 37°C. The ratios of

5-isoxazoleacetic acid; DON, 6-diazo-5-oxarorleucine; LysC, lysyl CAminALA. ;
endopeptidase; amu, atomic mass unit; LC/MS, liquid chromatography/ 1and the hydr0|yzed prOdUCt’ 2-amino-4 phOSphOHObUIanOIC

mass spectrometry; MS/MS, tandem mass spectrometry; CID, collision- &Cid, were calculated from the integration®# NMR peak
induced decay. areas.

Identification of the catalytic nucleophile was also ap-
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Enzyme Assayl he hydrolase activity was measured using
0.2uM 7-(y-L-glutamylamino)-4-methylcoumarir3®) as the
substrate in 0.1 M sodium succinate buffer (pH 5.5) at 37

Inoue et al.

0.5 mM) was inactivated by incubating with 2 mWin
duplicate in 2QuL of 0.05 M Tris-HCI buffer (pH 7.0) at 37
°C for 20 min. The small and large subunits of the modified

°C. The released 7-amino-4-methylcoumarin was monitored enzyme were isolated by reversed-phase HPLC (COSMOSIL

at 440 nm emission (excitation at 350 nm) on a Hitachi
F-2000 spectrophotometer. Fluorescence chang€pwere
converted to concentration changésd) of the product by
the correlation coefficientAF/AC = 1.03 nM™) calibrated
with 7-amino-4-methylcoumarin. The fluorescence intensity
was proportional to the concentration of 7-amino-4-methyl-
coumarin up to 0.JuM. The Michaelis constantK(,) for
7-(y-L-glutamylamino)-4-methylcoumarin was determined as
0.3 uM. Regain of the inactivated enzyme was examined
by measuring the hydrolase and the transpeptidase activitie
using 0.5 mMy-L-glutamylp-nitroanilide as the substrate
in 0.1 M sodium succinate (pH 5.5) and 0.1 M Tris-HCI
buffer (pH 8.3), respectively, at 37C. Gly-Gly (67 mM)

5C18-AR-300, 4.6< 150 mm) and lyophilized as described
previously 85). The lyophilized samples were used directly
for the mass spectrometric analyses (see below). The
lyophilized small subunit was dissolved in g0 of 0.2 M
Tris-sulfate buffer (pH 7.2) containin8 M urea and was
incubated at 37C for 1 h. To the mixture was added #b

of 1 M Tris-sulfate buffer (pH 9.0), followed by the addition
of 2.5uL of 33 pmoljL LysC dissolved in 2 mM Tris-HCI
buffer (pH 8.0). The digestion was carried out at°&7 for

312 h. The mixture of the digest was vacuum-evaporated to

dryness and was analyzed by LC/MS (see below). The
control experiments were performed by using the same

was added for the measurement of the transpeptidase activityProcedure without inactivation by.

The releasegb-nitroaniline was monitored at 410 nma{,
= 8800 Mt cm™) on a Shimadzu UV-3101PC spectropho-
tometer.

Time-Dependent InhibitioTo the preincubated mixture
of 1 and 0.2uM 7-(y-L-glutamylamino)-4-methylcoumarin
in 0.1 M sodium succinate buffer (pH 5.5) at 3C was
added the enzyme to a final concentration of 0.26 nM to
initiate the reaction. The time-dependent inhibition of the

lon-Spray Mass Spectroscopdl the mass spectra were
recorded on a Sciex API-3000 mass spectrometer (PE Sciex)
interfaced with an ion-spray ion source. Each of the isolated
small and large subunits (ca. 10 nmol) from the unmodified
and modified enzymes was dissolved in a mixture of&0
of 0.1% formic acid and 5L of acetonitrile and was
injected directly into the mass spectrometer using a syringe
(1.46 mm inside diameter) at a flow rate of ZB/min. The

enzyme was monitored until the product release reached agyadrupole was scanned over a range of-52000 atomic

plateau in the presence of various concentrationsl.of
Pseudo-first-order rate constants for the inactivatiqpgs(
were determined by fitting each curve to a first-order rate
equation (1):

[P] = [PL[1 — exp(—kypst)] (1)

where [P] and [P] are the concentrations of product formed
at timet and at the time approaching infinity, respectively
(34). The second-order rate constant for the inactivation of
the enzymel(,)) was determined according to the following
equation (2) derived from the mechanism described below:

Km

E+S ES E+P
| fontt

E-l
Kobs = KonllJ/(1 + [S)/Ky) (2)

where [S] andK, were 0.2 and 0.2M, respectively.

