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ABSTRACT. The yeast Pycl isoform of pyruvate carboxylase has been further characterized and shown to
differ from the Pyc2 isoform in it&, for K* activation. Pyc1 differs from chicken liver pyruvate carboxylase

in the lack of effect of acetyl-CoA on ADP phosphorylation by carbamoyl phosphate, which may be a
result of differences in the loci of action of the effector between the two enzymes. Soly@ris@tope

effects have been measured with Pycl on the full pyruvate carboxylation reaction, the ATPase reaction
in the absence of pyruvate, and the carbamoyl phosphate-ADP phosphorylation reaction for the first time
for pyruvate carboxylase. Proton inventories indicate that the measured isotope effects are due to a single
proton transfer step in the reaction. The inverse isotope effects observed in all reactions suggest that the
proton transfer step converts the enzyme from an inactive to an active form. Kinetic measurements on the
C249A mutant enzyme suggest that C249 is involved in the binding and action of enzyme activators K
and acetyl-CoA. C249 is not involved in ATP binding as was observed for the corresponding residue in
the biotin carboxylase subunit &scherichia coliacetyl-CoA carboxylase, nor is it directly responsible

for the measured invers¥k../Km) isotope effects. The size of the inverse isotope effects indicates that
they may result from formation of a low-barrier hydrogen bond. Modification of the wild type and C249A
mutant witho-phthalaldehyde suggests that C249 is involved in isoindole formation but that the modification

of this residue is not directly responsible for the accompanying major loss of enzyme activity.

Pyruvate carboxylase (EC 6.4.1.1) is a biotin-dependent (reaction 2). Free M and acetyl-CoA are only required
enzyme that catalyzes the carboxylation of pyruvate to form in reaction 1, but the degree of dependence on acetyl-CoA
oxaloacetate. The overall reaction that it catalyzes proceedsfor activity depends on the source of the enzyme (for a
in two steps as follows: review, see reB).

When it became apparent that the site of carboxylation of
biotin was 1-N, it was quickly realized that for this nitrogen
to be sufficiently nucleophilic, the biotin must undergo
tautomerization from the keto to the enol ford).(Tipton
and Cleland %) investigated the biotin carboxylase subunit
of acetyl-CoA carboxylase frofascherichia coliand found
evidence of a basesulfhydryl ion pair which they proposed
acted to enolize biotin. Tipton and Clelari) proposed that
In reaction 1, the current evidence suggests that a carboxy-n the active form of the enzyme the base is protonated and
phosphate intermediate is formed in a reaction betweenthe sulfhydryl group is deprotonated. A proton is removed

MQATP + HCO,” + ENZ—biotin =222t

MgADP + P, + ENZ—biotin—CO,~ (1)

ENZ—biotin—CO, + pyruvate=
ENZ—biotin + oxaloacetate (2)

MgATP and HCQ (1, 2). The biotin prosthetic group is then
carboxylated at the'AN position either directly by carboxy-
phosphate or more likely by GQesulting from the decar-

from 1'-N of biotin by the ionized sulfhydryl group, and the
protonated base stabilizes the negative charge of the ureido
oxygen in the enolate tautomer of biotin. Later, Werneberg

boxylation of the intermediate. The second partial reaction and Ash 6) reactedo-phthalaldehydec-Pa} with chicken

involves the carboxylation of pyruvate by carboxybiotin
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liver pyruvate carboxylase (CLPC) and demonstrated the
formation of two isoindole derivatives per mole of biotin.
The isoindole derivative is characteristic of the reaction of
o-Pa with thec-amino group of lysine and the sulfhydryl of

*To whom correspondence should be addressed: Department of cysteine when they are3 A apart. From substrate protection

Biochemistry, The University of Western Australia, 35 Stirling
Highway, Crawley, WA 6009, Australia. Phone: 61 8 93803329. Fax:
61 8 9380 1148. E-mail: pattwood@cyllene.uwa.edu.au.

*The University of Western Australia.

§ University of Adelaide.

"Mahidol University.

10.1021/bi035575y CCC: $27.50

1 Abbreviations: Pycl, pyruvate carboxylase | isozyme; Pyc2,
pyruvate carboxylase 2 isozyme; WT, wild-type Pycl; C249A, mutant
form of Pycl in which C249 has been mutated to alanine; CLPC,
chicken liver pyruvate carboxylase:Pa,o-phthalaldehyde.

