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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 dependekgestiows the importance

of two acidic ionizations with K, 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 appar&ntvplue 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
kealKmpep demonstrates the importance of the same two acidic ionizations in the interaction of
phosphoenolpyruvate with PEPCK and a single basic ionization witk.av@lue of 8.1 that is assigned

to Y220. The interaction of MgIDP with PEPCK is dependent upon a single acidic ionization attributed

to K228 and two basic ionizations, both having an averdgevplue 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- sequences of GTP-utilizing PEPCKs from several sources
etate carboxylase (transphosphorylating; EC 4.1.1.32) (PEP-have been elucidated and are found to contain approximately
CK)?] catalyzes the reversible decarboxylation of oxaloacetic 60—65% identity among all sources. An additional class of
acid with the concomitant transfer of thggphosphate of GTP ~ PEPCK exists inEscherichia coli C-4 plants, and yeast.
(or ITP) to form PEP and GDP (IDP) as illustrated in Scheme These are mostly multimeric enzymes and utilize ATP rather
1. The primary role of the enzyme in most organisms is the than GTP (ITP) as the phosphoryl donor. These enzyme

forms have been found to have relatively low overall identity
Scheme 1 with the GTP-utilizing class of enzymes.

OAA +GTP (ITP) <+——  PEP + CO, + GDP (IDP) Currently little structural information on the chicken
mitochondrial isoform of PEPCK exists; however, recently
the structure of the homologous human cytosolic enzyme
has been determine8)( 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 enzym@—18). Additional
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! Abbreviations: ATP, adenosiné&iphosphate; cPEPCK, cytosolic ~ of PEPCK from chicken liverX7) and the cytosolic form

phosphoenolpyruvate carboxykinase isoform; DEPC, diethyl pyrocar- from rat liver @1, 22) have indicated that there is a reactive

gfpnhaggéf;s g?grogupggg;ﬁgn%%%gzzﬂg?gc%g')Fi)r’]ogslfﬁg(??ne 5 cysteine residue at the active site of PEPCK. Studies on the

diphosphate; ITP, inosiné-friphosphate; MDH, malate dehydrogenase; mitochondrial isoform from this laboratory have suggested
mPEPCK, mitochondrial phosphoenolpyruvate carboxykinase isoform; that this cysteine is too distant from the active site to be

NADH, nicotinamide adenine dinucleotide, reduced form; NDP, ; ; i
nucleotide 5diphosphate; NMR, nuclear magnetic resonance; OAA, involved in catalysis 17), and the structure of the human

oxaloacetic acid; PEP, phosphoenolpyruvate; PEPCK, phosphoenolpyru-CYtosolic enzyme again confirms the lack of a direct catalytic
vate carboxykinase; PRR, water proton longitudinal relaxation rate. role for this cysteine§). In addition, it has been shown that
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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 kDalj.

PEPCK has been isolated and studied from a variety of
sources. PEPCK occurs in the cytosol of the adult rat, mouse
and hamster liverd) and in the mitochondria of adult pigeon
and chicken 3, 4). PEPCK occurs in both cytosolic and
mitochondrial forms in rabbit, pig, and human liv& $—7).

The cytosolic and mitochondrial forms are distinct proteins
and can be distinguished from each other biochemically. The
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modification of a single histidinel@), arginine (R289) 14, over a pH range of 6.259.0 utilizing MES, HEPES, Tris,
18), or lysine (L2) residue results in the loss of catalytic and TAPS buffers. The buffers were utilized in an overlap-
activity in the mitochondrial form of the enzyme. ping manner. No buffer effects were observed over the pH
To further characterize the role of proposed active site range studied. An assay mixture containing all of the
residues in the catalytic mechanism of the PEPCK-catalyzedcomponents except for the variable substrate, PEPCK, MDH,
reaction, the pH dependence of several steady-state kineticand bicarbonate was prepared and the pH adjusted accord-
parameters was investigated. The pH dependence of thengly. The pH of the bicarbonate solution was adjusted to
inactivation rates of cysteine and arginine modification was the same desired pH. An aliquot of the assay mix was then
performed to determine whether these previously determinedadded to a cuvette containing the variable substrate and the
important residues were reflected in th€,palues elucidated  appropriate amount of water. The reaction was initiated by
in the pH studies of steady-state parameters. The ionizationthe addition of PEPCK. The pH of each assay mix was again
of the substrates for the reaction was also investigated bydetermined after the assay to ensure it remained constant
NMR. EPR and PRR spectroscopies were used to investigateover the course of the reaction. The resultant steady-state
the pH dependence on the water coordination of the parameters were analyzed as a function of pH and fit to one

