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ABSTRACT. The absence of GIn-tRNA synthetase in certain bacteria necessitates an alternate pathway for
the production of GIn-tRNA" misacylated Glu-tRNA" is transamidated by a GIn-dependent
amidotransferase (Glu-AdT) via catalysis of GIn hydrolysis, ATP hydrolysis, activation of Glu-8RNA

and aminolysis of activated tRNA by GIn-derived BliAs observed for other Gln-coupled amidotrans-
ferases, substrate binding, GIn hydrolysis, and transamidation by Glu-AdT are tightly coordinated [Horiuchi,
K. Y., Harpel, M. R., Shen, L., Luo, Y., Rogers, K. C., and Copeland, R. A. (2@dghemistry 40
6450-6457]. However, Glu-AdT does not employ an active-site Cys nucleophile for GIn hydrolysis, as
is common in all other glutaminases: some Glu-AdT lack Cys, but all contain a conserved Ser (Serl76
in the A subunit ofStreptococcus pyogen&lu-AdT) within a sequence signature motif of Ser-based
amidases. Our current results wigh pyogene§Iu-AdT support this characterization of Glu-AdT as a
Ser-based glutaminase. Slow-onseb(Q M~1 s71), tight-binding €1» > 2.5 h for complex dissociation),
GlIn-competitive inhibition of the Glu-tRN&"/ATP-independent glutaminase activity of Glu-AdT Glu

boronic acid is consistent with engagement of a Ser nucleophile in the glutaminase active site. Conversion
to rapidly reversible, yet still potenK(= 73 nM) and GIn-competitive, inhibition under full transamidation
conditions mirrors the coupling between GIn hydrolysis and aminolysis reactions during productive
transamidation. Site-directed replacement of Serl76 by Ala abolishes glutaminase and GlIn-dependent
transamidase activities of Glu-AdT>@00-fold), but retains a wild-type level of NHtlependent
transamidation activity. These results demonstrate the essentiality of Ser176 for Gln hydrolysis, provide
additional support for coordinated coupling of GIn hydrolysis and transamidase transition states during
catalysis, and validate glutaminase-directed inhibition of Glu-AdT as a route for antimicrobial chemotherapy.

Correct incorporation of mMRNA-specified amino acids into key intermediates (reviewed in ref). This “indirect”
growing polypeptide chains is ensured by ribosomal recogni- pathway entails misacylation of tRNE©" Asmwith Glu (or
tion of a distinct aminoacyl-tRNA molecule for each encoded Asp) by a nondiscriminating aminoacyl-tRNA synthetase and
amino acid. In eukaryotic cytoplasm and certain Gram- subsequent transamidation by a Gln-dependent amidotrans-
negative eubacteria, a set of 20 aminoacyl-tRNA synthetaseserase (Glu-AdT or Asp-AdT). The lethality of genetically
properly matches and covalently links each amino acid with disrupting Glu-AdT inBacillus subtilis(2) highlights the
its unique tRNA partner for delivery to the ribosome (the essentiality of this enzyme for cell viability and its potential
“direct” aminoacylation pathway). However, the absence of as a target of antibacterial chemotherapy.

genes for GIn-tRNAsynthetase and/or Asn-tRNA synthetase  Thyee distinct reactions are catalyzed by Glu-AdT (Figure

in all Gram-positive eubacteria, many Gram-negative eu- 1) similar to most GIn-dependent transamidases (reviewed
bacteria, archaebacteria, chloroplasts, and eukaryotic mito-j, refs3—5), the synthesis of GIn-tRN&" (“transamidation”)
chondria mandates an alternate means for producing thes%y Glu-AdT is chemically and kinetically coupled to Gin

hydrolysis (“glutamination”) through ATP-dependent activa-
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Ficure 1: Reactions catalyzed by Glu-AdT. Top: GIn hydrolysis
(“Glutaminase”) reaction. Middle: Proposed ATP-dependent ac-
tivation of Glu-tRNACM. Bottom: Transamidation of activated Glu-
tRNACh intermediate using Niderived from GIn hydrolysis. The
NH; used for transamidation may also be derived fromy@Hbut

at lower efficiency than when provided from GIn hydrolysis (see
Results).

site of glutaminase action, and the B subunit may provide
the site of GIu-tRNA" recognition and delivery2j (J. C.
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based inhibition by this compound and extends our previous
finding of inter-site communication between the various
substrates and distinct chemical transformations catalyzed
by Glu-AdT (6). These results also demonstrate the utility
of targeting the glutaminase reaction for potent inhibition
of this essential bacterial enzyme.

EXPERIMENTAL PROCEDURES

Materials Recombinant. pyogene&lu-AdT was used
throughout. As described previousl§)( the heterotrimeric
enzyme was heterologously expressed=stherichia coli
strain BL21(DE3) (Novagen) from plasmid pgatl10, which
harbors thegatCAB operon from S. pyogenesATCC
12344D, and purified by a modification of the published
procedure Z). The resultant Glu-AdT used in most experi-
ments (except for comparative studies with mutant enzyme,
vide infra) was >94% homogeneous by electrophoretic
analysis 6). Glu-tRNA®" (anticodon UUG) was produced
from recombinanB. subtilistRNA®", overproduced irE.
coli, and charged with Glu using partially purifi&l subtilis
Glu-tRNA synthetase?), as described previously)

Glutamate oxidase fror8treptomycesp. and horseradish

Berbaum and K. C. Rogers, unpublished data). The only ,o 6 iqase (Type XII) were obtained from Sigma. Amplex

proposed role for the C subunit is to promote stable
expression of the A subunig).

To understand the mechanism of GIn hydrolysis for use
in designing Glu-AdT inhibitors as antimicrobial agents, we
focused on the recombinant enzyme fr@treptococcus

red was purchased from Molecular ProbesGlu boronic
acid was synthesized as describdd)(and dissolved in
DMSO for use in assays. Other reagents were obtained from
various vendors at the highest quality commercially available.