© 2004 American Chemical Society

Published on Web 12/25/2003



1076 Biochemistry, Vol. 43, No. 4, 2004 Bransonet al.

studies, it was proposed that there was one such amino acid Site-Directed Mutagenesia.0.5 kb Kpnl—Bglll fragment

pair present at the site of reaction 1. This work provided encoding part of the biotin carboxylase domain of Pycl was

direct evidence that supported the involvement of a lysine  restricted from pMW4A and ligated into pBluescript 11 SK

sulfhydryl ion pair in the carboxylation of biotin in a biotin-  (+) (Stratagene). Mutagenesis was performed on this frag-

dependent enzyme. ment using the Quickchange site-directed mutagenesis kit
Jitrapakdeeet al. (7), when comparing the sequences of (Stratagene). The mutagenic oligonucleotides for C249A are

several pyruvate carboxylases with the crystal structure of 5-CGAAAGAGACGCTAGCGTGCAGAGAAGAC-3 (for-

the biotin carboxylase subunit &. coli acetyl-CoA car- ward) and 5GTCTTCTCTGCACGCRAGCGTCTCTTTCG-

boxylase determined by Waldreg al. (8), noted that C230 3’ (mutated codons are in bold, and a sillfitd restriction

and K238 are sufficiently close to allow their cross-linking site is underlined). The mutant was screened Niyd

by o-Pa and are located in the active site. These two residuegestriction digestion and sequenced to confirm the mutation.

are also strictly conserved in all biotin-dependent carboxy- After mutagenesis, this 0.5 Kpnl —Bglll cassette was used

lases, in a highly conserved region of amino acid sequence,to reassemble the PYC1 gene in pvVT100-U.

i.e., ERDICSIQRRHVVE. However, mutation of this Transformation of Mutant Expression Constructs into
cysteine to alanine in the biotin carboxylase subunit of acetyl- yeast Yeast transformation was performed using the lithium
CoA carboxylase fronk. coli (9) showed that C230 is not  acetate procedurel). Transformants were plated onto
essential for the carboxylation of biotin. The mutation did racil-deficient selective media [0.8% (w/v) yeast nitrogen
resultin a 50-fold increase in th&, for MgATP, suggesting  pase, 1.1% (w/v) casamino amino acids, 0.2 g/L adenine,
a role for this residue in ATP binding). The equivalent 204 (w/v) glucose, 0.01% (w/v) tryptophan, 0.01% (w/v)

Cysin Pyclis C249. . leucine, 2% (w/v) bactoagar, and 0.05% (wiwbiotin],
Saccharomyces cersiaeis the only organism knownto  sypplemented with 12 mM-aspartate, and incubated at 30
have two genes for pyruvate carboxylad,(11), namely,  °C for 6 days to reveal transformant colonies.

PYC1 and PYC2. The expression of the two genes is Preparation and Purification of WT and C2498he WT

d!fferentially regqlated, fand it has peen proposed that and C249A enzymes were purified as described by Branson
different metabolic functions are carried out by the two et al. (16)

isoforms of the enzymel@, 13). The sequences of the two

isozymes, Pycl and Pyc2, are 92% homolo 4), " . > .
andyboth arg expresse)(/j in the cytooplastﬁ).( Sgt(:(ﬁei Zm specific radioactivity of 56-62 mCi/mmol from Amersham-

yeast pyruvate carboxylase to date have mainly been Pharmacia, Australia Pty. Ltd. All other materials were high-

performed using the enzyme isolated from baker's yegst ( PUTty preparations from commercial suppliers.
cerevisiae) which has therefore potentially been a mixture ~ Assays of Pynate Carboxylating Actiity. The conditions
of both of the isoenzymes. However, a preliminary study of for this spectrophotometric assay where oxaloacetate forma-
the kinetic characteristics of Pyc1 has been published recentlytion is assessed in a coupled reaction with malate dehydro-
(16) and has shown that the properties of this isozyme differ genase, were as described by Attwood and Clel&@), (
from those previously reported for the apparently unresolved except that the buffer was 0.1 M Tris-HCI (pH 7.8). One
mixture of isoforms. unit of enzyme activity is defined as the amount of enzyme
In this study, we have extended the kinetic characterization required to catalyze the formation of«nol of oxaloacetate
of Pyc1 to include a determination of its activation by K per minute at 30C. Assays were performed at 3G with
and the first analysis of kinetic solvent deuterium isotope the following concentrations of substrates unless that sub-
effects in reaction 1 of pyruvate carboxylase. We have strate was varied: 2.5 mM ATP, 20 mM NaHgQ mM
produced a mutant form of the enzyme in which C249 has MgCl,, 10 mM pyruvate, and 0.21 mM NADH. Unless
been mutated to alanine. In this way, we have examined thevaried or stated otherwise, acetyl-CoA and¢oncentrations
role of this residue in the mechanism of action of a biotin- were 0.25 and 5.1 mM, respectively, for WT and 1 and 20.5
dependent holoenzyme. Similar experiments have only beenmM, respectively, for C249A. In these assays, the concentra-
performed on one other member of the family of biotin- tions of acetyl-CoA that were present gave comparable
dependent carboxylases, and in that case, the isolated biotirsaturations of WT (81%) and C249A (78%), as did the
carboxylase subunit ¢. coli acetyl-CoA carboxylase was ~concentrations of K: 57% for WT and 59% for C249A. In
used 0). the experiments where the'kconcentration was varied, no
We compare the results of our investigations of the biotin acetyl-CoA was present, and in the case where the acetyl-
carboxylation reaction in the holoenzyme Pycl with those COA concentration was varied, no"Kvas present (acetyl-