activating metal (MA") and its binding constant. of the following equations26):
MATERIALS AND METHODS C,
i logy =log 2
Materials. Malate dehydrogenase was purchased from [H+] [HJ”]2 K.z
Boehringer Mannheim Corp. IDP, PEP, NADH, iodoacetic 1+ K K K T
acid, and 2,3-butanedione were purchased from Sigma. All ar Nattez [H]
other reagents were of the highest purity available. c
PEPCK Purification Chicken liver PEPCK was purified logy = log 0 (3)
as previously described ). The concentration of PEPCK [HJ“]2 Kz
was determined using an extinction coefficiesiyy = (K1 ) ﬁ
16.54 0.1 (mg mL)? (23) and a molecular mass of 67000 al,
Da. The enzyme was shown to be&95% pure by SDS
PAGE. The enzyme utilized for these studies had a specific loav=lo Co 4)
activity of 3.0~6.0umol of OAA formed min* mg-?* (units/ 9y 9 H (K 3)2
mg) at 25°C. 14— 422
PEPCK AssayThe carboxylation of PEP to form OAA, K [H7]

catalyzed by PEPCK, was assayed by the method of Hebda ) o ) _

and Nowak 23). In this continuous assay, PEPCK is coupled [N €gs 2-4,y is the kinetic parameter of interes, is the

to MDH, and the disappearance of NADH is continuously PH-independent parametetf, kea/Kw), [H'] is the proton
monitored with time at 340 nm on a Gilford 240 or 250 concentration, and th&, values represent the ionization
spectrophotometer thermostated at Z5 The slope was  constants for the groups undergoing ionization. Equation 2
converted to velocity units by using the extinction coefficient defines the kinetic parameter that is affected by three
of NADH (24). The concentration of the substrate Ogas  independent ionizations. In eqs 3 and Ka()* and Kaz3?
calculated from the concentration of substrate added asrepresent the product of two ionization constants for groups
KHCOs. The concentration of dissolved G@t varying pH  that are separated by less than 0kG pnit. The K, values
values was calculated using the equilibrium constant for for these residues cannot be distinguished and are therefore
dissolved C@and carbonic acidk; = 1.3 x 1073, and the  treated as equivalent ionization2g].

pKa values for the ionization of carbonic acid and bicarbon-  pH-Dependent Inactation Studies with lodoacetate and

ate, Ka1 = 3.7 and Ka2 = 10.3, respectivelydp). These lodoacetamidelodoacetate and iodoacetamide were utilized
values were used in eq 1 to calculate the concentration ofto modify PEPCK over a pH range of—® utilizing
dissolved CQ at varying pH. potassium phosphate buffer. PEPCK was initially treated with
Chelex-100 resin and desalted by centrifugation in a Filtron
[CO,(aq)]= spin column with a 10 kDa exclusion limit. This enzyme
[KHCO,] (0.5 mg mL%) was then incubated at room temperature in
Mook T — (1) the presence of 50 mM buffer, 100 mM KCI, and 0.6 mM
1+ Ky + Ky (107770 4 Ky (107 P (10779 iodoacetate or 0.6 mM iodoacetamide. An identical solution
that contained neither iodoacetate nor iodoacetamide was also
pH Dependence of Steady-State Paramefens. carbox- prepared as a control. A 26L aliquot of the incubation

ylation of PEP to form OAA was monitored under steady- mixture was withdrawn at various time intervals and assayed
state conditions as described previously except the initial by the standard PEPCK assay withglimercaptoethanol.
velocity measurements that were determined in the pH Values fork.p,s were determined at each pH value from the
studies were carried out under mixed metal conditions. Theseslope of the data plotted as a first-order process. The log of
conditions use the same PEPCK assay conditions as previthe inactivation rates was plotted as a function of pH and fit
ously described, but 66M MnCl, and 4 mM MgC} were to eq 5 6). In eq 5,Y, is the rate constant for inactivation
substituted for 4 mM MnGlin the standard assay. The rest at low pH andYy is the value at high pH, [H is the proton

of the substrates, when kept constant, were 2 mM PEP, 2concentration, andK, is the dissociation constant for the
mM IDP, and 200 mM KHCG@ The reaction was studied group undergoing ionization.
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K, described 14, 28). Upon titration of Mr#" into an aqueous
YL+ Yy Ht solution, the relaxation rate of water protons is increased
logy = log [H] (5) due to the presence of a new relaxation mechanism provided

