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ABSTRACT: The pH dependence of the reaction catalyzed by phosphoenolpyruvate carboxykinase (PEPCK)
provides significant insight into the chemical mechanism. The pH dependence ofkcat shows the importance
of two acidic ionizations with pKa values of 6.5 and 7.0 assigned to the active site metal ligands H249
and K228. A single basic ionization is observed with an apparent pKa value of 8.4 that is assigned to
K275 that is located in the P-loop motif and is essential for phosphoryl transfer. The pH dependence of
kcat/KM,PEP demonstrates the importance of the same two acidic ionizations in the interaction of
phosphoenolpyruvate with PEPCK and a single basic ionization with a pKa value of 8.1 that is assigned
to Y220. The interaction of Mg-IDP with PEPCK is dependent upon a single acidic ionization attributed
to K228 and two basic ionizations, both having an average pKa value of 8.1. One of the basic ionizations
is attributed to the P-loop lysine (K275) and the other to C273.

Phosphoenolpyruvate carboxykinase [GTP/ITP:oxaloac-
etate carboxylase (transphosphorylating; EC 4.1.1.32) (PEP-
CK)1] catalyzes the reversible decarboxylation of oxaloacetic
acid with the concomitant transfer of theγ-phosphate of GTP
(or ITP) to form PEP and GDP (IDP) as illustrated in Scheme
1. The primary role of the enzyme in most organisms is the

formation of PEP in the first committed step of gluconeo-
genesis. The protein studied herein is that isolated from
chicken liver mitochondria, which has been shown to be a
monomeric protein of 67 kDa (1).

PEPCK has been isolated and studied from a variety of
sources. PEPCK occurs in the cytosol of the adult rat, mouse,
and hamster liver (2) and in the mitochondria of adult pigeon
and chicken (3, 4). PEPCK occurs in both cytosolic and
mitochondrial forms in rabbit, pig, and human liver (2, 5-7).
The cytosolic and mitochondrial forms are distinct proteins
and can be distinguished from each other biochemically. The

sequences of GTP-utilizing PEPCKs from several sources
have been elucidated and are found to contain approximately
60-65% identity among all sources. An additional class of
PEPCK exists inEscherichia coli, C-4 plants, and yeast.
These are mostly multimeric enzymes and utilize ATP rather
than GTP (ITP) as the phosphoryl donor. These enzyme
forms have been found to have relatively low overall identity
with the GTP-utilizing class of enzymes.

Currently little structural information on the chicken
mitochondrial isoform of PEPCK exists; however, recently
the structure of the homologous human cytosolic enzyme
has been determined (8). Due to the high degree of similarity
between the chicken mitochondrial and human cytosolic
enzymes (63% identity), the structural features between the
two are likely to be conserved, and therefore the structure
of the human cytosolic enzyme is an excellent model for
the chicken mitochondrial enzyme. Much of the structural
information currently known about the chicken mitochondrial
enzyme has arisen from classical chemical modification and
inactivation studies and from NMR and EPR techniques to
determine active site residues and relative substrate orienta-
tions at the active site of the enzyme (9-18). Additional
information has been obtained from the formation of an
active Co(III)-PEPCK species that suggested the identity of
the activating metal (site I) ligands includes D295 and/or
D296 (19, 20). D296 is confirmed to be a metal ligand from
the crystal structure of human cPEPCK (8).

Previous inactivation studies of the mitochondrial form
of PEPCK from chicken liver (17) and the cytosolic form
from rat liver (21, 22) have indicated that there is a reactive
cysteine residue at the active site of PEPCK. Studies on the
mitochondrial isoform from this laboratory have suggested
that this cysteine is too distant from the active site to be
involved in catalysis (17), and the structure of the human
cytosolic enzyme again confirms the lack of a direct catalytic
role for this cysteine (8). In addition, it has been shown that
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modification of a single histidine (13), arginine (R289) (14,
18), or lysine (12) residue results in the loss of catalytic
activity in the mitochondrial form of the enzyme.

To further characterize the role of proposed active site
residues in the catalytic mechanism of the PEPCK-catalyzed
reaction, the pH dependence of several steady-state kinetic
parameters was investigated. The pH dependence of the
inactivation rates of cysteine and arginine modification was
performed to determine whether these previously determined
important residues were reflected in the pKa values elucidated
in the pH studies of steady-state parameters. The ionization
of the substrates for the reaction was also investigated by
NMR. EPR and PRR spectroscopies were used to investigate
the pH dependence on the water coordination of the
activating metal (Mn2+) and its binding constant.

MATERIALS AND METHODS

Materials. Malate dehydrogenase was purchased from
Boehringer Mannheim Corp. IDP, PEP, NADH, iodoacetic
acid, and 2,3-butanedione were purchased from Sigma. All
other reagents were of the highest purity available.

PEPCK Purification. Chicken liver PEPCK was purified
as previously described (15). The concentration of PEPCK
was determined using an extinction coefficientε280

1% )
16.5( 0.1 (mg mL)-1 (23) and a molecular mass of 67000
Da. The enzyme was shown to be>95% pure by SDS-
PAGE. The enzyme utilized for these studies had a specific
activity of 3.0-6.0µmol of OAA formed min-1 mg-1 (units/
mg) at 25°C.

PEPCK Assay.The carboxylation of PEP to form OAA,
catalyzed by PEPCK, was assayed by the method of Hebda
and Nowak (23). In this continuous assay, PEPCK is coupled
to MDH, and the disappearance of NADH is continuously
monitored with time at 340 nm on a Gilford 240 or 250
spectrophotometer thermostated at 25°C. The slope was
converted to velocity units by using the extinction coefficient
of NADH (24). The concentration of the substrate CO2 was
calculated from the concentration of substrate added as
KHCO3. The concentration of dissolved CO2 at varying pH
values was calculated using the equilibrium constant for
dissolved CO2 and carbonic acid,K1 ) 1.3× 10-3, and the
pKa values for the ionization of carbonic acid and bicarbon-
ate, pKa1 ) 3.7 and pKa2 ) 10.3, respectively (25). These
values were used in eq 1 to calculate the concentration of
dissolved CO2 at varying pH.

pH Dependence of Steady-State Parameters.The carbox-
ylation of PEP to form OAA was monitored under steady-
state conditions as described previously except the initial
velocity measurements that were determined in the pH
studies were carried out under mixed metal conditions. These
conditions use the same PEPCK assay conditions as previ-
ously described, but 60µM MnCl2 and 4 mM MgCl2 were
substituted for 4 mM MnCl2 in the standard assay. The rest
of the substrates, when kept constant, were 2 mM PEP, 2
mM IDP, and 200 mM KHCO3. The reaction was studied

over a pH range of 6.25-9.0 utilizing MES, HEPES, Tris,
and TAPS buffers. The buffers were utilized in an overlap-
ping manner. No buffer effects were observed over the pH
range studied. An assay mixture containing all of the
components except for the variable substrate, PEPCK, MDH,
and bicarbonate was prepared and the pH adjusted accord-
ingly. The pH of the bicarbonate solution was adjusted to
the same desired pH. An aliquot of the assay mix was then
added to a cuvette containing the variable substrate and the
appropriate amount of water. The reaction was initiated by
the addition of PEPCK. The pH of each assay mix was again
determined after the assay to ensure it remained constant
over the course of the reaction. The resultant steady-state
parameters were analyzed as a function of pH and fit to one
of the following equations (26):