from studies of the isolated biotin carboxylase subuniEof ~ COoA was synthesized from the sodium salt of CoOASH by
coli acetyl-CoA carboxylase. reaction with acetic anhydride in the presence of NakHCO
instead of KHCQ).

MATERIALS AND METHODS ADP Phosphorylation by Carbamoyl Phosphaiéese

Strains and Vector&A plasmid (pPMW4A) containing the  assays were performed at 3G as described by Attwood
full-length, wild-typeS. cereisiaePYC1 gene17) in pUC19 and GraneriZ1), using hexokinase and glucose-6-phosphate
was kindly provided by M. Walker (Biochemistry Depart- dehydrogenase as coupling enzymes to assess MgATP
ment, University of Adelaide). The Pycl mutant and the formation. The sodium salt of carbamoyl phosphate was used
wild-type control were cloned into the pVT100-U multicopy as the varied substrate, and 2 mM MgADP was present, in
yeast expression vectat ) and transformed int8. cerei- the presence or absence of acetyl-CoA aridaKconcentra-
siae DM18 (MATa, ura3, trpl, pycl LEU2, pyc2 HIS3) tions for pyruvate carboxylation assays of WT and C249A
(13). as described above.

Other Materials.['*C]Biotin was obtained as a solid at a
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ATPase Reactions in the Absence of Rwta. These
assays were performed at 3G as described by Attwood
and Graneri 20), using pyruvate kinase and lactate dehy-

drogenase as coupling enzymes to assess MgADP formation:
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Table 1: Kinetic Parameters for the Full Pyruvate Carboxylation
Reaction of WT and C249A

Km or Ka (£SE) (mM)

Keat (£SE) (s1)

MgATP was the varied substrate, and reactions were AC\%OTA 0,06 0.01 0519
performed in the presence of 20 mM NaHEONhen C249A 0.29+ 0.03 201+ 0.8
present, acetyl-CoA and'Kconcentrations were as described MgATP
above for pyruvate carboxylation assays of WT and C249A. wT 0.07+0.01
Sobent Deuterium Isotope EffectBhe solvent deuterium C249A 0.05+0.02
isotope effects on both the full pyruvate carboxylation WT 1.36+ 0.12
reaction, the ADP phosphorylation reaction, and the ATPase C249A 2.30+0.39
reaction in the absence of pyruvate were determined as Ppyruvate
described above except that the reactions were performed C249A %i%i 8'32
in 95 or 97% DO as indicated. The reactions for the proton ¢+ ' '
inventories were performed in reaction mixtures containing WT 3.80+ 0.62 29.9+ 1.2
C249A 14.02+ 3.25 2.94+ 0.34

0—95% D,O using 0.25 mM (WT) or 4.6 mM (C249A) &
free acetyl-CoA.
Determination of the Biotin ContenAfter removal from

aThe Ky values of WT for the substrates are taken froml@and
were determined using acetyl-CoA containing, kind hence, the assays

the storage solution, aliquots of the enzyme solutions were contained 0.25 mM acetyl-CoA and 5.1 mM"Ksee Materials and

set aside and stored &80 °C for later determination of the
biotin content. The enzyme solutions were incubated with
0.2% (w/v) chymotrypsin at 37C for 24 h. Pronase was
then added to a final concentration of 0.45% (w/v), and the
solutions were incubated for an additional 72 h at°87
The solutions were then heated for 15 min at $G@Mefore
being used in the biotin assay described by Ryatl. (22).