Ka by the paramagnetic dipole. The effect is observed on the
[H+] bulk water due to the exchange of the water coordinated to
the metal with bulk solvent. Upon inclusion of a macromol-

Arginine Modification by 2,3-Butanediong,3-Butane- ecule that binds the metal, the relaxation rate of the water
dione was utilized to modify PEPCK over a pH range of coordinated to the metal in the-8 complex is enhanced
6—9 utilizing the same buffers as previously indicated. further, primarily due to the increase 3 in eqs 7 and 8.
PEPCK was treated in the same manner as described for thd he rate enhancement can be observed as an effect on bulk
iodoacetate inactivation studies. PEPCK (0.5 mg #kwas solvent due to the water exchange with theNE complex.
incubated in the presence of 11 mM 2,3-butanedione The rate enhancement observed in the presence of-thé E
(prepared in absolute ethanol), 50 mM buffer, and 100 mM complex compared to theTy/in the absence of enzyme is
KCI. A similar solution substituting absolute ethanol for the termed the binary enhancemerd;))( A more complete
2,3-butanedione solution was also prepared. AR@liquot description of the phenomena can be found elsewtte (
was withdrawn from the incubation mixtures at various time 27, 28). The effect of pH upors, was analyzed according
intervals and assayed as described in the iodoacetate studie$0 eq 5. The frequency dependence of the effect of pH upon
Values forkoys and the effect of pH upon inactivation were e, was analyzed over a frequency range of ¥316.3 MHz.
determined as previously described. The paramagnetic contribution to the relaxation rat@;,1/

3P NMR Measurement3he 'H-decoupledf’P NMR of was calculated from the difference in relaxation rate between
IDP and PEP were obtained on a Varian VXR500 NMR at samples in the presence and absence of added. Mihis
202.35 MHz. PEP (0.040 M) in 10%-D was placed in a  value was normalized by the factorwherep = [enzyme-
5 mm NMR tube, and the spectrum was obtained at22  Mn?*]/[H,0], to generate values of I, Under conditions

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

of fast exchange, pmy, = 1/Tim. For the temperature
dependence of T, the temperature was controlled by the
passage of a cooled stream of nitrogen that was heated via

with a Wilmad 6030-02 pH electrode and a Fisher Accumet a platinum wire electrode across the sample in the probe.
pH meter. IDP was treated in an identical fashion except The temperature was controlled to an accuracy-af°C.

320 transients were obtained at each pH value. Mg@s
included to ensure that all IDP existed as the binary-Mg

The observed normalized relaxation ratpTh) is related to
the hydration numbenq, of the metal ion, the relaxation time

IDP complex. The specific concentrations were 0.02 M IDP of the water protons at the metal iohy, and the residence
and 0.04 M MgCJ. All resonances are relative to an external time of the water on the metai,, as shown in the equation:
sample of 85% phosphoric acid (0 Hz). The pH dependence

of the chemical shifts was fit to eq 5 to generakg palues
for each ionizable group.

13C NMR Measurement$he natural abundanééC 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% JO
was placedn 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 eithe 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 MgGlin 10% D,O were
placed h 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 ap value for the ionization.

Proton Relaxation Rate Measuremerniibe formation of
the binary enzymeMn?" complex as a function of pH was
investigated by PRR technique®7( 28). The longitudinal
relaxation rate (I;) of water protons was measured with a

Seimco pulsed NMR spectrometer operating at 24.3 MHz

using the CarrPurcell 180—7t—90° pulse sequence).