In eqs 2-4, y is the kinetic parameter of interest,C0 is the
pH-independent parameter (kcat, kcat/KM), [H+] is the proton
concentration, and theKa values represent the ionization
constants for the groups undergoing ionization. Equation 2
defines the kinetic parameter that is affected by three
independent ionizations. In eqs 3 and 4, (Ka1,2)2 and (Ka2,3)2

represent the product of two ionization constants for groups
that are separated by less than 0.6 pKa unit. The pKa values
for these residues cannot be distinguished and are therefore
treated as equivalent ionizations (26).

pH-Dependent InactiVation Studies with Iodoacetate and
Iodoacetamide.Iodoacetate and iodoacetamide were utilized
to modify PEPCK over a pH range of 6-9 utilizing
potassium phosphate buffer. PEPCK was initially treated with
Chelex-100 resin and desalted by centrifugation in a Filtron
spin column with a 10 kDa exclusion limit. This enzyme
(0.5 mg mL-1) was then incubated at room temperature in
the presence of 50 mM buffer, 100 mM KCl, and 0.6 mM
iodoacetate or 0.6 mM iodoacetamide. An identical solution
that contained neither iodoacetate nor iodoacetamide was also
prepared as a control. A 20µL aliquot of the incubation
mixture was withdrawn at various time intervals and assayed
by the standard PEPCK assay withoutâ-mercaptoethanol.
Values forkobs were determined at each pH value from the
slope of the data plotted as a first-order process. The log of
the inactivation rates was plotted as a function of pH and fit
to eq 5 (26). In eq 5,YL is the rate constant for inactivation
at low pH andYH is the value at high pH, [H+] is the proton
concentration, andKa is the dissociation constant for the
group undergoing ionization.

[CO2(aq)] )
[KHCO3]

1 + K1 + K1(10pH-pKa1) + K1(10pH-pKa1)(10pH-pKa2)
(1)

log y ) log
C0

1 +
[H+]
Ka1

+
[H+]2

Ka1Ka2
+

Ka3

[H+]

(2)

log y ) log
C0

1 +
[H+]2

(Ka1,2)
2

+
Ka3

[H+]

(3)

log y ) log
C0

1 +
[H+]
Ka1

+
(Ka2,3)

2

[H+]2

(4)
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Arginine Modification by 2,3-Butanedione.2,3-Butane-
dione was utilized to modify PEPCK over a pH range of
6-9 utilizing the same buffers as previously indicated.
PEPCK was treated in the same manner as described for the
iodoacetate inactivation studies. PEPCK (0.5 mg mL-1) was
incubated in the presence of 11 mM 2,3-butanedione
(prepared in absolute ethanol), 50 mM buffer, and 100 mM
KCl. A similar solution substituting absolute ethanol for the
2,3-butanedione solution was also prepared. A 20µL aliquot
was withdrawn from the incubation mixtures at various time
intervals and assayed as described in the iodoacetate studies.
Values forkobs and the effect of pH upon inactivation were
determined as previously described.

31P NMR Measurements.The 1H-decoupled31P NMR of
IDP and PEP were obtained on a Varian VXR500 NMR at
202.35 MHz. PEP (0.040 M) in 10% D2O was placed in a
5 mm NMR tube, and the spectrum was obtained at 22(
0.5 °C. A total of 120 transients were obtained at each pH
value. The pH was adjusted by the addition of either 1 M
HCl or 1 M KOH and the pH determined in the NMR tube
with a Wilmad 6030-02 pH electrode and a Fisher Accumet
pH meter. IDP was treated in an identical fashion except
320 transients were obtained at each pH value. MgCl2 was
included to ensure that all IDP existed as the binary Mg-
IDP complex. The specific concentrations were 0.02 M IDP
and 0.04 M MgCl2. All resonances are relative to an external
sample of 85% phosphoric acid (0 Hz). The pH dependence
of the chemical shifts was fit to eq 5 to generate pKa values
for each ionizable group.

13C NMR Measurements.The natural abundance13C NMR
of IDP was obtained on a Varian VXR600 NMR at 150.84
MHz. For the titration of IDP, 0.100 M IDP in 10% D2O
was placed in a 3 mm NMRtube and its spectrum obtained
at 21 ( 0.5 °C. A total of 1000-3000 transients were
obtained at each pH value. The pH was adjusted by the
addition of either 1 M HCl or 1 M KOH and the pH
determined in the NMR tube with a Wilmad 6030-02 pH
electrode and a Fisher Accumet pH meter. For the titration
of Mg-IDP, 0.1 M IDP and 0.3 M MgCl2 in 10% D2O were
placed in a 3 mm NMRtube, and the spectrum was obtained
at 21( 0.5 °C. The sample was treated identically to that
for IDP. The pH dependence of the chemical shifts was fit
to eq 5 to generate a pKa value for the ionization.

Proton Relaxation Rate Measurements.The formation of
the binary enzyme-Mn2+ complex as a function of pH was
investigated by PRR techniques (27, 28). The longitudinal
relaxation rate (1/T1) of water protons was measured with a
Seimco pulsed NMR spectrometer operating at 24.3 MHz
using the Carr-Purcell 180°-τ-90° pulse sequence (29).
Enzyme was treated as previously outlined in the inactivation
studies. A 50µL solution was prepared that contained 50-
80 µM enzyme, 100 mM KCl, 50µM MnCl2, and 50 mM
buffer. A similar solution that did not contain enzyme was
also prepared. The binary enhancement of the 1/T1 of the
water protons was determined by titration of the first solution
into the second, and the data were analyzed as previously

described (14, 28). Upon titration of Mn2+ into an aqueous
solution, the relaxation rate of water protons is increased
due to the presence of a new relaxation mechanism provided
by the paramagnetic dipole. The effect is observed on the
bulk water due to the exchange of the water coordinated to
the metal with bulk solvent. Upon inclusion of a macromol-
ecule that binds the metal, the relaxation rate of the water
coordinated to the metal in the E-M complex is enhanced
further, primarily due to the increase inτc in eqs 7 and 8.
The rate enhancement can be observed as an effect on bulk
solvent due to the water exchange with the E-M complex.
The rate enhancement observed in the presence of the E-M
complex compared to the 1/T1 in the absence of enzyme is
termed the binary enhancement (εb). A more complete
description of the phenomena can be found elsewhere (14,
27, 28). The effect of pH uponεb was analyzed according
to eq 5. The frequency dependence of the effect of pH upon
εb was analyzed over a frequency range of 10.0-45.3 MHz.
The paramagnetic contribution to the relaxation rate, 1/T1p,
was calculated from the difference in relaxation rate between
samples in the presence and absence of added Mn2+. This
value was normalized by the factorp, wherep ) [enzyme-
Mn2+]/[H2O], to generate values of 1/pT1p. Under conditions
of fast exchange, 1/pT1p ) 1/T1M. For the temperature
dependence of 1/pT1p, the temperature was controlled by the
passage of a cooled stream of nitrogen that was heated via
a platinum wire electrode across the sample in the probe.
The temperature was controlled to an accuracy of(1 °C.
The observed normalized relaxation rate 1/pT1p is related to
the hydration number,q, of the metal ion, the relaxation time
of the water protons at the metal ion,T1M, and the residence
time of the water on the metal,τm, as shown in the equation:

The Solomon-Bloembergen equation relates the relaxation
time T1M to a series of constantsC, the electron-nucleus
distancer, and the correlation time function f(τc)

whereC ) 812 for Mn2+ as the paramagnetic species and
1H is the observed nucleus. The water proton metal distance
r has been determined crystallographically to be 2.87 Å (30)
and is assumed to be the same in this complex. The
correlation time function, f(τc), has the form

where ωi is the proton Larmor frequency andωs is the
electron Larmor frequency (657ωi). The correlation time,τc,
has the form

whereτs is the electron relaxation time,τm is the residence
time of the water in the coordination sphere of the para-
magnet, andτr is the rotational correlation time for the
enzyme-Mn2+ complex. The electron relaxation rate is
described by the equation (25):

1
pT1p

) q
T1M + τm

(6)

r (Å) ) C[T1Mf(τc)]
1/6 (7)

f(τc) ) 3τc/(1 + ωi
2τc

2) + 7τc/(1 + ωs
2τc

2) (8)

1/τc ) 1/τs + 1/τm + 1/τr (9)

1/τs ) B[τv/(1 + ωs
2τv

2) + 4τv/(1 + 4ωs
2τv

2)] (10)

log y ) log

YL + YH( Ka

[H+])
1 +

Ka

[H+]

(5)
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whereB is a constant that reflects the electron spin and zero
field splitting of Mn2+ and is a function of the anisotropy of
bound Mn2+. The valueτv is the correlation time for the
symmetry distortion at the metal and is attributed to solvent
impact. The treatment of such results has been discussed in
detail elsewhere (27, 28, 31).

Electron Paramagnetic Resonance Spectroscopy Measure-
ments.The binding of Mn2+ to PEPCK as a function of pH
was determined utilizing EPR techniques (32). PEPCK was
treated with Chelex-100 and desalted as previously described.
The enzyme (50-80 µM) was incubated in the presence of
50 mM buffer, 100 mM KCl, and varying concentrations of
MnCl2. The binding of Mn2+ to the enzyme was measured
by EPR. The pH dependence of binding was analyzed by
eq 5.

RESULTS

Effect of pH on Steady-State Parameters.The influence
of pH on steady-state parameters (kcat and kcat/KM) was
examined to determine the apparent pKa values of functional
groups on the enzyme and substrates that are important in
catalysis and enzyme-substrate complex formation. Care
must be taken when determining pKa values from the pH
dependence of steady-state parameters as these values can
deviate from intrinsic pKa values due to such factors as the
relative rates of specific steps in the catalytic mechanism
and the environment of the E-S complex (33). The reaction
was studied in the direction of the carboxylation of PEP to

form OAA and ITP. Initial studies that utilized Mn2+ as the
source of metal for both the enzyme and the nucleotide
resulted in precipitation at basic pH. This precipitation limited
the study to a maximum pH of 8. To resolve this problem,
a mixed metal assay, as described, was utilized. Conditions
were chosen such that the high concentration of magnesium
results primarily in the Mg-NDP complex while the
manganese preferentially forms the active binary PEPCK-
Mn2+ complex. mPEPCK binds Mn2+ 3 orders of magnitude
tighter than it binds Mg2+ (16). These conditions allowed
the enzyme to be studied over a pH range of 6.2-8.9. The
limitation at low pH is due to catalytic sensitivity. Overlap
of buffers was utilized, and no effect upon the kinetic
parameters was observed upon buffer substitution. The
individual pH profiles are illustrated in Figure 1. The data
are fit with the appropriate equations (eqs 2-5) that model
one to three ionizations and whether the pKa values are
separated by<0.6 pH unit or not. The calculated pKa values
from all of the data are summarized in Table 1. No effect
on the kinetic constantskcat or KM was observed upon a
doubling of the apparent viscosity of the assay by inclusion
of sucrose (data not shown).

There is a similar pH dependence ofkcat (Figure 1A)
regardless of the variable substrate. The equivalence of the
three profiles confirms that the fixed substrates are indeed
saturating. In each case, there are three important ionizations
in the ES complex. Two residues with apparent pKa values
of approximately 6.3 and 7.2 need to be deprotonated while

Table 1: pH Dependence of Steady-State Parameters for the PEPCK-Catalyzed Carboxylation of PEP To Yield OAAa

kinetic parameter variable substrate pH independent value pKa1 pKa2 pKa3 eqb

kcat PEP 1.68× 102 min-1 6.24( 0.26 7.33( 0.27 8.47( 0.04 2
kcat Mg‚IDP 2.60× 102 min-1 6.76( 0.04 6.76( 0.04 8.30( 0.08 3
kcat CO2 2.23× 102 min-1 6.36( 0.24 7.14( 0.25 8.40( 0.06 2
kcat/KM PEP 1.43× 106 M-1 min-1 7.26( 0.05 7.26( 0.05 8.08( 0.11 3
kcat/KM Mg‚IDP 1.50× 106 M-1 min-1 7.03( 0.17 NAc 8.15( 0.09 4

8.15( 0.09
kcat/KM CO2 2.10× 105 M-1 min-1 7.72( 0.08 NA NA 5

a The data in panels A and B of Figure 1 are fit to the appropriate equations, and pKa values are reported. pKa1 and pKa2 are apparent pKa values
of residues that must be deprotonated for maximal activity while pKa3 is the pKa for residues that must be protonated.b The appropriate equation
in the text that was used based on the number of pKa values and the best fit of the data.c NA ) not applicable.

FIGURE 1: pH dependence of steady-state parameters for the carboxylation reaction catalyzed by PEPCK.kcat andKM were obtained at each
pH value by measuring the activity at various concentrations of the variable substrate. The kinetic parameters at each pH were determined
from a least-squares fit of the data to the Michaelis-Menten equation. In (A)kcat is plotted as a function of pH with PEP (b), IDP (9), and
CO2 (2) used as the variable substrate. In (B)kcat/KPEP (b), kcat/KIDP (9), andkcat/KCO2 (2) are plotted as a function of pH. The curves
represent a best fit to the data by a least-squares fit of the appropriate equations (eqs 2-5). The fitted parameters are summarized in
Table 1.
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a single ionization with an apparent pKa of 8.4 needs to be
protonated for optimal activity.