Site-Directed Mutagenesis and Purification of Mutant Glu-

pyogeness a representative surrogate pathogen system. Keya 41 site-directed mutagenesis of plasmid pgatl0 was

to the hydrolysis mechanism of most glutaminases is attack

of the GIn carboxamide by an active-site nucleophile and
formation of a tetrahedral intermediate in preparation for
hydrolysis and &N bond scission. Although active-site Cys

accomplished with the QuikChange kit from Stratagene and
synthetic primers from Sigma Genosys [forward prirrer
5-pGACACTGGTGGTGCTATTCGGCAG-3reverse primer
= 5-pCTGCCGAATAGCACCACCAGTGTC-3 under-

functions as the catalytic nucleophile in most glutaminases jjhoq pases correspond to the site of mutation and result in

(reviewed in refs3—5), the identity of the corresponding
catalytic residue in Glu-AdT is still contentiou€hlamy-
domonas reinhardtiGIlu-AdT (9), but not the enzyme from
Bacillus subtilis(10), is sensitive to 6-diazo-5-oxonorleucine,
a Cys-specific modifier that inactivates Cys-dependent
glutaminases4). However, Glu-AdT fromS. pyogeness
devoid of Cys residuésand is not sensitive to 6-diazo-5-

oxonorleucine or general Cys-directed reagents (M. R. Harpel

and K. Y. Horiuchi, unpublished results). Importantly,
alignment of the primary sequence of the A subunit from
multiple organisms reveals a conserved “amidase signature

motif characteristic of bacterial amidases and mammalian

fatty acid amide hydrolase2( 11—13). Included in this

signature sequence is a conserved Ser-Lys catalytic diad
(Figure 2). Although the catalytic roles of the conserved Ser

and Lys as nucleophilé 8, 19 and activating basel b, 16,

respectively, have been confirmed in the latter enzymes, the
potential roles of the cognate residues in Glu-AdT have not

been experimentally verified.

a change in protein sequence from Ser to Ala at position
176 of the A subunit (S17@\)]. The anticipated mutation
was verified by DNA sequencing at the sequencing facility
of Bristol-Myers Squibb Co. at Wilmington; no additional
mutations were noted.

S176A and wild-type Glu-AdT were produced in parallel
for comparative studies of the two proteins. Brieffy, coli
strain BL21(DE3) cells, transformed with wild-type or
mutant expression plasmid, were cultured as 1:200 dilutions

»Of overnight cultures into LB broth containing S&y/mL

ampicillin. Following growth at 37C with shaking for 4.5

h (ODsso ~ 0.4), the cultures were induced with 0.1 mM
isopropy! -b-thiogalactoside and allowed to grow for
another 2.5 h. Cells were harvested by centrifugation and
stored at—80 °C until use. Wild-type and mutant enzymes
used for comparative analyses were isolated by a smaller-
scale, single-column version of the standard purification
scheme. All steps were performed &t@. Briefly, cells (2.5

g) were resuspended in a pH 7 buffer containing 25 mM

Herein, we describe site-directed mutagenesis and meChHEPES 10 mM KCl, 10 mM MgG| 1 mM DTT, and 0.1

anism-based inhibition analyses that implicate Sex15$
the active-site nucleophile for facilitating Gln hydrolysis by
Glu-AdT. Coupling of inhibitor modality and potency
betweeny-Glu boronic acid (as an analogue of GIn) and
Glu-tRNACSATP cosubstrates is consistent with mechanism-

2K. C. Rogers, unpublished data.

mM phenylmethylsulfonyl fluoride. Following disruption by
sonication, the supernatant from ultracentrifugation of this
material was loaded onto a preequilibrated Q-Sepharose Fast-
Flow column (16/10; Amersham Pharmacia Biotech) and
eluted with a linear gradient (16 column volumes) from 0 to
500 mM NacCl in resuspension buffer (lacking phenylmeth-
ylsulfonyl fluoride). Wild-type and mutant enzyme each
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SPYO_AQTA  ~rmm s~ s e e e e
rhodo_amidase ~~~~~~mmom e e e MSS LTPPNSNQMS
hFAAH MVQYELWAAL PGASGVALAC CFVAAAVALR WSGRRTARGA VVRARQRQRA
Spyo_AdTA  ~~~~~ MSFNH KTIEELHDLL VAKEISATEL TQATLEDIKS R....EEAVG
rhodo_amidase ALNNHFRFG. LTTPELEEF. .APALEATLA SSETVERLYE R.TAPEPPQR
hFAAH GLENMDRAAQ RFRLONPD.L DSEALLALPL PQ.LVQKLHS RELAPEAVLF
Spyo_AdTA SFIT.VSE.. ..EVALKQAA A...IDAKGI DADNLMSGIP LAVKDNISTK
rhodo_amidase SWTSPTAD.. ..ENPLSAWY V...TTSISE TDEGPLAGRT VAVKDNVAVA
hFAAH TYVGKAWEVN KGTNCVTSYL ADCETQLSQA PRQGLLYGVP VSLKECFTYK
Spyo_AdTA EILTTAASKM LTNYEPIFNA TSVANAYAKD MIVIGKTNMD EFAMGGSTET
rhodo_amidase GVPMMNGSRT VEGFTPRYDA TVVRRLLDAG ATITGKAVCE DLCFSGASFT
hFAAH GQDSTLGLSL NEGVPAECDS VVVHVLKLQG AVPFVHTNVP QSMFSYDCSN
Spyo_AdTA SYFKKTKNAW DHTKVPGGSS GGSATAVASG QVRLSLGSDT GGSIRQPARF
rhodo_amidase SHPQPVRNPW DESRITGGSS SGSGALVASG QVDMAVGGDQ GGSIRIPARF
hFAAH PLFGQTVNPW KSSKSPGGSS GGEGALIGSG GSPLGLGTDI GGSIRFPSSF
Spyo_AdTA NGVVGLKPTY GTVSRYGL.. ..IAFGSSLD QIGPFAPTVK ENAQLLNVIA
rhodo_amidase CGIVGHKPTH GLVPYTGA.. ..FPIERTID HLGPMTRTVS DAAAMLTVLA
hFAAH CGICGLKPTG NRLSKSGLKG CVYGQEAVRL SVGPMARDVE SLALCLRALL
Spyo_AdTA SSDV..KDAT SA.PVRIADY TSKIGRDIKG MKIALPKEYL GEGI.DPEIK
rhodo_amidase GTDG..LDPR QTHRIEPVDY LAALAEPASG LRVGVVTEGF DTPVSDAAVD
hFAAH CEDMFRLDPT ....VPPLPF REEVYTSSQP LRVGY.YETD NYTMPSPAMR
Spyo_AdTA ETVLASVKQF EALGATVEEV ...SLPHSKY GVAVYYIIAS SEASSNLQRF
rhodo_amidase NAVRTAIDVL RSAGLTVEEV ...SIPWHLD AMAVWNVIAT EGAA..YQML
hFAAH RAVLETKQSL EAAGHTLVPF LPSNIPHALE TLSTGGLF.S DGGHTFLQNF
Spyo_AdTA DGIRYGFRAD DAKNLDEI.Y VNTRSQGFGD EVKRRI.... MLGTFSLSSG
rhodo amidase DGNAYGMNTD GFYDPELIAH FSRQRLEHGH QLSKTVKLVG MSGRYTSEVG
hFAAH KGDFVDPCLG DLVSILKLPQ WLKGLLAFLV KPLLPRLSAF LSNMKSRSAG
Spyo_AdTA YYDAYFKKAG QVRTLIIQDF DKVFADYDLI LGPTT.PTVA FGLDTLNHDP
rhodo_amidase .GGKYYAMAR QLVPEVRAAY DAALARYDVL VMPTL.PYTA TKIPTTD.IP
hFAAH KLWELQHEIE VYRKTVIAQW RAL..DLDVV LTPMLAPALD LNAPGRATGA
Spyo_AdTA VA.MYLADLL ..... TIPV. NLAGLPGISI P...... AGF VD........
rhodo_amidase LA.DYLDTAL SMIINTAPF. DVTGHPACSV P...... ADL VH........
hFAAH VSYTMLYNCL DFPAGVVPVT TVTAEDEAQM EHYRGYFGDI WDKMLQKGMK
Spyo_AdTA ...GLPVGLQ LIGPKYAEET IYQAAAAFEA VTDYHKQQOPI IFGGDK
rhodo_amidase ...GLPTGMM IIGKHFDDAT VLRVAQLYEH AVGNYPVPPA AAGTLT
hFAAH KSVGLPVAVQ CVALPWQEEL CLRFMREVER LMTPEKQSS~ ~~~~~~

