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ABSTRACT: 15N isotope effects have been measured on the hydrolysis of glutamine catalyzed by carbamyl
phosphate synthetase B$cherichia coli.The isotope effect in the amide nitrogen of glutamine is 1.0217

at 37°C with the wild-type enzyme in the presence of MgATP and HC(@verall reaction taking place).

This VIK isotope effect indicates that breakdown of the tetrahedral intermediate formed with Cys 269 to
release ammonia is the rate-limiting step in the hydrolysis. A full isotope effect of 1.0215 is also seen in
the partial reaction catalyzed by an E841K mutant enzyme, whose rate of glutamine hydrolysis is not
affected by MgATP and HC®. With wild-type enzyme in the absence of MgATP and HChowever,

the 15N isotope effect is reduced to 1.0157. These isotope effects are interpreted in terms of partitioning
of the tetrahedral intermediate whose rate of formation is dependent upon a conformation change which
closes the active site after glutamine binding and prepares the enzyme for catalysis. An Ordered Uni Bi
mechanism for glutamine hydrolysis that is consistent with the isotope effects and with the catalytic
properties of the enzyme is proposed.

Carbamyl phosphate synthetase (&P8atalyzes the  and Evans established that glutamine hydrolysis proceeds
formation of carbamyl phosphate, an obligatory precursor according to an ordered aeytnzyme mechanism. The
of pyrimidine and arginine biosynthesis. Carbamyl phosphate minimal mechanism is illustrated by the three-step sequence
is formed from glutamine, HC®, and two molecules of  below:
ATP in three distinct reactions. Glutamine hydrolysis is Ke K, ks
catalyzed by the amidotransferase subunit at a site remote E+S=—ES—acyFE+P—E+Q 1)
from the site of its utilization in the synthetase subufjt (
This raises a fundamental question: What is the nature of
the mechanism that underlies the coupling of the reactions
involved in glutamine hydrolysis and carbamyl phosphate
synthesis. An experimental attack on this problem requires
a prior knowledge of the catalytic mechanism. Although
many amidotransferase-catalyzed reactions have been studie
(reviewed in ref2), the mechanism of glutamine hydrolysis
is not well understood. Labeling studie®) (vith glutamine
transition-state analogues and alkylating agents have pointe
to the essentiality of a unique cysteine in the active site. Thus
y-glutamyl transferase, esterase, and hydrolytic activities
suggest that water and hydroxylamine are competing for the
same product, and that the reaction probably occurs by way
of an acyt-enzyme intermediate. The existence of the
intermediate was shown first in CPS by Wellner et 4). (
and then in hamster CADY. In the latter studies, Chaparian

whereKs is the substrate dissociation constkni’k;, ES is
the Michaelis complex, acylE is the covalent enzyme
intermediate, P is nascent NHand Q is glutamic acid.
The kinetic properties of three Class | amidotransferases
are in accord with the minimal mechanism. Thus, glutamine
ydrolysis proceeds through a thiolester intermediate in
hich glutamine is transferred to a homologous cysteine
residue in the reactions catalyzed by hamster CBDCPS
6), andp-aminobenzoate synthase (PabA) An acid-stable
orm of enzyme-bound glutamine has been detected in each
'of the enzymes. The acyl intermediate formed in CPS has
been isolated and chemically characteriz&d Its absence
in a mutant enzyme in which Cys 269 of the amidotransferase
is replaced by a serine provided compelling evidence for the
identity of the covalent adduct as tkeglutamyl group in
ester linkage with cysteing). This has been confirmed by
direct visualization of the thiolester in the crystal structure
TThis work was supported by grants GM18246 (C.J.L.) and _Of CPS @) in which the hal.f_“fe of the co_mp_oun_d was
GM18938 (W.W.C.) from the National Institute of General Medical increased as a result of a His 358sn substitution in the
Science. _ amidotransferase subunit. In the steady state and at saturating
57;%%%25%?23;”9 Iﬁgg}%-p gﬁ'ﬁwggii (212) 578-0827. Fax: (212) concentrations of glutamine, the enzyme-bound intermediate
*University of Wisconsin. accumulates to average molar ratios of 0.31, 0.56, and 0.89
§ The Public Health Research Institute. determined in CPS6{ 8, PabA (0), and CAD 6),
! Abbreviations: CPS, carbamyl phosphate synthetase; carbamyl- respectively. The kinetics of enzyme deacylation determined