Examination of the results fromkcat/KM profiles (Figure
1B) reveals several ionizations that appear to be important
in the “free enzyme”2 (E) or in the free substrate (S) to form
the respective “ES” complex. From a fit of the data forkcat/
KM,PEP, it is observed that three ionizations are important for
substrate-enzyme interaction. Two residues must be depro-
tonated. Since the two ionizations that must be deprotonated
are separated by less than 0.6 pH unit, the values are assumed
to be identical and are fit to eq 3 (26). The fit yields two
pKa values of 7.3. A single residue with an apparent pKa

value of 8.1 must be protonated for optimal interaction.
In the case ofkcat/KM,Mg‚IDP, a model that generates a pH

dependence on three residues is utilized to generate a best
fit to the data. A single acidic ionization with a pKa value of
7.0 is calculated from the fit of the data. Two basic
ionizations, separated by less than 0.6, are observed, and the
data are fit to eq 4. The two basic ionizations have an average
calculated pKa value of 8.2.

From a similar analysis of the pH dependence onkcat/
KM,CO2, a best fit of the data to a model where complex
formation is dependent on a single ionization (eq 5) generates
an apparent pKa value of 7.7 for a residue that must be
deprotonated.

Effect of pH on the Rate of InactiVation by Iodoacetate
and Iodoacetamide.Previous studies of mitochondrial PEP-
CK have revealed that treatment of PEPCK with thiol
modification agents such as iodoacetate and iodoacetamide
leads to inactivation of the enzyme (17). A pH study of the
rate of inactivation by iodoacetate and by iodoacetamide and
a comparison with the pKa values from the kinetic studies
could provide insight into whether this cysteine is relevant
to catalysis. The rate of inactivation of PEPCK by each of
the reagents was carried out as described over a pH range
of 6-9. Pseudo-first-order kinetics of inactivation were
observed from the linear nature of the semilog plots. The
rate constant for inactivation at each pH value was deter-
mined from the slopes of the plots (data not shown). A replot
of the observed rate constants for inactivation with respect
to pH is shown in Figure 2. The best fit of inactivation data
with iodoacetate to eq 5 generates a pKa value of 7.83(
0.11 with a limit to the observed pseudo-first-order reaction
rate constant of 0.08 min-1 at low pH increasing to 0.55
min-1 at high pH. The same experiment was performed with
0.60 mM neutral iodoacetamide. Similar pH-dependent
inactivation was obtained with limiting pseudo-first-order rate
constants of 0.007 min-1 and 0.88 min-1 at low and high
pH, respectively. A fit to the data by eq 5 gave a similar
pKa value of 8.24(0.10 (data not shown).

pH Dependence of the Rate of InactiVation by 2,3-
Butanedione.Previous studies (14) have revealed the exist-
ence of a single arginine residue that is important for
catalysis. The pH dependence of the rate of inactivation of
PEPCK by 2,3-butanedione, a modification agent specific
for arginine, was investigated over the pH range of 6-9.
The rates of inactivation followed pseudo- first-order kinetics,
and the individual rate constants were calculated from the
slopes of the plots (data not shown). A replot ofkinact as a

function of pH is shown in Figure 3. A fit of the data to eq
5 generates a pKa value of 7.42( 0.14 with a limit to the
observed pseudo-first-order reaction rate constant of 0.03
min-1 at low pH increasing to 0.2 min-1 at high pH.

pH Dependence of the31P Chemical Shifts of PEP and
IDP. The pKa values of the phosphate groups of the substrates
for the reaction were determined to elucidate if any of the
ionizations that appear in the steady-state kinetic profiles may
be due to ionizable groups of the substrates. These ionizable
groups may be essential for binding and catalysis. The31P
NMR spectra of PEP and IDP were determined at 202.35
MHz as described in Materials and Methods. The nucleotide
existed primarily (97%) as the Mg-IDP complex, based on
the reportedKD for the complex (15). The positions of the
respective resonances of theR- and â-phosphates of IDP
and the phosphate of PEP were monitored as a function of

2 Free enzyme in this instance represents the enzyme complex without
the variable substrate.

FIGURE 2: pH dependence of the rate constant for inactivation of
PEPCK by iodoacetate. PEPCK (0.5 mg mL-1) was incubated in
the presence of 0.625 mM iodoacetate as outlined in Materials and
Methods. Samples were withdrawn at various time periods and
tested for remaining activity. The inactivation rate constant (kinact)
was determined from the slopes of the lines using a least-squares
fit to the data (data not shown). The log of the resulting inactivation
rate constant (kinact) is plotted against the pH of the incubation mix.
The curve represents a least-squares fit of the data to eq 5. This
generates a pKa of 7.83.

FIGURE 3: pH dependence of the rate constant for inactivation of
PEPCK by 2,3-butanedione. PEPCK (0.5 mg mL-1) was incubated
in the presence of 2,3-butanedione (11 mM) as outlined in Materials
and Methods. Samples were withdrawn at various time periods and
tested for remaining activity. The inactivation rate constant (kinact)
was determined from the slopes of the lines using a least-squares
fit to the data (data not shown). The log of the resulting inactivation
rate constant (kinact) is plotted against the pH of the incubation mix.
The curve represents a least-squares fit of the data to eq 5. This
generates a pKa of 7.42.
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added base or acid, and the pH was determined at each
addition of acid or base. The results are presented in Figure
4. The data were fit to eq 5, and the pKa values generated
were 4.85( 0.01 for Mg-IDP as measured from the titration
of both theR- andâ-phosphates of Mg-IDP (Figure 4). The
second ionization of the phosphoryl group of PEP is 6.29(
0.02.

pH Dependence of the13C Resonances of IDP.At basic
pH, IDP has the propensity for ionization of the C-6 carbonyl
to generate the enolate as illustrated in Scheme 2. To
determine the pKa value for this ionization under the
conditions of the experiments, the13C spectra of IDP were
obtained at various pH values. The C-6 resonance for IDP
demonstrated a large pH-dependent shift. A fit of the change
in chemical shift with pH to eq 5 generates a pKa value of
9.03 ( 0.01 (Figure 5). The other carbon atoms in the
heterocyclic ring show the same pH transition that titrates
with an identical pKa value. The magnitudes of the chemical
shift changes of the other resonances are much smaller than
that of the C-6 carbon (data not shown). Since Mg-IDP is
the substrate for the reaction and the competent form of the
nucleotide used for the steady-state kinetics, IDP was
incubated with a 3-fold excess of MgCl2. The pH dependence
of the resonance positions was determined for this complex.
This study was limited to pH values below pH 9 since
insolubility problems were encountered above this pH.
Incorporation of Mg2+ in the sample had no effect on the
resonance positions at low pH so the chemical shift at basic
pH, determined from the IDP sample, was utilized to fit the