Modification of WT and C249A by o-Parhis was
performed at 30C as described by Werneberg and Agh (
using 100uM o-Pa. The number of isoindoles formed per
enzymic subunit were calculated from the isoindole absor-
bance at 337 nm at various time points over the 15 min
modification time course and from the biotin concentration
of the enzyme. An absorbance coefficient of 7660 \m*
at 337 nm 6) was used to calculate the isoindole concentra-
tions.

Data Analysis.The data were analyzed using nonlinear

Methods). TheK, values of C249A were determined in the presence
of 1 mM acetyl-CoA and 20.5 mM K TheK, values for acetyl-CoA

andk. values in the presence of a saturating acetyl-CoA concentration
for WT and C249A were determined in the absence &f Khe K,
values for K and thek.q values in the presence of a saturating K
concentration for WT and C249A were determined in the absence of
acetyl-CoA. The standard errors (SE) of the estimates of the kinetic
parameters were derived from the nonlinear least-squares fits of the
Michaelis-Menten equation to the data or in the case of acetyl-CoA
and K" data to eq i.

the effect of the mutation on th¢, for K™ was to increase
it by 3.7-fold from that of WT. Essentially, thK,, values
for MgATP and pyruvate were unaffected by the mutation.
The K, for bicarbonate of C249A was 1.7-fold greater than
that of WT.

The ke for the reaction in the presence of saturating
concentrations of acetyl-CoA of WT was approximately
twice that in the presence of a saturating &ncentration.

least-squares regression analysis to fit the data either to theThe mutation of C249 resulted inka, that was~34% of

Michaelis-Menten equation or in the cases where the
effector acetyl-CoA or K was varied to

v =V/(1 + K/[effector]) + R 0]
where v is the velocity of the reaction at any effector
concentration ([acetyl-CoA] or [K]), Vmax is the velocity
of the reaction at a saturating acetyl-CoA of Koncentra-
tion, K, is equal to the acetyl-CoA or Kconcentration
required to giver = Vmad/2, andR is the residual velocity
of the reaction in the absence of acetyl-CoA or. Rseudo-

that of WT for the reaction in the presence of a saturating
acetyl-CoA concentration. In the presence of a saturating K
concentration, however, the, for the reaction catalyzed
by C249A was only~10% of that of that of WT. In addition,
the kot for the reaction in the absence of acetyl-CoA was
7.4% of that in the presence of a saturating acetyl-CoA for
WT concentration but not significantly different from zero
for C249A (data not shown).

Kinetic Parameters of WT and C249A for ADP Phospho-
rylation by Carbamoyl Phosphat&he kinetic parameters
for ADP phosphorylation by carbamoyl phosphate are shown

first-order rate constants were estimated together with i, Taple 2. In the reaction catalyzed by WT, acetyl-CoA
standard errors of the estimates for the inactivation of the gng k+ had little effect on eithek.y or K, for carbamoyl

enzyme witho-Pa by fitting first-order exponential decay
curves to the data.

RESULTS

Kinetic Parameters of WT and C249A for the Full
Pyruvate Carboxylation Reactioli, values for acetyl-CoA
and K andK, values for bicarbonate, MgATP, and pyruvate
for the full pyruvate carboxylation reaction catalyzed by both
WT and C249A are shown in Table 1. In additibgy values

phosphate. The C249A mutation only affecteg and K,

in the presence of acetyl-CoA and Kvherek o was reduced
by 60% andKy by 85%, and this resulted in a 2.6-fold
increase irkso/Kyn compared to that of WT.

Sobent Deuterium Isotope Effect3he kinetic solvent
deuterium isotope effects for the full carboxylation reaction,
the ATPase reaction in the absence of pyruvate, and the
phosphorylation of ADP by carbamoyl phosphate are shown
in Table 3. TheP(k./Km) effects for the full pyruvate

for the reaction in the presence of a saturating acetyl-CoA carboxylation reaction for both WT and C249A were inverse

or saturating K concentration are shown. Theg for acetyl-
CoA of C249A was 4.8-fold greater than that of WT, while

effects, in both the presence and absence of acetyl-CoA and
K*. The P(k.afKm) effects for WT and C249A were much
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Table 2: Kinetic Parameters for the ADP Phosphorylation by
Carbamoyl Phosphate

Km (£SE) (MM) ket (£SE) (9

with AcCoA and K~

WT 11.3+2.3 0.11+0.01
C249A 1.7+ 0.4 0.043+ 0.003
"(VIK) without AcCoA and K
WT 12.3+ 3.8 0.11+ 0.01
C249A 10.7+£ 4.5 0.13+ 0.02
2 The kinetic parameters were determined by varying the carbamoyl
04 I 7 phosphate concentration at 2 mM MgADP in the presence or absence

of either 0.25 mM acetyl-CoA and 5.1 mM*KWT) or 1 mM acetyl-

CoA and 20.5 mM K (C249A). The standard errors (SE) of the
estimates of the kinetic parameters were determined from nonlinear
least-squares fits of the Michaeti#enten equation to the data.