P, carbamyl phosphate; PEP, phosphoenolpyruvate; APAD, 3-acetylpy- 4; _ ; i
ridine adenine dinucleotide; CAD, carbamyl phosphate synthetase directly ) or by steady-state analysis of thiolester formed

aspartate transcarbamylasihydroorotase multifunctional complex; (6, 7) give ratios of the rate constarksandks (mechanism
chloroketone.-2-amino-4-oxo-5-chloropentanoic acid. 1) which quantitatively account for the valueskgf;andK,
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measured in the hydrolytic reaction. Roux and Walgh ( ridine adenine dinucleotide (APAD), glutamine, and ca-
note that in the steady state= 0.8k,, which suggests that  codylic acid were purchased from Sigma. Type VI pyruvate
breakdown of the thiolester is not totally rate-limiting and kinase (rabbit muscle), lactate dehydrogenase (rabbit muscle),
k. also contributes tdo in the glutaminase reaction. That and Type Il glutamate dehydrogenase (bovine liver) were
the thiolester is a kinetically competent intermediate in also purchased from Sigma. Nessler's reagent was obtained
overall carbamyl phosphate synthesis has been shown byfrom Fluka Chemicals and was used according to instructions
studies 11) in which the observed rates of thiolester provided by the manufacturer. AG 50W-X2 cation-exchange
formation and hydrolysis, measured in pulse-chase and rapid-resin (hydrogen-form, 166200 mesh) was purchased from
quench experiments, were consistent with catalytic turnover Biorad. All other chemicals were of the highest purity
determined in the overall reaction under the same conditions.commercially available.

From mutagenesis studies there is strong evidence for the Enzyme PreparatiarWild-type CPS (specific activity, 4.2
involvement of a histidine residue in glutamine hydrolysis #mol carbamyl-P and glutamate formed at 3¢ min™
(12). The essential His 170 of anthranilate synthase has beermd ") and the E841K mutant holoenzyn were purified
proposed to act as a base catalyst that withdraws a protorfespectively fromE. coli strains L852 and L871 harboring
from Cys 84 thereby increasing the nucleophilicity of the recombinant plasmids (pLLK12 and pLL43) carrying the
otherwise protonated sulfhydryl. A nearby and invariant Wild-type or mutantarAB operon, as previously described
glutamic acid (Glu 172), reminiscent of the charge-relay (19). The proteins were stored a80 °C as suspensions in
system of the serine proteinases, has led to the propt@al (100 mM potassium phosphate (pH 7.6), containing 5 mM
that the three residues (Cys-His-Glu) constitute a catalytic Ornithine al 2 M ammonium sulfate. For use in theN
triad that promotes hydrolysis by the mechanism operative iSotope experiments, the protein was transferred to 50 mM
in papain. This, however, is not supported by evidence potassium phosphate buffer (pH 7.4) by centrifugation
indicating that an E170D mutation in PabA has only marginal through a column of Sephadex G-50. After desalting, the
effects onk.xandKmy and an E170A enzyme retains activity €nzyme solution was free of N as judged by Nessler’s
(10). In the case of PabA1Q) and CPS 14), His 178 and assay. It was clarified and sterilized by passage through a
His 353 in the respective amidotransferase subunits have als®.2um cellulose acetate filter. Protein concentration was
been shown to be essential for glutamine hydrolysis. The determined in 50 mM potassium phosphate buffer (pH 7.4)
His353Asn mutant enzyme is able to bind glutamine but is from the absorbance at 280 nm, using an extinction coef-
at least 200 times slower in substrate hydrolysis. The crystalficient of 0.685 cni* mg™* mi~* (20, 2.
structures of two amidotransferases, GMP synth&Seand Assay of CPS-Catalyzed Glutamine Hydrolysigdrolysis
CPS ), are fully consistent with the participation of either ©0f glutamine, either in the partial reaction or in overall
a catalytic triad or an interactive Cys-His ion pair in the carbamyl phosphate synthesis, was determined by measuring
catalytic mechanism. Both enzymes have histidines suf- the amount of ADP or glutamate formed. Measurement was
ficiently near to the reactive cysteine for proton transfer. Even made by endpoint assay, using the coupled pyruvate kinase
though Glu 355 in the active site of CPS could potentially lactate dehydrogenase or NAglutamate dehydrogenase
be part of a catalytic triad, there is no evidence that hydrolysis Systems 22). The progress of glutamine hydrolysis was

of the amide bond in glutamine requires transfer of a proton determined from reaction mixtures incubated at 7.
other than that donated by histidine. Aliguots containing 20QuL of the reaction solution were

withdrawn at indicated intervals and transferred to 0.1 vol
of 1 N HCI to quench the reaction. After incubation at®

for 10 min, the solution was neutralized by addition of 0.1
vol of 1 M Tris base. The ADP concentration was determined

The near superposition of GMP synthase catalytic site
groups on those of papain and the serine proteinad®s (
and the recently reported structure of the transition-state
analogue/-glutamylsemialdehyde hydrate bound covalently i -
in the active site of CPSLg), imply a tetrahedral intermediate at 23'.5 .C by adding 25 or 5GL of t_he sample to a cuvette
in the mechanism of glutamine amide hydrolysis. This containing 1 mL of an assay solution composed of 100 mM

intermediate would be the direct precursor to release of NH 1 1is/acetate (pH 7.6), 60 mM KCl, 20 mM MgSOL mM
and formation of the thiolester. While a tetrahedral inter- PE_P’ 0.3 mM NADH, 5 units of pyruvate kinase, anq 10
mediate has been mentioned in recent discussions 0funlts of lactate dehydrogenase. The amount of ADP in the