FiGurRe 2: Amino acid sequence alignment 8f pyogene&lu-AdT A subunit with representative members of the amidase signature
family. Sequences: “Spyo_AdTAX%= A subunit of S. pyogene&Iu-AdT (Rogers, K. C., unpublished results); “rhodo_amidase”
Rhodococcus rhodocroasnidase, GenBank accession no. BAA03744; “hFAAHNhuman fatty acid amide hydrolase, GenBank accession

no. NP001432. Note that Ala90, Thr95, and Gly185 (underlined) irSthgyogene&Ilu-AdT A subunit are confirmed differences from the

original genome sequence (Pro, Cys, and Ser in the original translation from the University of Oklahoma databas8. fpydbenes

genome initiative, as published in rgf. Sequence identities are denoted in boldface. The amidase signature motif contained in all three
sequences is enclosed by the box. Conserved Lys77 and Serl76 and corresponding residues of the Lys-Ser catalytic diad of bacterial
amidase and fatty acid amide hydrolase are shown in large, boldface text.

reagent obtained from BioRad. Bovine serum albumin served
as the standard for this assay.

The transamidase-independent GiIn hydrolysis activity of
Glu-AdT was monitored by enzyme-coupled, fluorescence-
based detection of Glu in quenched reaction aliquots.
Reactions were carried out at Z& in a pH 7 buffer
containing 50 mM HEPES, 15 mM Mggl125 mM KCI,

1% DMSO (for control and sample reactions in inhibition
studies), 1Qug/mL (85 nM) Glu-AdT, and variable levels
of GIn and inhibitor as indicated. HEPES does not complex
borate and is therefore a suitable buffer for these stud@s (
Reactions were initiated by addition of GIn and inhibitor,

eluted as a dominant peak a225 mM NaCl. Fractions
substantially enriched in Glu-AdT, according to SEFSAGE
analysis, were pooled and dialyzed at@ versus a pH 7
buffer containing 50 mM HEPES, 10 mM KCI, 10 mM
MgCl,, 50% glycerol, and 1 mM DTT. Samples were stored
at —20 °C. The Glu-AdT variants produced by this scheme
were of equal purity £65%), as evaluated by Coomassie-
blue staining and optical scanning of denaturing SPAGE
gels; this level of purity was sufficient for the described
kinetic analyses (vide infra).

Protein and Actiity AssaysProtein concentrations were
determined by the Bradford dye-binding assdy)(with
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unless otherwise indicated. To define reaction time courses, T T T T T
aliquots were periodically quenched with 25 mM HCI, and 4 Wild T

then neutralized with 25 mM NaOH. The level of Glu in naype—,
these samples was quantified as fluorescent product (resoru-
fin) accumulated after 60 min incubation with 38 Amplex

Red, 0.04 unit/mL Glu oxidase, and 1.1 units/mL horseradish
peroxidase, as described by McElroy et aD)(and Zhou et

al. (21). Reactions were standardized with authentic Glu in
parallel reaction mixtures.