Nonlinear regression analyses of kinetic data were performed

using the KaleidaGraph program (Synergy Software).
Regain of Actiity of Inactivated EnzymeThe enzyme
(4.16 uM) was incubated with 1 mML in 0.1 M sodium
succinate buffer (pH 5.5) at 28C for 10 min. The excess
inhibitor was removed by rapid gel filtration at°’€ through
a Bio-Spin column (BioRad) equilibrated with 0.05 M Tris-
HCI buffer (pH 8.3). The inactivated enzyme was dialyzed
against 0.05 M Tris-HCI buffer (pH 8.3) at°€ for 10 days.

mass units (amu) with a step size of 0.1 amu and a dwell
time of 0.2 ms. lon-spray voltage was set at 5 kV, and orifice

potential was 60 V. Data analyses were performed using the
BioMultiView program (PE Sciex).

LC/MS analyses of the proteolytic digest were performed
by loading 10 nmol of the digest onto a Shiseido Capcellpak
C18 column (4.6x 250 mm) connected to the mass
spectrometer. The column was eluted for 5 min with 2%
acetonitrile containing 0.1% formic acid and then over 40
min with a linear gradient of 282% acetonitrile containing
0.1% formic acid at a flow rate of 1 mL/min. The postcolumn
splitter sent the sample into the mass spectrometer as well
as into the fraction collector for MS/MS analyses (see below).
The total ion current was recorded in a single-quadrupole
scan mode to produce an HPLC chromatogram for the
digests. The quadrupole was scanned over a range of 150
2500 amu with a step size of 0.1 amu and a dwell time of
0.05 ms. lon-spray voltage and orifice potential were set in
the same manner as described above.

For MS/MS analyses, the HPLC fractions eluted at 12.60
min (unmodified enzyme) and at 13.11 min (modified
enzyme) were collected, concentrated, and injected directly
into the mass spectrometer. MS/MS product ion spectra were
obtained in the triple-quadrupole scan mode by selectively
introducing them/z 350.7 (unmodified enzyme) and 405.8
(modified enzyme) precursor ions from the first quadrupole
(Q1) into the collision cell (Q2), and the product ions in the

The hydrolase and the transpeptidase activities were measthird quadrupole (Q3) were observed. Q3 was scanned over

ured using 0.5 mM/-L-glutamyl{p-nitroanilide as described

a range of 51250 amu with a step size of 0.1 amu and a

above. The control experiment was conducted by using thedwell time of 0.2 ms. lon-spray voltage was set at 5 kV.

same procedure without
Isolation of Small and Large Subunits and Limited
Proteolysis The enzyme (10 nmol, final concentration of

The orifice potential was 35 and 40 V for th#z 350.7 and
405.8 precursor ions, respectively. The collision energy (RO2
— RO1) was 15 eV.
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Mass Spectrometric Analysi$he molecular masses of

10 | the small and large subunits pfglutamyltranspeptidase were

b determined first. Each unmodified and modified enzyme was
subjected to reversed-phase HPLC to isolate the small and

Product (nM)
o
T

c large subunits as described previousBb)( The isolated

g subunits were analyzed separately by ion-spray mass spec-

f trometry. With the unmodified enzyme, the reconstructed
00 ‘ 1(;0 ' 2(')0 300 mass spectrum showed one major peak with a molecular

mass of 20014 and 39 209 Da for the small and large

Ficure 1: Time-dependent inhibition by, The enzymatic reaction subunits, respectively (Figure 3A,B). These values agreed

was carried out in the presence of the following concentrations of well with those predicted from the amino acid sequence
1: (a) 0, (b) 0.17, (c) 0.33, (d) 0.5, (e) 0.67, and (f) L. (average mass of 20 010 and 39 196 Da for the small and