glutamine hydrolysisg, 14, 16, experimental evidence for sample was calculated from the net decrease in absorbance

its existence has not been adduced. Heavy atom isotopeat 340 nm, using 6.22 as the millimolar extinction coefficient

effects provide a powerful means of obtaining information of NADH. ) i i
about the rate-determining step or any other moderately slow | "€ amount of glutamate in the quenched reaction solution
event preceding the first irreversible step of a reactibn (W8S determmgd from the increase in absorbance_at 363 nm
18). The reversible formation of a tetrahedral intermediate UPON conversion of glutamate w-ketoglutarate with the

followed by bond breakage would be expected to be subject3-2cetylpyridine analogue of NAD and glutamate dehydro-
to a large isotope effect. In the present study we have genase43). Assay solutions (1 mL) contained 100 mM Tris/

measured enfichment of naturally occurrifiy in glutamine ~ acetate (pH 8.0), 50 mM KiPO,>", 1 mM ADP (to stabilize

as a test for the rate-limiting step in its conversion to "€ enzyme), 0.5 mM acetylpyridine dinucleotide, and
glutamate and ammonia. glutamate dehydrogenase (15 units). An appropriate aliquot

(20—50 uL) of the neutralized sample containing glutamate
MATERIALS AND METHODS was added to the assay mixture so that the final concentration
of glutamate was between 0.02 and 0.1 mM. The assay
Materials ATP and ADP were obtained from Pharmacia solutions were incubated for 30 min at 3. A blank
BioTech. Phosphoenolpyruvate (PEP), NADH, 3-acetylpy- contained all of the same components except glutamate.
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Standards containing 0.6®.1 umol of glutamate were  NH; was removed at 10C by rotary evaporation. The
included in each experiment. The net increase in absorbanceesulting syrupy residue was dissolved in 10 mL of distilled
at 363 nm of reduced acetylpyridine dinucleotide was water and lyophilized to dryness. This step was repeated until
determined, and the concentration of glutamate was calcu-the ammonia content of the solution represent€d1% of
lated, using a millimolar extinction coefficient for APADH  the total glutamine. This amount of ammonia does not
of 8.33 obtained from a standard curve. The extent of interfere with the measurement of the isotope effect. The
glutamine hydrolysis at the end of the experiment was dried residue was dissolved in about 4 mL of distilled water,
determined in triplicate from aliquots of the zero- and 50%- neutralized wih 1 N HCI, and then brought to a known
conversion reaction mixtures. These values were used tovolume with water. The solution was split into three portions
calculate the precise fraction of reactiof) feeded for for isotope analysis. Glutamine amide-N was completely
analysis of the isotope effect. hydrolyzed by addition of 2 volfo3 N HCI and heating at
Isotope Effect Nomenclatur&he nomenclature used in  100°C for 2 h in anoven £6). The hydrolysates, cooled to
this work is that of Northrop 24) in which the leading 4 °C, were brought to pH 2 whit5 M KOH and then adjusted
superscript denotes the isotope responsible for the effect onto pH ~5.5 with 1 M KOH. The ammonia released from
the given kinetic (or thermodynamic) parameter. Tf¢ glutamine was recovered by alkaline steam distillat®r).(
isotope effect onV/K is written as'®(V/K). This expression  The distilling flask (containing~2 mL of water, 0.6 g of
represents the rate of théN-containing species und&t’K MgO, and 0.7 mL 61 M KOH) was attached to the
conditions relative to the rate of tAéN-containing species  distillation apparatus, and the steam supply was vented. The
[(VIK)N,/(VIK)N,]. To designate the specific substrate on hydrolysate and combined washes were introduced through
which the isotope effect is measured, a subscript within the the entrance reservoir in a volume of 405 mL. The
parentheses is included. Tht&V/Kg) denotes the effect  distillate (30 mL) was collected in a flask containing 5 mL
of isotopic substitution in the C-5 amide group of glutamine of 0.1 N HSOs into which the condenser outlet was
on V/K for glutamine. immersed. The acidic distillate was concentrated to a volume
Isolation of Glutamine Amide-N for Isotope Analysis of 2—2.5 mL by heating at 100C. All of the ammonia in
Initial attempts to resolve mixtures of glutamine, glutamate, the hydrolysate was recovered in the distillate. The overall
and NH* were complicated, because of the well-known recovery of ammonia from the unreacted glutamine was
instability of glutamine during AG 50W-X8 chromatography 93.8%.
(25). A considerable cyclization of glutamine to PCA and Isotopic AnalysisFor isotope ratio analysis, the concen-
ammonia occurred during chromatographic separation, andtrated distillate was transferred to one arm of a Y-tube and
only 50% of the unreacted glutamine was recovered. Nearly the remaining arm was filled with 2 mL of sodium hypo-
guantitative recovery of glutamine was achieved, when bromite solution 28). The solutions were frozen with dry
chromatography was performed at'@ with a low-cross- ice—2-propanol and the Y-tube was evacuated on a vacuum
link resin (AG 50W-X2) and increased flow rates. No attempt line. The solutions were thawed and mixéd vacuo to
was made to separate glutamine from glutamate, which wereoxidize the ammonium to NThe N, was distilled on a high-
coeluted from the column. AG 50W-X2 was thoroughly vacuum line through dry ice2-propanol and liquid nitrogen
cleaned before use. The resin (100 g) was washed with 1 Ntraps and was collected on molecular sieves cooled with
HCI (until the filtrate was colorless) on a sintered glass funnel liquid nitrogen. The purified Blwas analyzed on a Finnegan
and then rinsed with distilled water to remove the excess Delta isotope ratio mass spectrometer to determine the
acid. The potassium form of the resin was prepared by abundance of*N.
washing with 0.5 M KOH until the filtrate was alkaline. The 15N Isotope Effects Determined inv€rall Carbamyl-P
dark brown resin was bleached by treatment with hypobro- Synthesis The isotope effect in the glutamine-dependent
mite solution (300 mL of 0.5 M KOH to which was added synthesis of carbamyl phosphate was determined from
15 mL of Br), rinsed with 0.5 M KOH until the filtrate reaction mixtures where zero- or 50% of the substrate had
appeared colorless, and then washed with water. The nearlybeen converted to products. The reaction mixture (pH 7.40)
white resin was converted to the hydrogen form with an contained 30 mM sodium cacodylate buffer, 90 mM KCI,
excess of 0.5 N HCI and rinsed with water until the effluent 25 mM MgChk, 10 mM ATP, Na salt, 10 mM KHCg) and
was neutral. Resin (0.6 mequiv/mL bed volume) prepared 5 mM natural-abundance glutamine in a final volume of 90
in this manner was packed as 1.6-23-cm columns. The  mL. The reaction was initiated by adding the wild-type
reaction mixture, at pH 2, was applied to the column at a holoenzyme (1.2 mg) to the mixture at©. A 30 mL portion
flow rate of 2 mL/min, and the effluent was monitored at of the solution (zero-conversion sample) was transferred to
280 nm. ATP, bicarbonate, and carbamyl phosphate and itsa separate flask, where the reaction was quenched by addition
breakdown products were eluted in the void volume. of 0.12 vol d 1 N HCI (pH ~1.3). The remaining 60 mL of
Glutamine, glutamate, and NH were retained on the the reaction mixture was incubated at°&7with slow stirring
column. The column was washed with 250 mL of cold until 50% of the initial substrate had been converted to
distilled water, until the absorbance at 280 nm returned to glutamate. The progress of the reaction was monitored by
the baseline. The column was then eluted at a flow rate of removing aliquots of the reaction mixture for ADP and
0.7 mL/min with a freshly prepared solution of 0.5 M MH glutamate determinations. After 1ol of glutamate had
OH, and 7 mL fractions were collected. Glutamine and been formed {120 min), the reaction was stopped by
glutamate eluted as a sharp peak at the solvent front.addition of 0.12 vol 61 N HCI (pH 1.35). Under these
Fractions found to contain glutamine and glutamate by the conditions, carbamyl phosphate hydrolyzes to yieldsNH
ninhydrin spot test were combined. The solution was adjustedHCO;~, and inorganic phosphat@9). The mixtures were
to pH 11.5 with about 1.5 mLfd. M KOH, and the bulk of filtered through YM-30 units (Amicon) at 4C to remove
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denatured protein. At this point, the fraction of reaction was T e 1: 15y Isotope Effects on the Hydrolysis of Glutamine in the