The transamidase and transamidase-coupled glutaminase -
activities of Glu-AdT were measured by the HPLC-based 0
method described by Horiuchi et ab)( Reactions were run 0 10 20 30
under similar conditions as above, but contained 8.5 nM Glu- Quench Time (min)

AdT and Va”abl.e a}moums of GIU-tRNA, ATP’ and Gln Ficure 3: Use of exogenously supplied NHKor transamidation

(or NH,CI), as indicated in the text and figure legends. of Glu-tRNAGP by wild-type @) and S176A (O) Glu-AdT.
Reactions were generally initiated by addition of GIn (and Enzyme-catalyzed production of GIn-tRIHA from Glu-tRNAGn
inhibitor, where indicated). Aliquots were periodically (10 «M) was monitored by the HPLC method described under
quenched with 3 volumes of ice-cold ethanol, incubated for Eﬁp‘a";‘Segtrﬁ'igé%%en%fessixegcaeﬁé t\;‘/ﬁ‘é ?y'g;"’élsuri%?‘fgngg nzt?a(\) mM
15 min _at —80 °C, and centrifuged. The supernatants tiOl’IAS were each 0.2M. The ATP concentration was 1 mM.
(containing unreacted GIn substrate and Glu product of

glutaminase activity) were separated from pellets (containing \ 51 es of wild-type enzyme for GIn, Glu-tRNR, and ATP
unreacted GIu-tRNA" substrate and GIN-tRN# product  egpectively §); neither activity is enhanced by further
of transamidase activity). Tp quantify glutammase_actlv[ty, increases in Glu-tRN2" or GIn concentration. Given the
the supernatants were dried by vacuum centrifugation, oytreme increase>(1000-fold) in K, values required to
resuspended in a defined volume of pH 9 borate buffer, 4ccount for these observations, the lower catalytic capacity

fluorescently derivatized, and subjected to amino acid ¢ S176A likely reflects impairment ok from loss of a
analysis by reversed phase chromatography using AccQ Tagcatalytic seryl hydroxyl.

reagents from Waters. Chromatographic conditions were
optimized to effect separation of derivatized GIn and Glu
(6). To quantify transamidation activity (i.e., GIn-tRN}&
formation), the pellets were washed 3 times with cold 75%
ethanol, dried briefly, resuspended in pH 9 borate buffer,
and incubated at 68C for 15 min to effect release of tRNA-

i ini _ |
associated Glu (from remaining Glu-tRNNAsubstrate) and hands, the reaction velocity at 200 mM ME was 2-5%

GIn (from GIn-tRNAS" product). Known volumes of the o . o .
samples were then treated as above for HPLC analysis. AsOf the activity realized undeVma, conditions with GIn as

. . . the nitrogen donor. However, use of exogenous,GIH
an alternative to centrifugation, total tRNA from ethanol- . . : .
gquenched reactions was collected on a 96-well, glass-fiber provides a means of bypassing the glutaminase reaction and

vacuum filter plate (Millipore type B, km) and thoroughly thereby independently evaluating the catalytic competency

washed with cold ethanol prior to hydrolysis and derivati- of SLL.]'AdT leltafntS |_n_othe(;_agpec_tshoL?:a]EalyS|s._|§\1676
zation for HPLC analysis as described. exhibits a level of activity indistinguishable from wild-type

i ) , ) , . enzyme under these conditions (Figure 3). Therefore, the
Theoretical data fits were obtained by iterative, nonlinear catalytic machinery for Glu-tRN&" activation and trans-

reg_ression using Kaleidagraph (Synergy Software) or Grafit 5 midation (including ATP and GIu-tRN&' binding) are
(Erithacus Software). intact in S17@A, localizing the catalytic impairment of this
mutant to GIn hydrolysis.

The competency of S1%8 in NH,Cl-promoted trans-

Site-Directed Mutagenesis of Consedl Ser17f Sequence- ~ amidation demonstrates the structural integrity of the re-
conserved Serl76 in the A subunit was replaced with Ala combinant S176A enzyme. Coelution of S12& with wild-
(S176.A) by site-directed mutagenesis to address the cata-type Glu-AdT during denaturing and nondenaturing electro-
lytic essentiality of the seryl hydroxyl at this position. When phoresis further indicates that the mutant enzyme is properly
assayed under standard reaction COI’lditiOﬂS/A(ﬂ)Gm, 5 assembled into a heterotrimer of fuII-Iength subunits. Quan-
uM Glu-tRNAS" and 1 mM ATP) at high enzyme concen- titative scanning of Coomassie-blue-stained denaturing gels
trations (170 nM S176A versus 10 nM wild type), the shows that the ratio of C subunit to A and B subunits (the
transamidase and transamidase-coupled glutaminase activitielatter two are unresolved during electrophoresis) is the same
of S176A were <0.3% and<0.1%, respectively, of the ~ for S176A as for wild-type Glu-AdT (data not shown).
wild-type level. These are baseline levels of activity for each  Inhibition of Transamidase-Independent GIn Hydrolysis
assay, as determined from reactions lacking enzyme. Thusby y-Glu Boronic Acid.Following a 15 min preincubation
S176A is equally impaired ¥ 300-fold) in both activities  with Glu-AdT, y-Glu boronic acid blocks the transamidase-
during GIn-dependent transamidation. The substrate concenindependent glutaminase activity of Glu-AdT withs§G=
trations used in these assays correspond to approximatelyl.6 uM at a concentration of Gln approximately twiég,
2-fold, =10-fold, and 7-fold excess over the measuked (17). Because boronic acid-based inhibitors of Ser-based

[GIn-tRNA®™] (uM )

As previously shown for a number of glutaminasg} (
and Glu-AdT from various source®,(9, 10, S. pyogenes
Glu-AdT can utilize exogenously supplied Niith place of
GIn-derived NH to support transamidation. This activity
requires high levels of NICI and elicits a lower catalytic
rate than when GIn is provided as nitrogen donor; in our

RESULTS
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FiGurRe 4: Representative reaction time courses for the Glu-
tRNACGWATP-independent glutaminase activity of Glu-AdT in the
absence @) and presenced) of y-Glu boronic acid (10uM).
Reaction conditions and discontinuous detection of Glu formation
by the coupled fluorometric assay were as described under
Experimental Procedures. Both reactions contained\2%In. The

fits to the data (described under Results) provided the following
values: initial velocity= 0.024+ 0.001xM/min in the absence

of y-Glu boronic acid; initial velocity= 0.019+ 0.001xM/min

and kops = 0.022+ 0.002 mirr! (0.0004 s?) in the presence of
y-Glu boronic acid.

hydrolases frequently exhibit time-dependent inhibition due
to conformational adjustments attendant to formation of a
semistable tetrahedral adduct (e.g., 1225 23, we further
characterized the kinetics of Glu-AdT inhibition bhyGlu

boronic acid to better gauge its potency and mechanism as

an inhibitor of GIn hydrolysis.