1 q
- = 6
Pl Tim T Tm ©)

The Solomonr-Bloembergen equation relates the relaxation
time Tiu to a series of constants, the electror-nucleus
distancer, and the correlation time functionzf]

r (A) = ClTyf(z] " (7)
whereC = 812 for Mr?" as the paramagnetic species and
IH is the observed nucleus. The water proton metal distance
r has been determined crystallographically to be 2.830 (
and is assumed to be the same in this complex. The
correlation time function, i), has the form

f(r) = 3tJ(1 + 0t ) + Tt A + 0ltS)  (8)
where w; is the proton Larmor frequency ands is the
electron Larmor frequency (6oy). The correlation timeg,
has the form

1k, =1+ 1k, + 1/t, 9

Enzyme was treated as previously outlined in the inactivation Wherezs is the electron relaxation times, is the residence

studies. A 5QuL solution was prepared that contained-50
80 uM enzyme, 100 mM KCI, 5«M MnCl,, and 50 mM
buffer. A similar solution that did not contain enzyme was
also prepared. The binary enhancement of thie &f the
water protons was determined by titration of the first solution

into the second, and the data were analyzed as previously

time of the water in the coordination sphere of the para-
magnet, andr; is the rotational correlation time for the
enzyme-Mn?" complex. The electron relaxation rate is
described by the equatio2%):

1r,= B[z J(1+ it + 47,/(1 + 402r,3)] (10)
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Table 1: pH Dependence of Steady-State Parameters for the PEPCK-Catalyzed Carboxylation of PEP To Yield OAA

kinetic parameter variable substrate pH independent value Ka1 p pKaz pKas ed
Keat PEP 1.68x 1* min~?t 6.24+ 0.26 7.33+£0.27 8.47+ 0.04 2
Keat Mg-IDP 2.60x 10 min~?t 6.76+ 0.04 6.76+ 0.04 8.30+ 0.08 3
Keat CO; 2.23x 1*min-t 6.36+ 0.24 7.14+£ 0.25 8.40+ 0.06 2
Keal K PEP 1.43x 10° M1 min-?! 7.264+ 0.05 7.26+ 0.05 8.08+ 0.11 3
Keal K Mg-IDP 1.50x 10° M~tmin-t 7.03+£0.17 NAC 8.15+ 0.09 4
8.15+ 0.09
Keal K CO; 2.10x 1M1 min?! 7.72+0.08 NA NA 5

2 The data in panels A and B of Figure 1 are fit to the appropriate equations Kandlpies are reportedKp; and K4, are apparenth, values
of residues that must be deprotonated for maximal activity wHilg j the [K, for residues that must be protonatédhe appropriate equation
in the text that was used based on the numberkafyalues and the best fit of the dataNA = not applicable.

3
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Ficure 1: pH dependence of steady-state parameters for the carboxylation reaction catalyzed by REB@KK,, 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 MichaeNgenten equation. In (Ak..:is plotted as a function of pH with PEM}, IDP (®), and

CO; (a) used as the variable substrate. In (BYKpep (®), keal Kipe (M), andkea/Kco, () 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-fq3t#e fitted parameters are summarized in

Table 1.

whereB is a constant that reflects the electron spin and zero form OAA and ITP. Initial studies that utilized Mnh as the
field splitting of Mr?™ and is a function of the anisotropy of source of metal for both the enzyme and the nucleotide
bound Mr#t. The valuer, is the correlation time for the  resulted in precipitation at basic pH. This precipitation limited
symmetry distortion at the metal and is attributed to solvent the study to a maximum pH of 8. To resolve this problem,
impact. The treatment of such results has been discussed ira mixed metal assay, as described, was utilized. Conditions
detail elsewhere2(7, 28, 31). were chosen such that the high concentration of magnesium
Electron Paramagnetic Resonance Spectroscopy Measurefesults primarily in the MgNDP complex while the
ments.The binding of MA* to PEPCK as a function of pH  manganese preferentially forms the active binary PEPCK
was determined utilizing EPR techniqué&®), PEPCK was ~ Mn?* complex. mPEPCK binds M 3 orders of magnitude
treated with Chelex-100 and desalted as previously describedtighter than it binds Mg" (16). These conditions allowed
The enzyme (5680 «M) was incubated in the presence of the enzyme to be studied over a pH range of-@2®. The
50 mM buffer, 100 mM KCI, and varying concentrations of limitation at low pH is due to catalytic sensitivity. Overlap
MnCl,. The binding of M to the enzyme was measured of buffers was utilized, and no effect upon the kinetic
by EPR. The pH dependence of binding was analyzed by parameters was observed upon buffer substitution. The

eq 5. individual pH profiles are illustrated in Figure 1. The data
are fit with the appropriate equations (egs3) that model
RESULTS one to three ionizations and whether thi§,pvalues are