determined by removing an aliquot (1@Q) for glutamate Overall and Partial Reactions Catalyzed by Wild-Type and E841K
analysis. Analyses were also performed on an aliquot Mutant CPS Holoenzymes

removed from the zero-conversion sample immediately after enzyme  reaction catalyzed  pH f 15V//Kgpn)?
quenching of the reaction. The filtered solution was diluted wild-type _carbamyl-P synthesis 7.40 0.542  1.021% 0.0002
with an equal volume of distilled water and adjusted to pH (n=3)

2. The unreacted glutamine was isolated, and the isotope ratiowild-type carbamyl-P synthe$is 7.40 0.534  1.021% 0.0014
of the ammonia released from glutamine was determined. (n=3)

In parallel experiments, théN to “N ratios of the starting ~ Wild-type glutamine hydrolysfs 7.42 0.404 1'(?]12753)0'0001

glutamine and of glutamine isolated from the zero-conversion gg41x glutamine hydrolysis 6.60 0.4337 1.0215 0.0002
sample by AG 50W-X2 chromatography were determined (n=13)
by mass spectrometry after hydrolysis of amide-N in 2 N 2 The values indicated are the mean and root-mean-square deviation

HCI, recovery as ammonia, and oxidation to, Mith of the measurements made in separate samples of the reaction mixtures.
hypobromite as described above. b Conditions: 37°C, 30 mM sodium cacodylate buffer, 10 mM ATP