large subunits, respectively) and also agreed with those
reported previously35). The reconstructed mass spectrum
of the modified enzyme gave a single major peak with a
molecular mass of 20 178 and 39 209 Da for the small and
large subunits, respectively (Figure 3C,D). The mass of the
small subunit increased by 164 Da by the treatment of the
enzyme withl, while the mass of the large subunit remained
0 L unchanged. The observed mass increase of the small subunit
0 0.4 0.8 1.2 corresponded well to the expected mass increase of 165 Da
Compound 1 (uM) caused by the phosphonylation with indicating that one
FIGURE 2: Plot of kops against the inhibitor concentration. molecule ofl was attached covalently to the small subunit.
Knowing that one molecule of was incorporated into
RESULTS the small subunit, we determined the amino acid residue
o ) o ) phosphonylated by by LC/MS and MS/MS analyses. First,
Inhibition of the EnzymePrior to the inhibition experi-  he small subunit of each unmodified and modified enzyme
ment, the hydrolytic stability of was examined. Compound 55 digested by LysC, and the resulting proteolytic digests
1 was relatively stableni1 M sodium succinate buffer (PH  were analyzed by reversed-phase HPLC using the ion-spray
5.5) at 37°C and was hydrolyzed slowly to 2-amino-4- 555 spectrometer as the detector to produce a chromatogram
phosphonobutanoic acid with a half-life of 21.6 h, whlle (rigyre 4). Both chromatograms were almost identical except
was hydrolyucally unstable in neutral to alkallne med@( for one peak: the peak eluted at 12.60 min from the
= 20 min at pH 7.5) 82). Thus, the effective concentration ,nmogdified enzyme disappeared, but instead, a new peak
of 1 remained essentially constant during the inhibition 55heared at 13.11 min in the chromatogram of the modified
experiments at pH 5.5, at which the enzyme exhibited the gzyme. The ion-spray mass spectrum of the peptide eluted
maximal hydrolase activity. at 12.60 min from the unmodified enzyme showed M
Compound1l inhibited E. coli y-glutamyltranspeptidase  3H)3*, (M + 2H)?*, and (M+ H)* ions atm/z 350.8, 526.3,
in a time-dependent manner (Figure 1). The rate of enzymeand 1050.0, respectively (Figure 5A). The molecular mass
inactivation increased with increasing concentratiof, @nd of this peptide was calculated as 1049.7 Da, which cor-
the enzymatic activity was completely lost in the end at each responded well to the predicted mass of the N-terminal
inhibitor concentration. The time-dependent inhibition curves peptide Thr391-Lys399 (theoretical mass of 1048.5 Da). As
were fit to the first-order rate equation (1) to determine the for the peptide eluted at 13.11 min from the modified
pseudo-first-order rate constants for the inactivation of the enzyme, (V+ 3H)**, (M + 2H)?*, and (M+ H)* ions were
enzyme Kop9 at each inhibitor concentration. The value of observed atm/z 405.9, 608.4, and 1215.2, respectively
kobs Was decreased by increasing the concentration of the(Figure 5B). The molecular mass of this peptide was
substrate. The plot d&psagainst the inhibitor concentrations  calculated as 1214.6 Da, larger by 164.9 Da than that from
was found to be linear up to 14M 1, and no saturation  the unmodified enzyme (1049.7 Da). The difference cor-
kinetics was observed (Figure 2). With higher inhibitor responded exactly to the expected mass increase of 165.0
concentrations, rapid enzyme inactivation did not allow the Da caused by the phosphonylation with These results
initial reaction rate to be measured by the conventional assayindicated that the N-terminal peptide Thr391-Lys399 was
method. The second-order rate constant for the inactivationphosphonylated by. The mass spectrum of this peptidg (
of the enzyme Kyn) was calculated according to eq 2, and = 13.11 min) gave additional peaksratz 184.1 and 517.1
kon Was calculated as 4.83 10 M1 s71, (Figure 5B). The formation of these ions is discussed later.
The regain of the enzyme activity was examined to see if ~ Finally, the phosphonylated residue in the N-terminal
the enzyme was inhibited irreversibly. The enzyme was peptide was identified. The (M- 3H)** ions atm/z 350.7
incubated with 1 mML at 25°C for 10 min, and the excess (unmodified peptide) and 405.9 (phosphonylated peptide)
compound was removed by rapid gel filtration. The hydrolase were subjected to collision-induced decay (CID) on the triple-
and the transpeptidase activities were lost completely. Thequadrupole mass spectrometer. The resulting CID spectrum
inactivated enzyme was dialyzed against Tris-HCI buffer (pH and the amino acid sequence of the N-terminal peptide
8.3) at 4°C for 10 days, but neither the transpeptidase nor Thr391-Lys399 are depicted in Figure 6. The predicted
the hydrolase activity was regained, suggesting that the monoisotopic masses for product ions of type y are shown
inhibitor was covalently attached to the enzyme. below the sequence (Figure 6A). The CID spectrum for the