Mg-IDP data. A fit to these data by eq 5 generates a pKa

value of 8.65( 0.01 (Figure 5).
InVestigation of the Metal Binding Site as a Function of

pH by PRR.The paramagnetic nature of Mn2+, used as the
activating cation in the case of PEPCK, allows for the use
of a low-field NMR technique to investigate the proton
relaxation rates (PRR) of the bulk water in solution. These
data reflect information about the environment of the metal

FIGURE 4: pH dependence of the chemical shift of the phosphate resonances of Mg-IDP and of PEP as determined by31P NMR. The
proton-decoupled31P NMR of IDP and PEP were determined on a Varian VXR500 NMR at 202.35 MHz. A solution of 0.04 M PEP was
placed in a 5 mm NMRtube in the presence of 10% D2O, and its spectrum was obtained at 22( 0.5 °C. A total of 120 transients were
obtained at each pH value. The pH was adjusted by the addition of either 1 M HCl or 1 M KOH and measured in the NMR tube with a
Wilmad 6030-02 pH electrode and a Fisher Accumet pH meter. The IDP sample was treated in an identical fashion except 320 transients
were obtained at each pH value. MgCl2 was included to ensure that IDP existed as the binary Mg-IDP complex. The specific concentrations
were 0.02 M IDP and 0.04 M MgCl2. All resonances are relative to an external sample of 85% phosphoric acid (0 Hz). The log of the
chemical shifts are plotted as a function of pH. The curves represent the calculated best fit to the data by a least-squares fit using eq 5. (A)
Log of the chemical shifts (Hz) versus pH for theR-phosphate (b) and theâ-phosphate (9) of IDP. The fit to the data by eq 5 generates
a pKa value of 4.9 for both theR- andâ-phosphate of Mg-IDP. (B) Log of the chemical shifts (Hz) versus pH for the phosphate group
of PEP. The fit to the data by eq 5 generates a pKa value of 6.29.

Scheme 2: Ionization of the Inosine Ring of IDP at Basic pH

FIGURE 5: pH dependence of the chemical shift of the13C
resonances of IDP as determined by13C NMR. The 13C NMR
spectrum of IDP was obtained on a Varian VXR600 NMR at 150.84
MHz. A total of 1000-3000 transients were obtained at each pH
value. The pH was adjusted by the addition of either 1 M HCl or
1 M KOH, and the pH was measured in the NMR tube with a
Wilmad 6030-02 pH electrode and a Fisher Accumet pH meter.
The samples were either 0.10 M IDP (b) or 0.10 M IDP and 0.30
M MgCl2 (9). Each sample contained 10% D2O, and the temper-
ature was 21( 0.5 °C. The pH dependence of the chemical shifts
was fit to eq 5 to generate pKa values for the transitions, and a pKa
value of 9.03 for IDP was calculated. Incorporation of Mg2+ in the
sample had no effect on the resonance position at low pH so the
basic limit determined from the IDP sample was utilized to fit the
Mg-IDP data. A fit to the data by eq 5 generates a pKa value of
8.65.
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when bound to the enzyme. PRR has been used extensively
by this and other laboratories to investigate the metal binding
sites of numerous metal-requiring enzymes including PEPCK
(27, 28). In an effort to determine if pH has any effect upon
the environment surrounding the activating metal binding
site, the binary enhancement of the relaxation rate of water
molecules upon binding of the metal to the enzyme (28) was
analyzed as a function of pH. The binary enhancement (εb)
increases with an increase in pH (Figure 6). The data were
fit to eq 5, and a best fit to the data generates a pKa value of
7.55( 0.15. Two possible explanations can account for the
observed results. Either (i) the number of water molecules
coordinated to the metal ion is increased upon progressing
from low to high pH or (ii) the number of water molecules
undergoing fast exchange is increased by increasing pH. To
further investigate the phenomenon, a frequency dependence
of 1/pT1p as a function of pH was undertaken. By examining
the value of 1/pT1p at several frequencies, the hydration
number of the metal (q) can be estimated (Tables 2 and 3,
Figure 7). The calculation ofq is obtained by fitting the
frequency-dependent data by simultaneously solving eqs 6
and 8-10 until a best fit is obtained (data not shown). The
results of the fits reveal that the water protons are indeed
undergoing fast exchange sinceT1M is greater thanτm by 2
orders of magnitude (Tables 2 and 3). The temperature
dependence of 1/pT1p indicates Arrhenius behavior with an
activation energy between 2 and 4 kcal mol-1 over the pH
range studied (Table 4). This suggests that the Arrhenius
behavior results not from conditions of slow exchange but
from fast exchange withτs dominatingτc and withτs having
a positive activation energy (31). Using the fitted data,q

titrates with pH from a low of 0.45 at pH 6.5 to 0.83 at pH
9.0. Fitting of the data to eq 5 resulted in the determination
of a pKa of 7.23 ( 0.13 for the titration (Figure 7).

pH Dependence on the Binding of Mn2+ to PEPCK.The
pH dependence on the dissociation constant for the binding
of Mn2+ to PEPCK was determined by EPR spectroscopy.
The resultant plot ofKD versus pH is shown in Figure 8.
The binding data demonstrate that the metal binds tighter as
the pH increases, and the pKa value for Mn2+ binding is
7.32( 0.25 from a best fit of the data to eq 5. TheKD value
titrates from 40µM at low pH to 4µM at high pH.

DISCUSSION

Avian liver mPEPCK has been shown to be inactivated
by modification agents that react with histidine, cysteine,
arginine, and lysine residues (13, 14, 17, 18). The ionization
state of several of these residues in the catalytically com-
petent enzyme is obscure; thus their putative roles in catalysis
were unknown.

FIGURE 6: pH dependence of the binary enhancement (εb). The
binary enhancement was determined at each pH value by a PRR
titration of apo-PEPCK with an identical solution containing Mn2+.
The binary enhancement was determined as previously described.
The log of the binary enhancement is plotted as a function of pH.
The curve represents the best fit to the data by a least-squares fit
to eq 5. The pKa generated is 7.55.

Table 2: Values for 1/pT1p as a Function of pH and Frequency

1/pT1p (×10-7 s-1)

pH 10 MHz 13.5 MHz 24.3 MHz 35.3 MHz 45.3 MHz

6.5 2.14 1.92 2.46 1.59 1.19
7.0 2.69 2.86 2.98 2.15 1.64
7.5 2.92 3.00 3.36 2.33 1.76
8.0 2.50 3.05 3.31 2.30 2.32
8.5 2.45 3.10 3.27 2.37 1.92
9.0 3.19 3.92 4.07 3.18 2.63

FIGURE 7: pH dependence of the hydration number of the active
site Mn2+ as determined by the frequency dependence of 1/pT1p.
The log of the calculated hydration number of Mn2+ at site I of
PEPCK is plotted as a function of pH. The solid curve represents
a best fit to the data by a least-squares fit to eq 5. The pKa generated
is 7.23. The value ofq titrates from 0.45 at low pH to a value of
0.83 at high pH.