In the absence of preincubation (i.e., initiation of reaction
by simultaneous addition of GIn and inhibitor), the rate of
Glu formation by Glu-AdT steadily declines with time in
the presence gf-Glu boronic acid. This decline in activity
contrasts sharply with the linearity exhibited in a control
reaction lacking inhibitor (Figure 4), and is described by a
slow-onset inhibition function (eq 1), wheregis the terminal
steady-state velocity; is the initial velocity, andpsis the
pseudo-first-order rate constant for onset of inhibitiad-<
26).

[P]= vd + (v — vdlkopd(1 — €7) (1)

The steady-state (final) phase for reactions contaiph@ju
boronic acid is characterized by an extremely low rate of
Glu formation. Accordingly, the best fits to these data (at
all concentrations of GIn and inhibitor tested; data not shown)
are obtained by fixings = 0. Functionally, this assumption

is validated by the attainment of complete inhibition and very
low reversal that occurs over these time frames (vide infra).

The time-dependency ¢fGlu boronic acid inhibition was

verified and quantified by monitoring the loss of activity
upon preincubation of Glu-AdT with inhibitor for various

Harpel et al.

1.0 T T 1 ¥ 1 1

2 3 5
Preincubation Time (hr)

FIGURES: Onset ofy-Glu boronic acid inhibition of Glu-AdT. Glu-
AdT (10uM) was preincubated with inhibitor (M) in the absence

of GIn. At the indicated times, aliquots were diluted 1:100 into a
reaction mixture containing Gln (1@ final), mixed, and assayed

for residual Glu-tRNA&"ATP-independent glutaminase activity by
the fluorometric analysis described under Experimental Procedures.
They-axis valuesy; andv,, refer to the initial velocities of parallel
samples containing and lacking inhibitor, respectively. Dilution of
enzyme and inhibitor resulted in carry-over of 90 nM inhibitor
[~6% of ICso at 50uM GIn following 15 min preincubation(7)]

into the reaction. The line through the data corresponds to a single-
exponential function with a residual componefiys = 1.14 +

0.13 1 (0.0003 s?); residual activity= 10.94 2.8%;R? = 0.992.

0.04 ! ! ' g
~ 0.03 - 4
£
"’3 0.02 i .
. é
0.01 | ®-
0 1 1 1 1
0 100 200 300 400
[GIn] (uM)

FiGure 6: Competition ofy-Glu boronic acid inhibition by GIn
(GIu-tRNASATP-independent glutaminase activity). Reaction
time courses were initiated by simultaneous addition of GIn and
y-Glu boronic acid to Glu-AdT and monitored as in Figure 4. The
inhibitor concentration was maintained at A8 throughout. The

kobs Values were obtained from fits to individual time courses
according to eq 1 under Results, assuming a single-exponential
process and zero steady-state (second-phase) velocity. The error
bars combine the variation ks from exponential fits and range

of values obtained in multiple determinations. The solid line through
the data is a best fit to the data according to eq 2 under Results
with the K, value for Gin fixed at 3%M, as previously reported

(6) and verified in parallel control reactions. According to this fit,
Kobsmax= 0.042+ 0.006 mirr? (0.0007+ 0.0001 s?).

Competition with substrate was determined by measuring
kobs the pseudo-first-order rate constant for onset of inhibi-

periods of time. As shown in Figure 5, postincubation tion, from progress curve analyses at constant inhibitor and
glutaminase levels decrease with preincubation time accord-varying Gln concentrations. Despite data scatter due to
ing to a slow, single-exponential decay function. The final technical difficulties in fully defining progress curves at all
activity level (~11%) mirrors the expected amount of free substrate concentrations and within time frames that maintain
enzyme remaining after formation of a stable, 1:0.9 complex linearity in control reactionsk,ns decreases systematically
between enzyme (1@M) and inhibitor (9 uM) during with increasing GIn concentration, as expected for competi-
preincubation. According to the data fit, formation of the tive binding of GIn andy-Glu boronic acid (Figure 6). The
final, inhibited complex occurs with a half-time f0.6 h second-order rate constant obtained from fitting these data
and a slow, second-order rate constifjt] = 35 M1 s, to the appropriate equation (eq 2)kig./[l] = 70 M1 s,
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Kops = Kmad(1 + [GIN)/K) 2

At a subsaturating concentration of GIn (28/), Kobs
increases linearly witly-Glu boronic acid concentration up
to at least 2M (Figure 7). This is the highest concentration
of inhibitor at which the onset rate could accurately be
measured under these conditions. The slope of this line
provides an apparent second-order rate constant of 60 M
s 1 (eq 3). Adjustment for competitive inhibition with respect
to GIn (eq 4) raises this value to 102 Ms™t, which is
higher, yet still in reasonable agreement with estimates from
our other determinations.

kobs= koff + kon,apyll] (3)
Kon = Kon apd (1 1 [GINI/K) (4)

They-intercept from Figure 7 should provide an estimate
for the rate of inhibitor dissociation from the terminal
complex with Glu-AdT. The high error of the linear fit and
uncertainty inkops values at high inhibitor concentration
preclude such definitive assignment from these data, bu
places a maximum limit oo < 6 x 107° st and minimum
ti2 > 2.3 h for inhibitor dissociation.

In contrast to the dependencelg@fs on inhibitor concen-
tration, the corresponding initial velocities are invariant
throughout the same concentration range (Figure 7, inset).