Time (sec)

0.03

0.02 [~

kobs (sec™)

0.01 -
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Ficure 3: Reconstructed mass spectra of the small and large subunits. (A) Small subunit from the unmodified enzyme. (B) Large subunit
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from the unmodified enzyme. (C) Small subunit from the modified enzyme. (D) Large subunit from the modified enzyme.
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Ficure 4: HPLC elution profiles of the proteolytic digests of the

small subunit. Proteolytic digests were loaded onto an ODS column
and the column was eluted for 5 min with 2% acetonitrile containing

0.1% formic acid, followed by a linear gradient of—82%
acetonitrile containing 0.1% formic acid over 40 min at a flow rate
of 1 mL/min. (A) Digest from the unmodified enzyme. (B) Digest
from the modified enzyme. The peak with a different elution time
between A and B is indicated by an arrow.

(M + 3H)®* precursor ion at/z 350.7 (unmodified peptide)
gave all of the possible product ions of type y, along with
the precursor ion itself (Figure 6B). The CID spectrum of
the (M + 3H)3* precursor ion atvz 405.8 (phosphonylated

peptide) was the same as that of the unmodified peptide
except for the precursor ion (Figure 6C). Thus, a mass

increase of 165 Da was not observed in they product

350.8

& 15 [M + 3Hp* A
g 526.3
g0 [M + 2HJ2+
% 0.5 1050.0
c
8 L M + H]+
£ 0 Lo L A il I L .
200 400 600 800 1000 1200
miz
— 405.9 608.4
S 30 M+ 3HP+ M + 2HJ2+ B
X
w
§ 20 517.1
Zz 1011841 12152
g M+ H}
= 0 'J. b " N L v L
200 400 600 800 1000 1200
miz

FiIcUrRe 5: Mass spectra of the isolated peptides of the proteolytic
digest. (A) The peptide eluted at 12.60 min from the unmodified
enzyme. (B) The peptide eluted at 13.11 min from the modified

'enzyme.

transpeptidase. Considering that the chemistry of the reaction
catalyzed byy-glutamyltranspeptidase (Scheme 1) is es-
sentially the same as that of the well-studied Ser hydrolases
such as chymotrypsin and subtilisin, the same strategy should
be applicable to trap the catalytic nucleophileyeglutamyl-
transpeptidase as that used for the active-site-directed
modification of Ser hydrolases by electrophilic organophos-
phorus compound6). We, therefore, selected phosphonic
acid monofluoridel as a mechanism-based affinity labeling

ragent. Compound, however, has a negative charge on the

phosphonate oxygen, unlike the conventional organophos-
phorus inactivators of Ser hydrolases. The negative charge

ions but instead was observed only in the precursor ion. This gt decrease the reactivity of the electrophilic phosphorus,

result clearly indicated thdtphosphonylated the N-terminal
residue of the small subunit, that is, Thr-391. The CID

but it is expected to stabilize the putative phosphonylated
enzyme, if formed, toward hydrolysis or transesterification

spectrum of the phosphonylated precursor peptide alsoi gther hydroxy residues after modification. The negative

showed additional ions atvz of 184.1 and 516.4 (Figure
6C), as observed with the LC/MS experiment of the
phosphonylated peptide Thr391-Lys399 (Figure 5B).

DISCUSSION

The purpose of this study is to identify the key catalytic
nucleophile responsible for the catalysigofcoli y-glutamyl-

charge would also increase the hydrolytic stability lof
Indeed, compound. was relatively stable in an agueous
solution {12 of 21.6 h at pH 5.5), and the kinetic analyses
of the enzyme inhibition were done without difficulty.
Compoundl inhibited the enzyme in a time-dependent
manner (Figure 1). Increasing the concentration of the
substrate decreased the inactivation riajg)( suggesting that
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a1 wo A Scheme 3: Possible Mechanism for the Formatiomf
/TP £Thr —fHis £ Tyr -/Ser £ val -fAsp/AspfLys 184 and 156 lons
Yo Y8 y7 Yo Y5 Ya Y3 Yo Y1 Ccoo™ CHs
1052.5 9485 8474 7104 547.3 460.3 361.2 262.1 147.1 y* HgKIJ\/\PaH (\‘\\\H .
525.8 4747 4242 3557 274.2 230.6 181.1 131.6 741  y2* & 9D Y~CO-(Thr%.Lys*)
350.8 3168 283.1 237.5 183.1 1541 121.1 88.0 497 3 NHz
m/z (caled) = 405.5 [M + 3H]3*
- COOH