Table 3: Calculated Parameters from Data in Table 2a

pH τm (×10-9 s) â (×10-18) τv (×10-9 s) q

6.5 11.97 9.1 0.007 0.48
7.0 6.63 5.1 0.012 0.61
7.5 7.93 6.4 0.010 0.67
8.0 4.47 9.0 0.027 0.82
8.5 5.47 789.2 4.12 0.70
9.0 4.50 90.2 5.25 0.92
a These parameters were obtained by fitting the frequency depen-

dence of 1/pT1p at each pH value as reported in Table 2. In these fits,
τr is assumed to be the rotational correlation time estimated to beτr )
33.5 ns.

Table 4: Activation Energies of Water Relaxation Rates Calculated
from Arrhenius Plots of 1/pT1p versus 1/T (K-1)a

pH Eact(kcal mol-1)

6.5 2.2( 0.7
7.5 2.8( 0.3
8.0 2.7( 0.2
9.0 3.9( 0.2

a The experiments were performed in the temperature range of 278-
308 K.
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The kinetic mechanism by which mPEPCK operates has
recently been elucidated and is found to proceed via a
sequential ordered mechanism with PEP binding first fol-
lowed by IDP and CO2 (34, 35). The product release steps
are also ordered with OAA release preceding that of the
nucleotide triphosphate. The lack of an observed viscosity
effect on the kinetic parameters (kcat and KM) provides
evidence that substrate association or product dissociation
is not rate determining under the conditions of the experi-
ment. On the basis of this knowledge the ionizations observed
in the pH profiles of the kinetic parameters should reflect
those in the specific complexes as determined by the kinetic
mechanism.

The pH dependence of the reaction catalyzed by PEPCK
was extended to a pH range of approximately 6-9 by
modification of the standard assay to one that contained a
mixed metal system. In the assay, the high divalent metal
concentration needed to saturate the nucleotide was provided
by magnesium, and the activating metal (Mn2+) was kept at
a lower concentration but sufficient to saturate the enzyme-
metal site. The selectivity of avian mPEPCK for Mn2+ is
103 greater than it is for Mg2+ (16). These conditions alleviate
the problem of the formation of insoluble Mn2+ complexes
at higher pH and provided an acceptable range in which both
ascending and descending limbs of the pH curves could be
defined. The consistency of thekcat profiles (Figure 1)
provides evidence that the nonvariable substrates are suf-
ficiently saturating although for technical reasons they may
not always beg20 times theirKM values.

No three-dimensional structure currently exists for the
mitochondrial isozyme of PEPCK, but the human cytosolic
isozyme in substrate-free form as well as the PEP andâ,γ-
methylene-GTP complexes have recently been crystallized
(8). Since chicken mPEPCK and human cPEPCK have 63%
identity, the cPEPCK data will be used as a structural model
with which to interpret the origins of the ionizations
determined from the kinetic studies.

pH Dependence of kcat: Acidic Ionizations. The kcat

profiles, regardless of the variable substrate, show a typical
bell-shaped curve that shows a dependence on the depro-
tonation of two acidic residues and the protonation of one
basic residue for maximal activity (Table 1 and Figure 1).
On the basis of the crystallographic information (8), the
DEPC inactivation studies (13), and EPR and PRR data, we

suggest that the two acidic ionizations are due to a pH-
dependent modulation of the interaction of the active site
Mn2+ with the enzyme. Specifically, on the basis of the
structures of the cPEPCK enzyme, we propose the origins
of these two ionizations are H249 and K228 (Figure 9).
Several points of evidence support this conclusion. First, in
the crystal structure of human cPEPCK it is shown that both
H249 and K228 are direct ligands to the catalytic (site I)
Mn2+ (8); therefore, their deprotonated state would be
important for the metal-enzyme interaction. This is sup-
ported by the EPR data that show tighter metal binding with
increasing pH that titrates with a pKa value similar to that
of the acidic pKa values in thekcat vs pH studies (Table 1,
Figures 1 and 8). This is also supported by mutagenic data
from the ATP-dependent isozyme in yeast. In the experi-
ments with yeast PEPCK, it was shown that mutation of the
corresponding lysine and histidine residues resulted in an
increase in theKD for Mn2+ of 30-100-fold, respectively,
and a decrease inkcat of 5000-fold (36). Further, it seems
clear from the pH dependence onεb andq that an additional
water molecule (or proton) undergoes fast exchange at the
metal site with increasing pH. This suggests pH-dependent
changes in the coordination sphere of the site I metal with
an apparent pKa similar to that determined for the pKa values
of the acidic residues in the steady-state kinetic studies. In
addition, the fits to thepT1p data as a function of pH show
an increase in the anisotropy factorâ with an increase in
pH indicating a pH dependence of the electron symmetry in
the PEPCK-Mn2+ complex consistent with the involvement
of additional metal ligands (Table 3). Assignment of H249
to one of the metal ligands not only comes from the crystal
structure data (8) but also is confirmed by the DEPC
inactivation studies that suggest the involvement of a reactive
histidine residue ionizing with a similar pKa to that observed
for the acidic ionizations in the kinetic studies (13). Recent
studies have shown that, in the rat cytosolic enzyme,
significant protection from inactivation by DEPC was
observed with Mn2+ (37). A subsequent study of rat cPEPCK
inactivation reveals a pKa value of 7.3 that is similar to the
pKa value generated in the steady-state rate profiles and the
PRR and EPR studies for the chicken mitochondrial isoform
presented here. Inactivation studies performed on chicken

FIGURE 8: pH dependence of theKD of the active site Mn2+ as
determined by EPR spectroscopy. The log of theKD is plotted as
a function of pH. The solid curve represents a best fit to the data
by a least-squares fit to eq 5. The pKa value generated is 7.4.