Reversibility of Inhibited ComplexAlthough y-Glu bo-
ronic acid competes with GIn for initial binding to Glu-AdT,
release of inhibitor from the enzyme occurs very slowly (if
at all) in the absence of Glu-tRN#R and ATP. This slow
reversal was confirmed by diluting a preformed complex of
Glu-AdT and y-Glu-boronic acid into a fresh reaction
mixture containing a kinetically saturating concentration of
GlIn, as shown for a representative data set in Figure 8.
Despite a low carry-over level of-Glu boronic acid upon
dilution (<0.1 x ICsg), the enzyme recovers little activity
over the linear response time of a parallel control reaction
incubated only with DMSO. Although the minor reversal of
inhibitor binding is insufficient for an accurate fit to eq 1, it
reveals that thé, for inhibitor dissociation is>2.5 h. The
inhibitor-containing reaction can also be described by a
straight line approximating 10% of control activity, indicative
of minimal inhibitor release from the 1:0.9 complex formed
during preincubation between excess Glu-AdT M) and
y-Glu boronic acid (uM). Either interpretation of these
data validates the assumption @f~ 0 used in obtaining
kobs from progress curve analysis (e.g., Figure 4).

In contrast, complete restoration of activity occurs within
2 min of diluting the preformed complex between Glu-AdT
andy-Glu boronic acid into a reaction mixture that contains
kinetically saturating levels of Glu-tRN&' and ATP in
addition to GIn (data not shown). Neither Glu-tRRRnor
ATP alone was sufficient to reverse inhibitor binding at
saturating GIn concentration.

Steady-State Inhibition of Glu-tRIYA Transamidation
Because/-Glu boronic acid binding by Glu-AdT is readily

t
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Ficure 7: Dependence of inhibition onset rate ) and initial
velocity (inset) ony-Glu boronic acid concentration (Glu-tRNA/
ATP-independent glutaminase activity). Reactions were initiated
by simultaneous addition of inhibitor (variable concentration) and
GIn (25 uM) to Glu-AdT in reaction buffer, and monitored for
formation of Glu by the discontinuous fluorometric assay described
under Experimental Procedures. The individual time courses were
fit to a single exponential (eq 1 under Results) witl 0 in order

to obtain k.ps and initial velocity. The error bars represent the
inherent error inkyys and the initial velocity from these fits. The
line through thek,ps versus inhibitor data is a linear fit with slope
= 0.0036+ 0.0003uM~t min~! (60 M~ s™1) and intercept=
—0.0013=+ 0.0047 min! (—0.00002+ 0.00008 s%).
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Ficure 8: Reversibility ofy-Glu boronic acid binding to Glu-AdT.
Glu-AdT (10 uM) was incubated b4 h in theabsence®) and
presence®) of a substoichiometric amount gfGlu boronic acid

(9 uM) at 1% DMSO throughout. Glutaminase activity was
measured by the fluorometric method described under Experimental
Procedures after 100-fold dilution into otherwise complete reaction
mixtures containing 10&M Glin, but lacking Glu-tRNA'" and
ATP. Linear regression provides activities of 0.07Z4/min
(absence of inhibitor) and 0.0@8M/min (presence of inhibitor; fit

not shown). The line shown through the inhibitor-containing sample
is an attempted fit to eq 1 with the following parameters: initial
velocity = 0.003 ¢-0.003)uM/min, steady-state velocity¥ 0.043
(£1.05) uM/min, ko = 0.005 €0.13) miml, R2 = 0.968. The
large errors in these parameters reflect the slow dissociation of
inhibitor from this complex.

of GIu-tRNACM and ATP (representative pattern shown in
Figure 9). In contrast, less than a 2-fold difference igolC
was observed when ATP was varied from subsaturating (0.3
x Km) to saturating (7x Kp) levels with the other two
substrates maintained at kinetically saturating concentrations

reversed in the presence of all three substrates, steady-stat@lata not shown). Thus, inhibition with respect to ATP

analysis was used to verify the nature of inhibitor interaction
during transamidation. Inhibition by-Glu boronic acid is
competitive with respect to GIn (averafe= 73 £ 13 nM
from multiple determinations) at saturating concentrations

appears to be noncompetitive. Similar analysis with respect
to Glu-tRNA®" was complicated by its low(y, (<0.2 uM)
and difficulties in measuring pseudo-first-order rates at
subsaturating concentrations of this substréjeHowever,
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80 . in refs 3—5). However, S. pyogene&lu-AdT lacks Cys
residue$and contains a conserved Ser (Ser)#@ithin an
“amidase-family” sequence signature motif found in bacterial
amidases and mammalian fatty acid amide hydrolase (Figure
2). Based on its analogous position with the active-site Ser
of these enzymes, we anticipated that Sexldéts as the
catalytic nucleophile during GIn hydrolysis. Hence, this
residue should be critical for Glu-AdT activity.

Our mutagenesis results wigh pyogene§Iu-AdT support
such a role for Ser17%6 Replacement by Ala reducés; at
least 300-fold (below detection limits) in both the trans-
amidase-coupled GIn hydrolysis and the glutaminase-

0 0.2 0.4 0.6 promoted transamidation activities, even at substrate con-
1/[GIn] (1/uM) centrations exceeding saturation for wild-type enzyme.
FiIGUREO: Representative pattern for steady-state inhibition of Glu- Therefore, the mutant is impaired in chemical steps associ-
AdT transamidation activity by-Glu boronic acid. Glu-tRNA" ated with GIn hydrolysis, per se, rather than substrate capture.
transamidatiorj by Glu-AdT was measured according to the HPLC Furthermore, the high level of Ny@l-promoted transami-
method described under Experimental Procedures. All reactions y,+ion exhibited by this mutant localizes the full impact of

were initiated by simultaneous addition of GInH{2000xM) and - . .
»-Glu boronic acid © = 0 nM; ® = 30 nM; 0 = 100 nM: W = loss of the seryl hydroxyl to impairment of GIn hydrolysis.