Determination of!>N Isotope Effect in CPS-Catalyzed (sodium salt), 25 mM MgG| 90 mM KCI, 10 mM KHCQ;, and 5
Glutamine HydrolysisThe isotope effect was determined MM natural-abundance glutamirféConditions: 37°C, 20 mM potas-
. . . . sium phosphate buffer, and 5 mM natural-abundance glutamine.
in the glutaminase reaction in the absence of carbamyl
phosphate synthesis. Because the slow rate of glutamin
hydrolysis in the absence of MgATP and HEMecessitated
longer incubation times, the experiments were done under
sterile conditions. The reaction mixture (pH 7.42) contained
20 mM potassium phosphate buffer and 5 mM natural-
abundance glutamine in a total volume of 150 mL. The
reaction was initiated at @C by adding 12 mg of the wild-
type CPS holoenzyme. Part of the reaction mixture (50 mL)
corresponding to the zero-conversion sample was quenched
by transfer to a flask containing 5 mif @ N HCI (pH 1.5).
The remaining 100 mL of reaction mixture was incubated
at 37 °C with slow shaking. Nonenzymatic hydrolysis of
glutamine was measured in parallel by omitting the enzyme.
Glutamine hydrolysis was followed by withdrawing 200
of the reaction mixtures and measuring the amount of RESULTS
glutamate formed. When 40% of the substrate had been L )
hydrolyzed in the enzymatic reaction (22 h), the reaction N Isotope Effects Measured inv€rall Carbamyl Phos-
solution was acidified, and the denatured protein was Phate Synthesis and in Glutamine HydrolysButamine-
removed by filtration through a YM-30 unit at 2C. The ~ dependent CPS catalyzes the reaction
fraction of reaction was determined from the total glutamate . _
formed. No glutamate or ammonia was detected in the 9lutamine+ HCO;  + 2MgATP — carbamyl-P+
nonenzymatic control. The filtrates obtained from the zero- MgATP + P, + glutamate (3)
and 40%-conversion samples were diluted with an equal
volume of water, adjusted to pH 2, and applied to 26-  Kinetic studies {) have shown this reaction is irreversible,
15-cm columns of AG 50W-X2 (Kform). Glutamine and  and dissociation of the products is more rapid than catalysis.
glutamate were isolated by chromatography and the amide-Nv/K for glutamine is about 1x 10° s M1 at 37 °C,
was recovered as Ny the same procedures, as described measured by formation of ADP or of glutamate. To assess
for the overall synthesis. the isotope effect contributed by the amide cleavage reaction,

Analysis of Glutamine Hydrolyzed by Mutant E841K CPS the 15N/*N ratio was measured in the glutamine remaining
The isotope effect was also measured in glutamine hydrolysisafter 50% of the initial substrate had been converted to
catalyzed by a mutant holoenzyme. This mutant enzyme products. The isotope ratio of ammonia released from the
catalyzes no carbamyl-P synthesl®)(and exhibits altered  amide group of the remaining glutamine was determined by
properties in glutamine hydrolysi$)( The isotope experi-  isotope ratio mass spectral analysis. In two experiments using
ments with the mutant enzyme were performed according natural-abundance glutamine, the aver&fe/Kg,) effect
to the same details outlined above for the wild-type enzyme, in the glutamine hydrolytic step of overall carbamyl phos-
except that the reaction was performed at pH 6.60 which is phate synthesis was determined to be 1.02170010 (Table
close to the pH optimum of the mutant enzyme. The sterile 1). In the absence of MgATP and HGQ CPS catalyzes
reaction mixture contained 20 mM potassium phosphate the partial reaction
buffer and 5 mM natural-abundance glutamine in a volume
of 90 mL. The reaction was initiated (at°C) by adding 3 glutamine + H,O — NH; + glutamate 4)
mg of mutant holoenzyme. The zero-conversion sample (30
mL) was treated according to the usual procedure. The According to mechanism 1, NHk released before glutamate.
remaining 60 mL was incubated at 3¢ for 140 h resulting If it is assumed that NElleaves the enzyme, its protonation
in 43.4% conversion of the substrate. The reaction was linearin solvent effectively removes it as a reaction participant and
over this period, indicating complete stability of the enzyme. glutamine hydrolysis can be considered irreversible. In this

®rhe isotope ratios were determined by mass spectral analysis
following conversion of the amide-N of the remaining
glutamine to N.