FIGURE 9: Model of the active site of mPEPCK based upon the
GTP- and PEP-bound structures of human cytosolic PEPCK (PDB
ID codes 1KHB and 1KHF). Those residues whose ionizations are
manifest in the kinetic data, the active site metal (MN1), and the
nucleotide metal (MN2) along with the substrates PEP and GDP
are shown. The figure was generated using POVscript+ (http://
www.stanford.edu/∼fenn/povscript) (42) and rendered using POV-
Ray (http://www.povray.org).
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mPEPCK suggest protection from DEPC inactivation by
Mn2+, although not to the extent observed in the case of the
rat enzyme. An apparent pKa of 6.7 for DEPC inactivation
of mPEPCK was reported (13). Because of the possibilities
raised in this study, the raw data from Cheng and Nowak
(13) were refit to eq 5, and a pKa of 7.1 was obtained (data
not shown). On the basis of these lines of evidence it seems
apparent that the two acidic pKa values observed in thekcat

vs pH experiments are due to the ionization of H249 and
K228. On the basis of the current experiments, however, it
is impossible to assign the individual pKa values to one
residue or the other. These two residues appear to be
important in providing the binding site for the site I (catalytic)
metal in addition to D296 and one oxygen atom of the
γ-phosphate of GTP in that complex (8, 11, 20). This in
turn is essential for the catalytic function of PEPCK
presumably through interactions with the phosphoryl group
undergoing transfer as has been demonstrated by previous
PRR studies (23).

pH Dependence of kcat: Basic Ionization.The single basic
ionization present in thekcat vs pH studies likely represents
the ionization of K275. Lysine residues have always been
suggested as possible catalytic residues in the mechanism
of PEPCK due to the large amount of negative charge present
on the substrates that must be stabilized and the sensitivity
of mPEPCK to inactivation by derivatization of lysine
residues (12). The structures of the PEP andâ,γ-methylene-
GTP complexes of cPEPCK provide the best additional
evidence for the origin of the basic ionization observed in
the profile (8). These structures show the interaction of K275
with the γ-phosphate of the bound nucleotide tripolyphos-
phate in that complex while in the apo and PEP complexes,
K275 is present in a more extended conformation and is
involved in a hydrogen bond with H249 (Figure 10A) (8).

Additional evidence comes from mutagenic studies with
PEPCK from yeast. Although yeast andE. coli utilize ATP
rather than GTP nucleotides, they have a critical catalytic
lysine in the kinase 1a consensus sequence (GX4GKT) (38-
40). A similar consensus sequence that is completely
conserved in the GTP-utilizing PEPCKs has been suggested
(39), and it is this motif in which K275 is a constituent. This
homologous lysine in yeast PEPCK was shown to be critical
for phosphoryl transfer by mutagenic studies in which
replacement of the lysine with arginine, glutamine, or alanine
resulted in a decrease inkcat by 104-fold while having no
significant effect onKM for nucleotide or PEP (38). The
interaction of K275 in a P-loop motif with both theâ- and
γ-phosphate groups of the nucleotide in the cPEPCK-â,γ-
methylene-GTP crystal structure (8) supports the idea that
K275 functions by helping to neutralize the negative charge
buildup in the transition state and to facilitate phosphoryl
transfer. A similar lysine interaction with the phosphoryl
group of PEP is seen with pyruvate kinase and also serves
to stabilize the transition state for phosphoryl transfer (41).

pH Dependence of kcat/KM,PEP. On the basis of the kinetic
mechanism of mPEPCK, the ionizations observed in thekcat/
KM,PEP profile should represent those ionizations on the
enzyme and substrate important for the interaction of the
enzyme with PEP. These experiments generate a bell-shaped
curve that is similar to the one generated in thekcat vs pH
studies, where the measured parameter is dependent upon
the ionization of two acidic residues and one basic residue.
On the basis of the explanation above, we believe that the
acidic ionizations present in thekcat/KM,PEP profile are
attributable to the same residues as implicated in thekcat pH
dependence. The geometry and hydration state of the site I
metal has previously been shown to be important for the
interaction of the substrate PEP with the enzyme (15). This
is confirmed by the crystal structure data that show the
phosphate of PEP interacting with the catalytic metal through
an intervening water molecule (8, 15). Therefore, the
ionization of the two metal ligands, H249 and K228, would
be important for the competent association of PEP with
PEPCK. Evidence for the origin of the basic ionization in
the kcat/KM profile for PEP comes again from the structural
work on human cPEPCK. In the PEPCK-PEP complex it
is shown that the carboxylate of PEP is bound through
interactions with the backbone amides of R71 and N388
while the phosphate is coordinated by side chains of R71
and R390 (Figure 10B) (8). While none of these residues
are expected to be ionizable over the pH range studied, an
additional interaction of PEP with Y220 would potentially
be pH dependent. Y220 interacts with PEP through an edge-
on interaction between the carboxylate oxygen of PEP and
the aromatic ring (8). In the apo structure, the tyrosine
hydroxyl accepts a hydrogen bond from the side chain amide
of N388 (8). Upon PEP binding the tyrosine is displaced by
the caboxylate of PEP, and the hydrogen bond between Y220
and N388 is broken and is replaced by a hydrogen bond
between the tyrosine hydroxyl and the main chain carbonyl
of N388 (Figure 10B) (8). Therefore, upon ionization of the
phenolic oxygen of Y220 the apo orientation of Y220 would
be stabilized with concomitant destabilization of the PEP-
bound conformation. On the basis of the structural rear-
rangement of Y220 upon the binding of PEP to the enzyme,
it is most likely that the residue with an apparent pKa of 8.1

FIGURE 10: Models of the PEP and nucleotide binding sites of
human PEPCK (PDB ID codes 1KHB and 1KHF) (8). Those
residues composing the (A) nucleotide and (B) PEP binding sites
are shown, and the residues are numbered according to the sequence
of chicken mPEPCK. In the figure the orientation of the residues
are shown in the presence (atoms rendered in black) and in the
absence of ligand (atoms rendered in gray). The figure was gen-
erated using POVscript+ (http://www.stanford.edu/∼fenn/povscript)
(42) and rendered using POVRay (http://www.povray.org).
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in the V/K profile for PEP is that of Y220. Additional
experiments will be necessary to support this argument. The
ionization of the phosphate group of PEP (pKa ) 6.29) as
indicated by the31P NMR titration data may be too low to
show any significant effect in thekcat/KM,PEP vs pH data.

pH Dependence of kcat/KM,IDP. On the basis of the kinetic
mechanism, ionizations present in theV/K profiles for IDP
would represent ionizations of the IDP substrate and/or the
E-PEP complex. While the pH dependence onkcat/KM for
IDP is a typical bell-shaped curve, it differs from the
dependence of the two previous kinetic parameters (kcat and
kcat/KM,PEP) in that it reflects a dependence upon one acidic
ionization and two basic ionizations. The acidic ionization
is again attributable to one of the site I metal ligands. This
ionization likely represents the ionization of K228. Mutagenic
studies with yeast PEPCK show that mutation of the
corresponding lysine to arginine resulted in a 2-fold increase
in the KM for nucleotide while the corresponding H249Q
mutant had no effect upon theKM (38). The structural data
show the triphosphate nucleotide interacting directly with
the manganese ion, displacing one of the three water
molecules that are coordinated in the PEP and apo com-
plexes. It is therefore likely that ionization of K228 affects
the interaction of IDP with the E-PEP complex. One of the
basic ionizations is again attributed to the ionization of K275.
Interaction of the ammonium group of K275 with the
â-phosphate of IDP is consistent with K275 acting in a role
typical of a lysine in a P-loop motif. The shift of the pKa

determined from the kinetic studies from 8.1 in the “free”
enzyme to 8.4 in the catalytically competent enzyme is also
consistent with this conclusion. While mutagenesis of the
corresponding lysine in yeast PEPCK showed no effect on
the KM of nucleotide, it was shown that a positive charge
was required for efficient binding of the nucleotide to the
enzyme. The lack of a cationic residue at this position
resulted in an order of magnitude increase in theKD (38).
The fact that in the avian isozyme the ionization of this
residue is manifest in the kinetics may reflect differences in
the nucleotide substrates and the kinetic mechanisms for these
enzymes.