[
=]

1/ Velocity (min/pM)
o
<

[
=]

300 nM) to a solution of Glu-AdT (8.5 nM), Glu-tRN& (10 M), These observations are in accord with prior mutagenesis
and ATP (1 mM). Lines drawn through the data were obtained by studies of the sequence-conserved, active-site Ser in other
global fitting of 44, [Gln], and f-Glu boronic acid] to the Henti amidase family members. In particular, mutagenesis to Ala

Michaelis—=Menten equation, modified for competitive inhibition, completely abolishes the hydrolytic activity Bf rhodocrous

using Grafit (Erithacus Software). From this data $gt= 86 + - . . o
16 nM:; the average of multiple determinations provities= 73 J1 amidase1(4) and elicits a 18fold decrease in activity

+ 13 nM. The global fit was transformed as a double-reciprocal for fatty acid amide hydrolasel®) with no impact on the
plot for display purposes. substrateK,, in either case. For fatty acid amide hydrolase,

o assignment of the implicated Ser as catalytic nucleophile was
less than 2-fold variation in I§& was observed when Glu-  aqditionally confirmed by kinetic and protein chemistry
tRNAS" was varied between 0.1/ (~Ky) and 5uM (~25  studies with a chemically reactive substrate analodi (

x Km), which could reflect either noncompetitive or uncom-  Another characteristic of the amidase signature family is
petitive inhibition. the use of an active-site Lys as general base to activate the
Ser hydroxyl for nucleophilic catalysi4$, 16. This property
DISCUSSION is shared with a larger group of hydrolases that either employ
Bacteria that lack a functional GIn-tRNA synthetase a Ser (or Thr)-Lys catalytic diad or an N-terminal Ser/Thr
require Glu-AdT to sustain protein synthesis. An essential nucleophile in combination with its-amine as general base
component of this process is hydrolysis of GIn by Glu-AdT, (reviewed in reR7). This larger family includes such varied
which produces a sequestered source of ki kinetically enzymes as type | signal peptidase, UmuD protease, penicil-
coupled transamidation of Glu-tRNER. Specific inhibition lin-binding proteins,S-lactamases (classes A, C, and)D
of GIn hydrolysis should therefore disrupt transamidation and penicillin acylase, and the 20S proteasome (e.g., se@€8efs
significantly impede in vivo protein synthesis. However, 38). Among this diverse group, Glu-AdT stands out as the
details of the GIn hydrolysis reaction have been sparse. Ouronly enzyme to couple substrate hydrolysis to an acceptor
current results lay the groundwork for understanding the reaction and to use GIn as the primary hydrolytic substrate.
molecular details of this reaction: site-directed mutagenesisAlthough Glu-AdT contains a conserved Lys (Lysyat
pinpoints the catalytic essentiality of Seri7&® GIn hy- the appropriate spacing in its primary sequence (Figure 2),
drolysis, and inhibition byy-Glu boronic acid implicates ~ whether this Lys fulfills a similar catalytic role remains to
nucleophilic assistance by an active-site Ser and alsobe determined experimentally.
validates targeted inhibition of GIn hydrolysis as an effective, ~To gain additional insight into the mechanism of Gin
mechanism-based means of blocking transamidation. hydrolysis and further probe the involvement of an active-
Although NH; is the formal nitrogen donor for transami-  site nucleophile, we characterized the kinetics of Glu-AdT
dation of Glu-tRNA™, its in vivo source is the hydrolysis  inhibition by y-Glu boronic acid. Boronic acid-substituted
of GIn by Glu-AdT. The enzyme exhibits a large kinetic analogues have been widely used as potent inhibitors and
preference for GIn, versus Nlgr other nitrogen donors such  mechanistic probes of hydrolases that employ an active-site
as Asn (ref2, 7,9, 1Q Y. Luo, L. Shen, K. Y. Horiuchi, Ser or Thr nucleophile (e.g., see r&@, 23 39—42). With
and M. R. Harpel, unpublished data), and displays strong specificity driven by the degree of similarity with substrate,
kinetic coupling between GIn hydrolysis and transamidation the potency of these inhibitors is driven by the propensity
(6). Specifically, k.o for GIn hydrolysis is only maximized  of the boronic functionality to form a tetrahedral adduct with
when all substrates are present for Glu-tRNAransami-
dation, with minimal impact on the appareft, for Gin. In 3 Of note, the essential Lys is carbamylated in the active form of
this regard, Glu-AdT resembles other glutaminases that class Dj-lactamase fronPseudomonas aeruginoga8, 29, but not

; i At ; in class A or class @-lactamases (personal communication of Prof.
couple Gin hydrolysis to amidation of activated acceptor Shahriar Mobashery, Wayne State University). Whether lysyl carbamy-

substrates. Most of these enzymes employ an active-site CySation occurs in other hydrolases that contain the Ser-Lys catalytic diad
for nucleophilic catalysis of the hydrolysis reaction (reviewed has yet to be fully explored.
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the active-site hydroxyl and exploit “oxyanion hole” interac- limitations in studying inhibitor at concentrations greater than
tions normally used for transition-state stabilization during 25u4M may have excluded observation of kinetic saturation
catalysis. Inhibition by some boronate-containing inhibitors for kys0r an effect on initial velocity. Under these conditions
has been correlated with a Hiboronate instead of Ser (i.e., Ki > 25 uM > Ki*), the apparent; of the initial
boronate interaction for proteases containing a Ser-Asp-Hisencounter complex in a two-step isomerization mechanism
catalytic triad 43, 44. However, such compounds are would therefore be at least 1001. Whether resulting from
generally weak inhibitors, not close mimics of substrate, and equilibration via simple binding (in which initial binding may
lack the slow-onset, tight-binding characteristics observed be sufficiently slow to mask an isomerization required for
for inhibitors that interact through a catalytic S@2( 23. tight binding) or conformational adjustment after low-affinity
Of particular interest to our goal of developing specific binding, the slow attainment of a tight-binding inhibitory state
inhibitors of Glu-AdT, boronates lack potency toward is highly suggestive of inhibitor complexation by an active-
hydrolases that employ an active-site Cys nucleophile, site nucleophile (presumably Ser) in the glutaminase®site.
reflecting less stabilization of the tetrahedral adduct formed  Under full transamidation conditions, the apparent potency
with cysteinyly-thiolate versus sery}-alkoxide @5). of y-Glu boronic acid inhibition is enhanctdnd undergoes