Data Analysis The 1N isotope effect describing isotope
discrimination in the amide group of glutamine is calculated
from the following equation:

“(VIKg) =log (1= f)log [(1 - HRIR,)]  (2)

whereRs is the>N/1*N ratio in the amide-N in the unreacted
substrate after fraction of reactibrandR, is the initial 15N/

14N ratio in the substrate as determined in the zero-conversion
control.
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partial reaction 4), glutamine hydrolysis, measured as A more detailed part of the mechanism than that shown

appearance of glutamate, is slowK for glutamine is 420 ineqlis

s 1 M~1 (6), which is about 200 times lower than the value ) " « )

observed when hydrolysis is coupled to carbamyl phosphateg + Gin< E—GIn== E-GIn* = E—| —

synthesisK, for glutamine (0.15 mM) is essentially the same ko ka ke

under both conditions. In the partial reaction also, the isotope [E=GIu] + NH; (5)

ratio was determined as above from the ammonia isolated ) o )

from 60% glutamine remaining at the end of the reaction. Where E-GIn is the collision complex of glutamine and

The5(V/Kgp) in the amide-N was 1.015% 0.0001, a value ~ €nzyme presumably in an open form;EIn*is the E-GIn

significantly smaller than the one measured in the overall cOmplex after the conformation change which closes the

reaction. active site and sets the stage for catalysis;| BEs the
The E841K mutant enzyme has a lysine in place of Glu tetr_ahe_dral intermediate, and&lu] is the acyi—enzyme

841 in the carbamate active site in the synthetase subunitvhich is subsequently hydrolyzed. In mechanism 5\e

(19). This mutation lowers the activity of the carbamate for glutamine is given by

phosphorylation site, measured as transfer of phosphate fro _

carbamyl-P to ADP, to~3% of the wild-type enzyme. "VIK e = bbbk (kals + ko - el + k)

Carbamyl-P synthesis is undetectabt®(01%). A pH effect (6)

onV for glutamine hydrolysis is observed. The glutaminase 54 ye15y isotope effect, assuming that onky will be

activity of the mutant enzyme displays a single optimum at isotope-sensitive is

pH ~ 6.6, in contrast to the wild-type enzyme which exhibits ’

optima at pH 4.2 and pH 9.3). Pertinent to the present BVIKg) = (%, + ¢)I(1+ ¢) 7)

studies, addition of MgATP and HGO elicits no increase

in glutamine hydrolysis or in the hydrolysis gfglutamyl- where

hydroxamate ). In the absence of MgATP and HGQ a

60-fold increase irK,, for glutamine is observed, with a G = (ki/kg)(1 + (k/ky)(1 + ky/ky)) (8)

2-fold increase in the rate of glutamine hydrolysi#K for . .

glutamine is 11 st M~%, To examine the effect of E841K The observation of af*N isotope effect greater than 2%

on amide cleavage only (where the rate constants forin the present work shows thetis small, and thus none of

hydrolysis of the thiolester would not apply) the reaction of the partition ratios in eq 8 is very largdn particular, k;

Cys 269 with a chloroketone analogue of glutamine{  Must be smaller thake, which means breakdown of the

amino-4-0xo-5-chloropentanoic acid; 186) has been de- petrqhedral |nter.m<.ed|ate to release Nid the major rate-

termined with the wild-type and mutant enzymé (n this limiting step. This is reasonable, because a proton must be

reaction, K app is the observed first-order rate constant for Put on the NH group (presumably from His 353.6)) to

formation of the covalent enzyme-oxonorvaline derivative, ~ Permit its departure, whereas reversal of tetrahedral inter-

andK;, is the observed dissociation constant of the reversible Mediate formation requires only departure of the thiolate of

is 7 x 10° s* M~ compared to 5x 10° s M~ for the 15N isotope effect should be pH-independent, becaxise

mutant enzyme. The 100-fold reduction in catalytic efficiency Small. _ _ _

of the mutant enzyme, however, is not associated with a !t is interesting that thé>N isotope effect is the same for

significant effect on chloroketone bindinig{ decreases from ~ Wild-type enzyme catalyzing the overall reaction and for the

3.3to 1.7 mM in the mutant enzyme). In view of these altered E841K enzyme which is catalyzing only the glutaminase

properties, the nitrogen isotope effect was also determined'€action. However, the wild-type enzyme in the absence of

in the partial reaction catalyzed by E841K CPS. THw/ MgATP and HCQ" gives a reducedN isotope effect of

Kcin) obtained was 1.021% 0.0002, which is similar to the 1.57%. This suggests Fhat one of th_e_partmon ratios in eq 8

value observed with wild-type CPS in the carbamyl phos- has become larger, spis now~0.4 (if it was <0.1 to start

phate synthesis reaction. with). The ratioka/k; is unlikely to have increased, because
the reaction in the absence of MgATP and HC@ slower
DISCUSSION than that in its presence and it is unrealistic to think that

The™N isotope effects measured in hydrolysis of glutamine glutamine would become partly sticky. The rakidks is also
amide-N are close to the values of 1.023 determined in Unlikely to increase, because this would requisto decrease
papain-catalyzed hydrolysis df-benzoylargininamide3Q)
and to the maximur®®N isotope effect of 1.025 obtained in ZAny N isotope effect on the formation of the tetrahedral

: : ; : : ; intermediate will be a secondary one and much smaller than the primary
organic model reactions in which-N bond breaking is isotope effect ork; observed in the present studies. In the case of the

known to be rate'd?terminin@L and references thereir_‘)- aspartate transcarbamylase reaction, the value of the isotope effect on
In the present studies, tHéN isotope effects are useful in  formation of the tetrahedral adduct is 1.002®)(

dissecting the mechanism of the CPS-catalyzed glutaminase _ * Release of Nirequires protonation of theNH; group. This can

. . : take place either at the tetrahedral intermediate or concerted with C
reaction, because the only step in the hydrolysis that shouldy,o,q cleavage. In the former case, the obseridsotope effect is

give a sizable isotope effect is the—@l cleavage that  the product of an inverse isotope effect for formation of the zwitterionic
produces ammonia. Assuming this step is irreversible, all tetrahedral intermediate multiplied by the normal one for its breakdown.