% 5.0 sss.s B HafTJ ﬁ:gH + Hac/\rco_”hrssal_ysa%)
o 4.0 iyt vs' vat o vs' ve' NH,
§ 3.0 147.0 262.2 361.3 460.4 5475 7107 " o4
> I 1 / y72+l v l l 184.0 [M + H] 516.3 [M + 2H]
% a24.5 | 4749
10 Coatlsnle M LLI o ation site (Figure 5), and the subsequent MS/MS experiment

100 200 300 400 500 600 700 800 900 1000 revealed that the phosphonylated amino acid residue was Thr-

miz 391, the N-terminal residue of the small subunit (Figure 6).

g vs" C It is worth noting that two additional ions were observed
% 15 184 1058|5164 for the phosphonylated peptide in the ionization of the LC/
é 0 S T R vo MS and the MS/MS analyses. One wak 184.1 (Figures
2 1474 | 2622 3615( 4603 [s475 o2yt g 5B, 6C), and the other waw/z517.1 (Figure 5B) or 516.4
£ 05 [l 1 1 l l 84‘72 0487 (Figure 6C). The former ion atvz 184.1 corresponded to
E 1NN A | R the (M + H)* ion of 2-amino-4-phosphonobutanoic acid

100 200 300 400 500 600 700 800 900 1000 whose monoisotopic mass is 183.0 Da. Bearing this in mind,

m/z

. . the latter ion atn/z517.1 or 516.4 was assigned to be {M
Ficure 6: MS/MS analysis of the peptide Thr391-Lys399. (A) o . .
Predicted monoisotopic masses for product ions of type y derived 183+ 2H)*", which was formed probably by thfgelimina-

from the sequence shown above. (B) CID spectrum ohtfze&50.7 tion of 2-amino-4-phosphonobutanoic acid (183.0 Da) from
precursor ion from the unmodified enzyme. (C) CID spectrum of the phosphonylated N-terminal peptide Thr391-Lys399 (theo-

the m/z 405.9 precursor ion from the modified enzyme. retical mass of 1213.5 Da) during the ionization process

compoundl was competing with the substrate for the enzyme (Scheme 3). Similar fragment ions were reported with
active site. Despite the considerable stability bf the ~ Phosphorylated proteins, where the phosphothreonine and
inactivation of the enzyme was very rapid: the second-order Phosphoserine residues underwgrelimination of a phos-
rate constant for the inactivatiok.f) was 4.83x 10* M1 phoric acid (98.0 Da) to produce the {y 98) product ions
s'%, only 37-fold less than the second-order rate constantin the MS/MS experiment. This is often taken as proof that
(kealKm) for the enzymatic hydrolysis of 7-{y-glutamyl- threonine or serine res[dues are phosphorylat@l. (The
amino)-4-methylcoumarin (1.7 106 M~! s1). This present MS/MS analysis .of the labeled peptide Th_r391—
inactivation rate was 3 orders of magnitude larger than that Lys399 gave the (y- 183) ion only from the precursor ion
of acivicin (17, 22 or DON (36). This is probably because  (Yeo). not from the other product ions(yys). These results
1 recruited the catalytic power of the enzyme to phosphon- @lso supported that the N-terminus Thr-391 was the phos-
ylate the catalytic nucleophil&7), while acivicin and DON  Phonylated residue.
rely solely on their reactive groups to form a covalent bond  The N-terminal Thr-391 is most likely to be the catalytic
with the nearby nucleophile. The inactivated enzyme did not nucleophile ofE. coli y-glutamyltranspeptidase, and several
regain the activity after prolonged dialysis, indicating that studies support this. First, Thr-391 of tke coli enzyme is
the inactivation most likely reflected the formation of a stable the only threonine or serine residue conserved among all the
covalent bond between the inactivator and the enzyme. They-glutamyltranspeptidases for which the primary sequences
phosphonic acid monoester linkage is known to be quite are known. Secondy-glutamyltranspeptidase is predicted
stable, as evidenced by the “aged” adduct in Ser hydrolased0 be a member of N-terminal nucleophile hydrolaszs),(
inactivated by diisopropyl phosphorofluoridate (DFP) or a recently recognized new hydrolase family, because the
other related organophosphorus compounds, in which spon-preliminary crystal structure dE. coli enzyme has shown
taneous dealkylation of the phosphonylated Ser residue formghe presence of two antiparallel pleajggheets24), which
the phosphonic acid monoester, a truly irreversible adductis unique to this family.y-Glutamyltranspeptidase was
(38, 39. The stability of the phosphonylated adduct of predicted to be the N-terminal nucleophile hydrolase also
y-glutamyltranspeptidase thus enabled the unambiguousfrom the fact that the enzyme is posttranslationally processed
identification of the catalytic nucleophile with ion-spray mass from the catalytically inactive precurs@{, 41-44), which
spectrometry. is a characteristic of N-terminal nucleophile hydrolases. In
lon-spray mass spectrometry of the modified enzyme all the N-terminal nucleophile hydrolases, the processing
revealed that was covalently and stoichiometrically attached generates an N-terminal residue as the catalytic nucleophile,
to the small subunit (Figure 3). This result is in accord with and this residue corresponds to Thr-391 wih coli
the notion, from the studies of chemical modification of the y-glutamyltranspeptidase. Thus, we conclude that N-terminal
enzyme with*“C-acivicin (14—17) or *C-DON (18—20), that Thr-391 is the catalytic nucleophile &:. coli y-glutamyl-
the small subunit is the catalytic subunit. Protease digestiontranspeptidase.
and LC/MS analysis of the labeled small subunit identified  N-Terminal nucleophile hydrolases were proposed to have
the N-terminal peptide Thr391-Lys399 as the phosphonyl- a different catalytic mechanism from that of the Ser hydro-
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lases with a Ser-His-Asp (Glu) catalytic triad3). The REFERENCES
crystal structures of penicillin acylaséd) and aspartylglu- 1. Taniguchi, N., and Ikeda, Y. (1998Yv. Enzymol. Relat. Areas