As we previously reportedl{), y-Glu boronic acid is the a switch from essentially irreversible to rapidly exchangeable
most potent inhibitor of Glu-AdT yet reported. It has also binding. The lack of tolerance for steric and isoelectronic
been characterized as an effectid®)( mechanism-based variants ofy-Glu boronic acid 17) precludes correlative
(46) inhibitor of y-glutamyl transpeptidase, a Thr-based analysis of inhibitor potency versus catalytic efficiencies for
hydrolase 47). For Glu-AdT, y-Glu boronic acid exhibits @ comparable, structurally diverse group;eGlu boronic
slow-onset (56-100 M1 s2) and tight-binding . > 2.5 acid and GIn derivatives, as required to thoroughly demon-
h for complex dissociation) inhibition in the absence of ATP strate transition state mimicr@). However, substrate- and
and Glu-tRN/". Interestingly, the inhibition lacks time-  reaction-dependent modulation of inhibitor effects is remi-
dependency, is rapidly reversible, and maintains high potencyniscent of the kinetic coupling between Gin hydrolysis and
under full transamidation conditions. Under both conditions, transamidation that we noted previousB),(and suggests
GIn protects the enzyme from inhibition. We feel that these that the inhibitor may interact with Glu-AdT in a manner
observations represent a mechanism-based mode of inhibitiorthat is similar to an intermediate along the normal reaction
effected through interactions at the glutaminase active site.pathway.

Slow-onset, tight-binding inhibition of the Glu-tRN/ GIn, GIu-tRNAC", ‘and ATP (or the slowly hydrolyzed
ATP-independent (“uncoupled”) glutaminase activity of Glu- analogue ATRS) are all required for full realization d¢a
AdT can be viewed in the context of two general mechanisms in GIn hydrolysis 6). We offered two possible explanations
for time-dependent inhibition (reviewed in re2s, 26,and ~ for this kinetic coupling of reactions: (1) an allosteric
48). In the first case, these effects are manifested throughCommunication between glutamination and transamidation
slow inhibitor association and dissociation, respectively, in Sites that is optimal only in the presence of all substrates;
a single-step binding reaction. Reflective of this slow and (2) an inter-site communication resulting from ATP
equilibration, kops (the pseudo-first-order rate constant for hydrolysis or some subsequent event, such as formation of
inhibition onset) increases linearly with respect to inhibitor the reactive, phosphorylated Glu-tRRA intermediate.
concentration, whereas the initial velocity (phase prior to Because neither Glu-tRN# nor ATP alone (in combination
onset) is unaffected. In the second mechanism, rapidWith saturating GIn) induces reversal piGlu boronic acid
equilibration of enzyme and inhibitor produces an initial binding, inhibitor release may similarly be induced by
encounter complex (El). The slow onset of inhibition then Synergistic binding of all three substrates (with GIn compet-
results from a subsequent, rate-limiting isomerization of EI ing directly for the glutaminase-binding site) or by a catalytic
to a stable EI* form, described by a terminal equilibrium €vent coupled to transamidation. We cannot rigorously
constant,K*. Because inhibitor binding precedes a rate- €xclude cumulative allosteric effects of ATP and Glu-
limiting step, plots okeps versus inhibitor concentration are  tRNAS" binding on inhibitor interactions in the active site.
hyperbolic, and initial velocity varies as a function of However, alink with catalytic effects is especially intriguing
inhibitor concentration. For Ser- and Thr-hydrolases, this due to the presumed transition-state mimicry of the boronic
second, slow kinetic step has been attributed to enzymeacid |nh.|b|tor. In this case, the stable, exchange-inert complex
“reorganization”, conformational change, or other rate- formedin the absence of Glu-tRNAand ATP might exploit
limiting changes attendant to covalent complexation and ©ptimized transition-state mteracupns_that are coupled to
stabilization of the boronic acid functionality by the active- €vents that occur on the transamidation reaction pathway
site hydroxyl (e.g., see ref&2, 39, and49). beyond the point of GIn hydrolysis. Indeed, similar “over-
stabilization” of these interactions for the transition state of
GIn hydrolysis under uncoupled reaction conditions may
account for the~300-fold lower rate of hydrolysis in the
absence of transamidatiofi)( The enzyme’s kinetic com-

Our results with Glu-AdT best fit the simple equilibrium-
binding mechanism, althoud is ill-determined due to the
extremely slow off-rate of inhibitot. However, the two
inhibition mechanisms may not be distinguished under
conditions germane to our studies. In particular, practical

5 An alternative mechanism for the time-dependent inhibition is rate-
limiting isomerization of enzymerior to inhibitor binding. However,

4Based on the 16 reported in our previous studyl]) and the the observed increase ks with inhibitor concentration for Glu-AdT
limiting estimates okon (43—102 M* s7%) andkos (<6 x 107°s7Y) is inconsistent with such a mechanism. Although we cannot eliminate
reported herein, we roughly estima&te~ 0.5—1.4 uM for inhibition rate-limiting isomerization of inhibitor as an additional possibility for

of uncoupled GIn hydrolysis according to a simple binding mechanism. slow-onset inhibition, we feel that such slow rearrangemenjs@fu
This compares with; = 73 nM under transamidation conditions. boronic acid are unlikely.
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mitment to forward catalysis under transamidation conditions based Glu-AdT inhibition, microbial growth inhibition, lack
would be manifested in enhanced inhibitor potency and an of mammalian cytotoxicity,and suggestions of in vivo target
increase in off-rate foly-Glu boronic acid. Regardless of specificity?” by v-Glu boronic acid are encouraging, despite
the mechanistic details, we feel that the coincidence of a limiting structure-activity relationship among analogues
inhibition effects and the kinetic coupling observed between (17). Future development of inhibitors centered on this
reactions is indicative of mechanism-based inhibition by strategy must address these limitations through design of
y-Glu boronic acid arising from regulated interactions within compounds able to maintain the favorable interactions of this
the glutaminase active-site. class of inhibitors while exploiting other unique aspects of
Concluding Remarksn providing a kinetically regulated  the Glu-AdT glutaminase site to effect greater specificity
source of NH for transamidation of Glu-tRN&", the and structural diversity.
coupled glutaminase reaction of Glu-AdT is central to the
critical physiological function of this enzyme. Not only are  ACKNOWLEDGMENT
the multiple components of GIn-tRN¥& formation linked
from a chemical perspective, they are also linked kinetically C
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