02 E

0 1 1 1 1
0 0.2 0.4 0.6 0.8 1

of acetyl-CoA and K similar in size to that of WT. However,
Fraction D,O in the presence of acetyl-CoA and Kthe P(k.o/Km) effect
Ficure 1: Proton inventories for the full pyruvate carboxylation Igrlc 249A was large and normal. Alke ffects were close
reaction in WT &) and C249A Q) with MgATP as the varied :
substrate. Other reaction components were pyruvate (10 mM), In the ADP phosphorylation reaction, in the presence of
NaHCQ; (20 mM), free Mg* (4.5 mM), and acetyl-CoA (0.25  acetyl-CoA and K, WT exhibited aP(k../K.) effect that
mM for WT or 4.6 mM for C249A). was inverse and similar to those for the full pyruvate
120 ettt carboxylation reaction and the ATPase reaction in the
presence of acetyl-CoA and'KThe Pk. effect was close
to 1 for WT. In contrast, C249A exhibiteb(k.o/K) and
Pk o effects that were both normal and similar in magnitude
to each other.

Modification of WT and C249A by o-PEigure 2 shows
the stoichiometry of modification bg-Pa of the WT and
C249A mutant enzymes. The intersection points of the lines
(fitted to the initial data points of each data set) on the
abscissa indicate that more isoindole derivatives are formed
during the observed inactivation process in WT than in
C249A. On the other hand, the pseudo-first-order rate
constants measured for the inactivation of the enzyme were
similar for both WT and C240A in the absence of acetyl-
CoA and K': 0.01004 0.0020 s* for WT and 0.0066+
0.0026 st for C249A. The values were 0.0022 0.0017
and 0.0025 0.0011 s?, respectively, in their presence. As
well as reducing the rate of inactivation, acetyl-CoA and K
also increased the number of isoindole derivatives formed
at each level of residual activity.

Isoindoles Formed/Biotin

Ficure 2: Stoichiometry of modification of WTA) and the C249A
mutant O) by o-Pa, in the absence (empty symbols) or presence
(filled symbols) of acetyl-CoA and K Where present, the reaction

mixtures contained either 0.25 mM acetyl-CoA and 5.1 mM K i
(WT) or 1 mM acetyl-CoA and 20.5 mM K (C249A). In WT, theK, for K* is ~45% of that measured by Myers

et al. (23) in baker’s yeast. The presence in the baker’'s yeast

more inverse in the absence of acetyl-CoA andtKan in of Pyc2, which may have a highét, for K*, is likely to
their presence, and that for C249A was more inverse thanaccount for this difference. This, together with previously
for WT in the absence of acetyl-CoA and KThePk. effect published data which suggested differences between Pycl
was an inverse effect in the absence of acetyl-CoA ahd K and Pyc2 in theiK, values for acetyl-CoAS), indicates
for both WT and C249A, while in their presence, the effect that a major difference between the two isozymes is their
was small and normal for WT and not significantly different regulation by allosteric activators. It should be noted that in
from unity for C249A. Figure 1 shows proton inventories the work presented here “Kree acetyl-CoA was used
for the solvent(k..{Kn) effects for both WT and C249A,  whereas previouslyl§) acetyl-CoA that did contain Kwas
and the linearity of both plots indicates the involvement of used. The values thus reported in the work presented here
a single proton transfer step. of the K, for acetyl-CoA and thék, in the presence of a

In the ATPase reaction, in both the presence and absenceaturating acetyl-CoA concentration for WT are somewhat
of acetyl-CoA and K, WT exhibited®(k../Kn) effects that ~ smaller than those previously reported.
were inverse and similar to that observed for the full pyruvate  The lack of an effect of acetyl-CoA andton the kinetic
carboxylation reaction in the presence of acetyl-CoA and parameters of the ADP phosphorylation reaction in WT
K*. C249A too had an invers¥k../Kn) effect in the absence  differs markedly from the effect for the same reaction in