cosaminidase4, 47, typical N-terminal nucleophile hy-

drolases, revealed that no basic amino acid residues (as His 2.

in Ser hydrolases) were present near the catalytic nucleophile.
Instead, the free-amino group of the catalytic residue itself
was considered to act as a base. In addition, N-terminal
nucleophile hydrolases had no carboxylate counterpart (as
Asp or Glu in Ser hydrolases) interacting with the base, and
they were proposed to use a “nucleophitenine” catalytic
dyad in the catalysisAg). A similar active site environment
was observed with class @-lactamases4@) where a Ser
nucleophile is facing toward a Lysamino group without a
carboxylate counterpart interacting with the Lys. In the
present study, anionic phosphonic acid monofluoride served
as a potent inactivator d. coli y-glutamyltranspeptidase.

It should be noted that anionic phosphonic acid monoesters
were also reported to be potent inactivators of class C
pB-lactamases, but they were poor inactivators of Ser hydro-
lases with a Ser-His-Asp (Glu) catalytic triadl0; 51). This
might suggest that the catalytic mechanism Ef coli

y-glutamyltranspeptidase is more related to that of class C 1.

f-lactamases whose active site is proposed to have a greater
positive potential than to that of Ser hydrolases with a Ser-
His-Asp (Glu) catalytic triad49). This positive potential was
likely to allow the anionic phosphonate inactivators to
effectively phosphonylate the catalytic nucleophile. In this
regard, other N-terminal nucleophile hydrolases with a
nucleophile-amine catalytic dyad might be inactivated
effectively by anionic phosphonic acid monofluoride-based
inhibitors.

Another interesting feature of N-terminal nucleophile
hydrolases is the posttranslational autocatalytic processing
(25). Although direct evidence of autocatalytic processing
of y-glutamyltranspeptidase is not available at present, Thr-
391 is likely to be the key catalytic residue in this process.

1

This is probably the reason the replacement of this residue 19
of the E. coli enzyme with alanine resulted in failure of 20
posttranslational processing3). '
In conclusion, we identified the N-terminal Thr-391 as the  21-
catalytic nucleophile oE. coli y-glutamyltranspeptidase by 22
using phosphonic acid monofluorideas a novel mechanism- '
based affinity labeling agent. The detailed catalytic mech- 23.
anism and autocatalytic processing should be available from
the three-dimensional structure @&. coli y-glutamyl- 24.
transpeptidase, and this aspect of the study is in progress.
25.
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