; In the latter case, one is simply comparing the transition-state structure
SUbsequem steps have no effect\dK for g|Utam|ne’ and with that of free glutamine. In either case, the observation of &2%o

N isotope effects determined by the internal competition jsotope effect shows clearly that one is looking at a primary isotope
method are those ovi/K. effect for C-N cleavage.




7314 Biochemistry, Vol. 39, No. 24, 2000 Rishavy et al.

Scheme 1
Gin NH3 H,O Glu

ky | ka ke |Kio
Ka ks k7

Kq ke ke
E E-Gin E-GIn* E-| [E-Glu] E-l E-Glu E

relative tok; (for a slower reactionk; certainly would not conformation change which occurs upon binding of glutamine
increase). Thus, the likely culprit is/ks. This ratio would (4, 21 or upon reaction of cysteine 269 with chloroketone
increase ifky decreased. We suspect that in the absence of(34) or cyanate 5) analogues of glutamine. Evidence that
MgATP and HCQ™ the conformation change that converts this conformation change is engaged in catalytically impor-
E—GIn to E-GIn* is slow, and that botlks andk, will be tant and reciprocating interactions with the carboxyphosphate
decreased. Possiblkg is decreased more thdg (the ratio site in the synthetase subunit can be found in 4efal, 22,
of rates with and without MgATP and HGO s 200 ¢, and 34—36.
6)), so thatks becomes the slow step in the reaction. The In summary, thé®N isotope effects observed in carbamyl
value of ¢ in eq 8 is only dependent, however, on the phosphate synthesis and glutamine hydrolysis catalyzed by
partition ratios and not on the absolute values of the rate wild-type CPS and a Glu 841Lys mutant form are
constants. BuY/Kgin, as given by eq 6, does depend on the consistent with the mechanism of glutamireamide cleavage
absolute value oks, and a low value ok; would decrease  described in eq 5. Even though it is no longer sensitive to
V/K and the turnover number. 5N, the second part of the glutamine hydrolytic reaction is
Compared to théN isotope effect in glutamine hydrolysis a reverse of glutamine cleavage. The acyl intermediate
catalyzed by the wild-type, the mutant enzyme shows an [E—GIu] is hydrolyzed in an attack by 4 to give a
increased isotope effect of 2.15% in the glutamine reaction. tetrahedral intermediate; &, which breaks down to glutamate
This suggests thaj is low (<0.1) in this reaction and one  and the free enzyme. Glutamine hydrolysis can be described
or more of the partition ratios has become smaller as a resultby a Ping Pong Bi Bi mechanism with,8 as the second
of the mutation.ks/k, will have no significant effect on substrate and isomerization of the enzyrsabstrate and the
commitment (eq 8), becaukeis the slow step in the reaction [E—GIu] complex as diagrammed in Scheme 1 or formally
andk, > k. It is the ratioks/ks which represents the most as an Ordered Uni Bi mechanisi@7.
sensitive step in the reaction, and therefdegk, must
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catalyzed reaction indicates that the valuekst, andki/ks 1. Meister, A. (1989Adv. Enzymol. Relat. Areas Mol. Biol. 62,

are similar to or less than those of the wild-type measured 315-374.

in the presence of MgATP and HGO The highK,, for 2. aacl)':(i%g-, :'17012 Sgrgithlﬁ]a; L. (199&)dv. Enzymol. Relat. Areas
i ; impli ; i . Biol. ,87—144.

glutamine seen with the m“t"’?”t implies an mcrgasdauln 3. Buchanan, J. M. (1973dv. Enzymol. Relat. Areas Mol. Biol.

andk,, and, thus, the conformation change convertingdn 39,91-183.

to E—GIn* and possibly the initial binding of glutamine are 4. Wellner, V. P., Anderson, P. M., and Meister, A. (1973)

disfavored. The low turnover number of the mutant (0.05 Biochemistry 122061-2066.

s'and 0.1 st, compared to the value of the wild-type, 11.2 5. ggg%%%%négﬂés& and Evans, D. R. (1991)Biol. Chem.

s and 0.063 ', with and without MgATP and HCO, 6. Lusty, C. J., and Liao, M. (199Biochemistry 321278

respectively) is presumably limited k. 1284,

The observed®N isotope effects approaching the maxi- 7. Roux, B., and Walsh, C. T. (199Bjochemistry 316904—
mum discrimination ratio are interpreted as clear evidence 6910.