DISCUSSION
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Table 3: Solvent Deuterium Isotope Effec®k.a/Km), andPk., on the Full Pyruvate Carboxylation Reaction, the ATPase Reaction in the
Absence of Pyruvate, and the ADP Phosphorylation by Carbamoyl Pho3phate

WT +accoa+k C249A: accontk C249A pccontk
(£SE) WT-accoatk (£SE) (£SE) (£SE)
(A) Full Pyruvate Carboxylation Reaction
P(Keal Kim) 0.64+0.04 0.33+£ 0.02 0.56+ 0.03 0.13+ 0.02
Pkeat 1.46+0.08 0.61+ 0.04 1.02+ 0.09 0.58+ 0.03
(B) ATPase Reaction
P(KeafKm) 0.67+ 0.05 0.76+ 0.12 3.75+ 0.46 0.60+ 0.09
Pkeat 1.12+0.03 0.91+ 0.05 1.01+ 0.07 1.26+ 0.09
(C) ADP Phosphorylation by Carbamoyl Phosphate
D(KealKim) 0.66+ 0.05 - 1.4840.35 -
Pkeat 1.05+ 0.07 - 1.55+0.26 —

a|sotope effects were determined in either 95% (A) or 9790 B and C) by varying the MgATP concentration while holding the exces¥ Mg
concentration at 4.5mM for the full pyruvate carboxylation and ATPase reactions. The carbamoyl phosphate concentration was varied in the ADP
phosphorylation reaction. All other substrates were present as described in Materials and Methods, and reactions were performed in the presence
or absence of either 0.25 mM acetyl-CoA and 5.1 mM®VT) or 1 mM acetyl-CoA and 20.5 mM K(C249A). The standard errors (SE) are of
the means of three estimates.

chicken liver pyruvate carboxylase (CLPC). Although both carboxylase exists in two protonation states, only one of
enzymes are very dependent on acetyl-CoA for overall which is catalytically active. Thus, for ATP cleavage, for
pyruvate carboxylating activity, acetyl-CoA induced a more biotin carboxylation, and for ADP phosphorylation by
than 200-fold increase in the size of the observed rate carbamoyl phosphate, the inactive form of the enzyme has
constant of the approach to steady state of ATP cleavage into convert to the active form in a deuterium-sensitive proton
CLPC @4), but had no effect in WT16). ADP phosphor- transfer reaction. Largely on the basis of what was known
ylation by carbamoyl phosphate is thought to mimic the of deuterium isotope fractionation factors at the time and
reverse of the ATP cleavage and carboxyphosphate forma-from their experiments with sulfhydryl group-modifying
tion, and thus, the large difference in the effects of acetyl- reagents, Tipton and Cleland, (24) suggested that the
CoA on the ATP cleavage reaction in WT and CLPC appears reaction responsible for the isotope effects was proton
to be reflected in the ADP phosphorylation reaction. transfer from a cysteine sulfhydryl group to the amino group
Solvent DO isotope effects have not been previously of a lysine residue, resulting in the catalytically active form
measured for the full pyruvate carboxylation reaction, the of the enzyme. In the biotin carboxylation reaction, the
ATPase reaction in the absence of pyruvate, or the phos-resultant ionized sulfhydryl and protonated lysine amine then
phorylation of ADP by carbamoyl phosphate in pyruvate act in concert to induce enolization of the biotin, thus
carboxylase. However, solvent@ isotope effects have been activating the N ready for carboxylations). Since 1988,
measured for these reactions catalyzed by the biotin car-however, it has become apparent that low deuterium isotope

boxylase subunit oE. coli acetyl-CoA carboxylases( 9). fractionation factors can also be indicative of the presence
For these reactions in biotin carboxylase, inverse solve@t D  of a low-barrier hydrogen bon@5). In addition, the values
isotope effects were observed on bé&th andkea/Km (5, 9) of P(k.afKm) We have obtained for the full pyruvate carboxy-
and were attributed to a single proton transfer sgpQur lation reaction of 0.33 in WT and 0.13 in C249A, together
results for WT are similar for the isotope effects lag/Km with values of 0.210.32 for the ATPase reaction of biotin