On the basis of the chemical modification studies with
iodoacetate and iodoacetamide it is postulated that the second
basic ionization in thekcat/KM,IDP profile is that of the
conserved cysteine C273. Many previous reports have noted
that, in GTP-utilizing forms of PEPCK, there is a reactive
cysteine residue and modification of this residue leads to
inactivation of the enzyme (17, 21, 22). Lewis et al. (21)
have reported the formation of an intramolecular disulfide
by vicinal thiols in the rat liver cytosolic enzyme when
treated with 8-azidoguanosine 5′-triphosphate. From this
observation, the authors concluded that these thiols were
critical catalytic residues. Previous studies in this laboratory
demonstrated that chicken liver PEPCK was inactivated by
known cysteine modifying agents, and this modification was
prevented by the presence of nucleotide (17). Additional EPR
studies with TEMPO-labeled iodoacetamide determined that
the labeled cysteine was greater than 10 Å from the activating
metal and was proposed to be too distant to be actively
involved in catalysis, but may be involved in nucleotide
binding (17). This was confirmed by NMR studies that
showed the TEMPO moiety of the iodoacetamido-TEMPO-
derivatized cysteine was located 6-9 Å from the nucleotide

ribose (37). While the crystal structure of the cPEPCK
isozyme supports the lack of a catalytic function for cysteine
residues in catalysis mediated by PEPCK, it also provides
structural evidence for the inactivation of PEPCKs via
modification of this reactive cysteine. The structure of the
GTP-bound form of the enzyme shows that the cysteine
corresponding to C273 is not exposed to solvent in the
nucleotide complex, but in the apo form of the enzyme it is
exposed to solvent. These observations are consistent with
the chemical modification studies. Burial of the cysteine also
corresponds to a decrease in the mobility of the P-loop, and
therefore it is likely that burial of C273 is required for
productive binding of the nucleotide (8). The data presented
here show that the inactivation of the enzyme by iodoacetate
and iodoacetamide are pH dependent with an increase in the
rate of inactivation with an increase in the thiolate form of
cysteine. Chemical modification with iodoacetate (pKa ) 7.8)
and iodoacetamide (pKa ) 8.2) is consistent with a pKa value
of approximately 8.0 for this cysteine (C273). Comparison
of these data to the results obtained by steady-state studies
(Table 1) shows that the pH dependence ofkcat/KM,IDP

generates two basic values giving an average pKa of 8.1,
one of which we have already attributed to K275. The other
we attribute to C273. Since nucleotide binding as shown in
the structure of theâ,γ-methylene-GTP-PEPCK complex
involves the burial of C273, it is probable that the charged
thiolate species would not be able to adopt the buried
conformation and thus result in a decrease in the apparent
second-order rate constant for interaction of E-PEP with
IDP similar to that observed upon cysteine derivatization.

An alternative explanation for the origin of the second
ionization observed in thekcat/KM,IDP profiles is suggested
by the13C NMR pH titration of IDP. These data suggest the
possibility that the origin of one of the basic ionizations in
the kcat/KM profile for IDP is the C-6 carbonyl (pKa 8.6) of
IDP. A shift in the equilibrium to the enolate form of the
inosine ring at high pH could account for a decrease in the
affinity of the IDP for the enzyme if specific interactions at
the C-6 carbonyl of the nucleotide are important. This is
expected for an enzyme that can discriminate between
adenosine and guanosine/inosine nucleotides. Examination
of the â,γ-methylene-GTP-cPEPCK structure shows that
the C-6 carbonyl of the bound nucleotide interacts with the
enzyme by accepting a H-bond from F515 and N518 (Figure
10A) (8). The observation that a H-bond acceptor is needed
at C-6 of the bound nucleotide also supports the absolute
selectivity of the GTP class of PEPCK for guanosine and
inosine nucleotides. In adenosine nucleotides, there is an
amino group at this position that would not be able to
function as a good H-bond acceptor. This suggests that this
interaction is the selectivity filter of the GTP class of
PEPCKs for their nucleotide substrates. From the crystal
structure it is also observed that the nucleotide binding pocket
is composed of F502 and F510 (Figure 10A) (8). While the
ionization of the C-6 carbonyl would not affect the hydrogen
bond between C-6 and F515 and N518, the burial of the
ionized form of the ring in this pocket may be disfavored.
The observation that the pKa of C273 is closer to the pKa

determined by steady-state kinetics than the pKa for the C-6
carbonyl of IDP suggests that the second basic ionization
observed is likely to be C273. Further investigation is needed
to clarify this issue.
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pH Dependence of kcat/KM,CO2. The pH profile exhibited
in the pH dependence on the kinetic parameterkcat/KM,CO2

was unexpected. Previous studies on the inactivation of
PEPCK with arginine modification agents demonstrated that
R289 was the arginine that was involved in the observed
inactivation and this inactivation was inhibited by CO2.
Further kinetic analysis supports its proposed role in binding
of CO2 for OAA formation (18). The structures of cPEPCK,
however, show the presence of a large number of arginine
residues located at the active site whose modification could
potentially inactivate the enzyme. R289 is located on the
surface of the protein remote from the active site (8). Since
it is unlikely that the pKa exhibited in the pH dependence of
butanedione modification reflects the intrinsic pKa of any
specific arginine, this pKa may represent a general electro-
static effect of the active site that changes with pH, allowing
more facile derivatization of reactive residues as the pH
increases. The similarity between the pKa from butanedione
modification and the pH dependence onkcat/KM,CO2 suggests
that the same electrostatic effect upon arginine modification
by butanedione also affects CO2 interaction with the E-PEP-
IDP complex. In addition, if the ionizations observed in the
inactivation and steady-state studies reflected the ionization
of a specific residue, it is unclear why a deprotonated arginine
would facilitate the interaction of CO2 with the enzyme. In
the PEPCK-catalyzed decarboxylation of OAA, the proposed
role of a cationic group at this position would be to interact
with the carboxylate of OAA facilitating its departure,
thereby reinforcing the conclusion that the apparent pKa

exhibited in the pH vskcat/KM,CO2 studies does not represent
the ionization of a specific residue.

CONCLUSION

In conclusion, this work provides evidence for ionizations
of specific residues that appear to play a role in the acid-
base process of the reaction catalyzed by avian mitochondrial
PEPCK and, more broadly, enzymes of the GTP-utilizing
PEPCK family. The importance of the active site metal
ligands H249 and K228 as well as K275, C273, and Y220
is apparent from these studies and is consistent with the
putative roles of these groups in PEPCK catalysis and with
the data measured.
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