_ ; ; ; 8. Lusty, C. J. (1992)FEBS Lett. 314135-138.
that C-5 amide bond breaking with release of Nid 9. Thoden. J. B.. Miran, S. G.. Philips, J. C., Howard, A. J.,

completely rate-determining in the first step of carbamyl-P Raushel, F. M., and Holden, H. M. (199BJjochemistry 37
synthesis. The full isotope effect can be obtained only if the 8825-8831. '

reaction proceeds by way of the reversible formation of a 10. Roux, B., and Walsh, C. T. (1998jochemistry 323763
tetrahedral intermediate followed by its irreversible break- 3768.

; ; ) : 11. Miles, B. W., Banzon, J. A., and Raushel, F. M. (1998)
down. The isotope effects also provide the first experimental Biochemistry 3716773-16779.

proof that NH released by amide-bond cleavage is the 15 Amuro, N., Paluh, J. L., and Zalkin, H. (1985)Biol. Chem.
chemically reactive species in glutamine amide-N transfer 260, 14844-14849.
reactions catalyzed by the enzymes of Class |. Previously, 13.Mei, B., and Zalkin, H. (1989). Biol. Chem. 26416613~

this has been inferred on the strength of chemical arguments ~ 16619.
alone @0, 33. 14. Miran, S. G., Chang, S. H., and Raushel, F. M. (1991)

. . . Biochemistry 307901-7907.
An important feature of the mechanism we put forward is 15 Tesmer, J. J. G., Klem, T. J., Deras, M. L., Davisson, V. J.,

a conformation change which closes the active site and and Smith, J. L. (1996Nat. Struct. Biol. 3,74—86.
positions the substrate correctly for the ensuing reaction. Also 16. Thoden, J. B., Huang, X., Raushel, F. M., and Holden, H. M.
important for effective catalysis may be subtle changes in (1999) Biochemistry 3816158-16166.
the positions of Cys 269 and His 353 favorable for proton 17. Cleland, W. W. (1995Methods Enzymol. 24341373

P , , 18. O’Leary, M. H. (1980Methods Enzymol. 683—104
transfer. We suspect the conformation change which converts 19, Guillou, F., Liao, M., Garcia-Espana, A., and Lusty, C. J.
E—GIn to E-GIn* is functionally identical to the well-known (1992) Biochemistry 311656-1664.



15N Isotope Effects in Glutamine Amide Hydrolysis

20. Anderson, P. M. (197Biochemistry 16587—592.

21. Rubino, S. D., Nyunoya, H., and Lusty, C. J. (1986Biol.
Chem. 261113206-11327.

22. Anderson, P. M., and Meister, A. (196Bjochemistry 5,
3157-3163.

23. Witt, I. (1974) inMethods of Enzymatic AnalygBergmeyer,

H. U., Ed.) Vol. 4, pp 17131715, Academic Press, New
York. (2nd English edition, translated from the 3rd German
edition.)

24. Northrop, D. B. (1977) itsotope Effects on Enzyme-Catalyzed
ReactionqCleland, W. W., O’Leary, M. H., and Northrop D.
B., Eds.) pp 122148, University Park Press, Baltimore,
MD

25. Moore, S., and Stein, W. H. (1954)Biol. Chem. 211893~
906.

26. Leach, S. J., and Parkhill, E. M. J. (195%)0c. Int. Wool
Text. Res. Conf. B 32—-101.

27. Bremner, J. M. (1965) iMethods of Soil Analysis, Part 2
(Black C. A., Ed.) pp 12561286, American Society of
Agronomy, Inc., Madison, WI.

28. Weiss, P. M. (1991) irEnzyme Mechanism from Isotope
Effects (Cook, P. F., Ed.) pp 304305, CRC Press, Boca
Raton, FL.

Biochemistry, Vol. 39, No. 24, 20000315

29. Allen, C. M., Jr., and Jones, M. E. (196Bjochemistry 3,
1238-1247.

30. Khedouri, E., Anderson, P. M., and Meister, A. (1966)
Biochemistry 53552-3557.

31. O’Leary, M. H., Urberg, M., and Young, A. P. (1974)
Biochemistry 132077-2081.

32. Waldrop, G. L., Urbauer, J. L., and Cleland, W. W. (1992)
Am. Chem. Soc. 114941-5945.

33. Hartman, S. C. (1973) ihe Enzymes of Glutamine Metabo-
lism (Prusiner, S., and Stadtman, E. R., Eds.) pp-328L1,
Academic Press, New York.

34. Pinkus, L. M., and Meister, A. (1972) Biol. Chem. 247
6119-6127.

35. Anderson, P. M., and Carlson, J. D. (19B&chemistry 14,
3688-3694

36. Mullins, L. S., Lusty, C. J., and Raushel, F. M. (1991Biol.
Chem. 2668236-8240.

37. Cleland, W. W. (1963Biochim. Biophys. Acta 67104—
137.

BI000435Z