in the full pyruvate carboxylation reaction, the ATPase carboxylase9), are much lower than the fractionation factor
reaction in the absence of pyruvate, and the ADP phospho-of sulfhydryl groups of 0.40.5 (26). This suggests that the
rylation reaction. In addition, the linearity of the proton formation of one or more low-barrier hydrogen bonds may
inventory for WT shown in Figure 1 indicates that the effects be responsible for the observed solvent deuterium isotope
in WT can be attributed to a single proton transfer step. In effects. It is likely that that the formation of the putative
contrast to the isotope effects in biotin carboxylase, however, low-barrier hydrogen bond occurs as a result of proton
an inversé’k., effect was only observed for the full pyruvate rearrangements in the active site that are associated with the
carboxylation reaction when acetyl-CoA and Were absent.  enolization of biotin and its subsequent carboxylation. At
In the other reactions?k.: Was either close to unity or this stage, however, we cannot identify the amino acid
slightly normal. This suggests that while the isotope-sensitive residues involved in the formation of the low-barrier
step is rate-limiting for bothk../Km and ke, in all of the hydrogen bond nor understand its detailed role in the catalysis
reactions in biotin carboxylase this is the only case for the of biotin carboxylation.
full pyruvate carboxylation reaction in the absence of acetyl- In general, the mutation of C249 produced small but
CoA and K" in WT. In all the other cases in WT, isotope- significant effects on some kinetic parameters of Pyc1 which
insensitive reaction steps, which may not occur in the biotin suggests that while C249 does not play an essential role in
carboxylase reaction, are rate-limiting fiag: catalysis, it does participate in certain aspects of enzyme
The overall similarity of the results suggests that the causefunction. The mutation of C249 had little effect on tKg
of the inverse isotope effects is the same isotope-sensitivefor pyruvate, indicating that no large structural changes had
step in both WT and biotin carboxylase. Tipton and Cleland occurred that affected the site of reaction 2 (Table 1). More
(5) interpreted the fact that the isotope effects on beth unexpectedly, however, the mutation also did not affect the
Km andke for biotin carboxylation and ADP phosphorylation K, for MgATP (Table 1). This is in stark contrast to the
were inverse effects in both cases as an indication that biotinmore than 50-fold increase i, that the corresponding
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C230A mutation in the biotin carboxylase subunitofcoli insensitive step (or at least one with only a small normal
acetyl-CoA carboxylase produced which Levettal. took isotope effect) has become rate-limiting for b&th/K,, and
as an indication of a role in ATP binding for C23@) (It is keat The marked effects of the mutation of C249 on K¢
possible that the isolated biotin carboxylase subunit has afor carbamoyl phosphate and tkg; for the reaction (Table
somewhat different conformation compared to that when it 2) support this proposal. Since there are no proton transfer
is part of the acetyl-CoA carboxylase holoenzyme, a reactions in this reaction, the new rate-limiting step may
circumstance under which its structure may be more similar involve product dissociation.
to the biotin carboxylation domain of pyruvate carboxylase. = The modification of WT byo-Pa differs from that of CLPC
This might be inferred by the more than 6000-fold increase observed by Werneberg and Asé),(who found that the
in catalytic efficiency of biotin carboxylase with an 87-amino loss of enzymic activity correlated to the formation of
acid C-terminal domain of the biotin carboxyl carrier protein approximately 1.3 isoindoles per biotin, although more
of E. coliacetyl-CoA carboxylase (BCCP87) as a substrate, prolonged incubation gave evidence of the formation of
compared to the reaction with free biotin as a substi2fe ( multiple isoindole derivatives per biotin. In WT, this stoi-
With BCCP87 as a substrate, the reaction and conformationchiometry is closer to 4 isoindoles per biotin in the absence
of the biotin carboxylase subunit are likely to be closer to of acetyl-CoA and 6 in its presence. CLPC has 15 Cys and
those that occur in the acetyl-CoA carboxylase holoenzyme 37 Lys residues9), whereas Pycl has 12 Cys and 65 Lys
than to those with free biotin as a substrate. residues; thus, although Pycl has fewer Cys residues than
The major effects of the C249 mutation in Pycl are on CLPC, it is possible that the larger number of Lys residues
the stimulation of enzyme activity by acetyl-CoA and K  in Pycl creates more Cys-Lys pairs in the proximity of each
and the abolition of enzyme activity in the absence of these other which can be modified bg-Pa. Differences in the
activators. The effects of the mutation of C249 on bi§th numbers and spatial arrangements of Cys and Lys residues
and k.o of the activation of Pycl by acetyl-CoA and'K  between Pycl and Pyc2 may also explain the finding of
indicate that C249 is involved in both the binding of these Headlam and Attwood3(Q) that for baker’s yeast PC the
activators and mediating their activation of catalysis. The stoichiometry of isoindole formation per biotin correlating
other effect of the C249 mutation is to increase kygof to the loss of enzymic activity was close to 1.
HCGOs™; however, this may not be as a result of a direct effect  The increase in the stoichiometry of isoindole formation
of the mutation on HC@ binding but may be a result of  per biotin during inactivation and the-%-fold reduction in
the reduced efficacy of activation of the enzyme by acetyl- the observed first-order rate constant for inactivation in the

CoA, since one effect of acetyl-CoA is to reduce Eygfor presence of acetyl-CoA and *Kare indications of the

HCO;™ (28). protection againsd-Pa inactivation of the enzyme afforded
In the ADP phosphorylation reaction, the mutation had by these effectors.

no effect on thek,, for carbamoyl phosphate d¢, in the The C249A mutation results in less isoindole formation

absence of acetyl-CoA andut reduced botl, andkga at a corresponding level of loss of enzyme activity compared

in their presence, resulting in an increase in catalytic to that for WT upon modification of the enzyme loyPa,
efficiency of ~2.7-fold compared to that of WT. These with stoichiometries of isoindole formation per biotin of 1.2
effects of the C249 mutation on the ADP phosphorylation and 2 in the absence and presence of acetyl-CoA, respec-
reaction are qualitatively similar to those measured by the tively. This indicates that in WT, C249 is modified byPa,
mutation of C230 in biotin carboxylas®)( probably together with K257, to form an isoindole. The fact
In C249A, the solvenPk., isotope effects on all of the that stoichiometries of isoindole formation in C249A are
reactions are similar to those observed in WT and indicate much lower than those of WT indicates that the mutation
that the mutation is not having a great effect on the reaction has also affected the-Pa modification of other Cys-Lys
step(s) which is rate-limiting fok.o. In C249A, the solvent  pairs, apart from C249 and K257. On the other hand, the
P(k.afKm) isotope effects for the full pyruvate carboxylation observed first-order rate constants for enzyme inactivation
reaction are similar to those of WT. However, f{&a/Km) in C249A are very similar to those of WT. This suggests
effects for ADP phosphorylation and the ATPase reaction that the major part of the loss of enzyme activity on
in the presence of acetyl-CoA and Kre normal and large  modification of the enzyme witlo-Pa is not caused by
in the case of the ATPase reaction. In their study of the isoindole formation involving C249 but is due to isoindole
ATPase reaction in Pycl, Bransenal. (16) found evidence  formation involving another Cys-Lys pair.
which suggested that acetyl-CoA enhances the rates of ATP This work has provided more evidence that the major
cleavage and movement of biotin between the sites of difference between the two isozymes of pyruvate carboxylase
reactions 1 and 2. In addition, acetyl-CoA also caused ain S. cereisiae (Pycl and Pyc2) lies in their allosteric
decrease in the extent of coupling between ATP cleavageregulation. The solvent deuterium isotope effects measured
and carboxybiotin formation such that abortive hydrolysis have indicated that a single proton transfer step is responsible
of carboxyphosphate becomes the major pathway in theand that it converts the enzyme from a catalytically inactive
catalytic cycle, as opposed to biotin carboxylation. The to an active form. The size of inverse isotope effects observed
observed normal solveRtk../Km) effect observed in C249A  under some conditions indicates that formation of a low-
in the presence of acetyl-CoA could arise as a result of this barrier hydrogen bond occurs and, not as previously thought,
redirection of flux through the catalytic cycle. One possibility proton transfer from a sulfhydryl group occurs. The fact that
is that the mutation of C249 results in this hydrolysis C249 has been shown not to be responsible for the loss of
reaction, with an attendant normal deuterium isotope effect, activity duringo-Pa modification of the enzyme and to be
becoming rate-limiting folk.a/Km. In the ADP phosphory-  nonessential for catalysis and the fact that similar isotope
lation reaction, it would appear that in C249A a deuterium- effects still occur in the full pyruvate carboxylation reaction
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in C249A compared to WT rule out the originally proposed

role of this residue in the mechanism of the enzyme. How-
ever, C249 has been shown to be involved in the binding
and activation of the enzyme by allosteric activators acetyl-
CoA and Kt. C249 does not appear to have a role in ATP

binding, unlike C230 in biotin carboxylas8)( and this may

be due to differences between the structure of the isolated
biotin carboxylase subunit of acetyl-CoA carboxylase and 16

that of the biotin carboxylase domain in the pyruvate car-
boxylase holoenzyme, despite theid4% level of sequence
identity.
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