Effect of pH on Steady-State Parametéfhe influence ~ SeParated by<0.6 pH unit or not. The calculatepvalues
of pH on steady-state parameteiga(and keafKy) was from all c_)f the data are summarized in Table 1. No effect
examined to determine the apparektpalues of functional ~ On the kinetic constantke or Ky was observed upon a
groups on the enzyme and substrates that are important irdoubling of the apparent viscosity of the assay by inclusion
catalysis and enzymesubstrate complex formation. Care ©f sucrose (data not shown).
must be taken when determiningpvalues from the pH There is a similar pH dependence kg (Figure 1A)
dependence of steady-state parameters as these values caegardless of the variable substrate. The equivalence of the
deviate from intrinsic K, values due to such factors as the three profiles confirms that the fixed substrates are indeed
relative rates of specific steps in the catalytic mechanism saturating. In each case, there are three important ionizations
and the environment of the-£S complex 83). The reaction in the ES complex. Two residues with apparelt palues
was studied in the direction of the carboxylation of PEP to of approximately 6.3 and 7.2 need to be deprotonated while
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a single ionization with an appareniKpof 8.4 needs to be 02
protonated for optimal activity.

Examination of the results frork.,/Ky profiles (Figure 0.4
1B) reveals several ionizations that appear to be important
in the “free enzyme? (E) or in the free substrate (S) to form
the respective “ES” complex. From a fit of the data key/
Kwmpep 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 1.0 4
to be identical and are fit to eq 26). The fit yields two Py
pKa values of 7.3. A single residue with an appareht p 12
value of 8.1 must be protonated for optimal interaction. 5 6 7 8 9 10

In the case ok.a/Kmmg-ipp, @ model that generates a pH pH
dependence on three residues is utilized to generate a besticure 2: pH dependence of the rate constant for inactivation of
fit to the data. A single acidic ionization with &pvalue of PEPCK by iodoacetate. PEPCK (0.5 mg m).was incubated in
7.0 is calculated from the fit of the data. Two basic the presence of 0.625 mM iodoacetate as outlined in Materials and

S ethods. Samples were withdrawn at various time periods and
ionizations, separated by less than 0.6, are observed, and th%sted for remaining activity. The inactivation rate const&nic

data are fit to eq 4. The two basic ionizations have an averagéwas determined from the slopes of the lines using a least-squares
calculated K, value of 8.2. fit to the data (data not shown). The log of the resulting inactivation

From a similar analysis of the pH dependence ked rate constanti,,c) is plotted against the pH of the incubation mix. )

Kwco, @ best fit of the data to a model where complex The curve represents a least-squares fit of the data to eq 5. This
L . L generates akf, of 7.83.

formation is dependent on a single ionization (eq 5) generates

an apparent g, value of 7.7 for a residue that must be 08

deprotonated.

Effect of pH on the Rate of Inaettion by lodoacetate 08 4
and lodoacetamidePrevious 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 enzym#&7). A pH study of the
rate of inactivation by iodoacetate and by iodoacetamide and
a comparison with the K, values from the kinetic studies
could provide insight into whether this cysteine is relevant -1.4
to catalysis. The rate of inactivation of PEPCK by each of
the reagents was carried out as described over a pH range 1B
of 6—9. Pseudo-first-order kinetics of inactivation were 5 B 7 8 9 10
observed from the linear nature of the semilog plots. The pH
rate constant for inactivation at each pH value was deter- Figure 3: pH dependence of the rate constant for inactivation of
mined from the slopes of the plots (data not shown). A replot PEPCK by 2,3-butanedione. PEPCK (0.5 mgTHlwas incubated
of the observed rate constants for inactivation with respect in the presence of 2,3-butanedione (11 mM) as outlined in Materials
to pH is shown in Figure 2. The best fit of inactivation data 2"d Methods. Samples were withdrawn at various time periods and

L tested for remaining activity. The inactivation rate consté&psc)
with iodoacetate to eq 5 generates i, palue of 7.83+ 55 determined from the slopes of the lines using a least-squares
0.11 with a limit to the observed pseudo-first-order reaction fit to the data (data not shown). The log of the resulting inactivation
rate constant of 0.08 mik at low pH increasing to 0.55  rate constant{..c) is plotted against the pH of the incubation mix.
min~1 at high pH. The same experiment was performed with The curve represents a least-squares fit of the data to eq 5. This
0.60 mM neutral iodoacetamide. Similar pH-dependent 98n€rates aky of 7.42.
inactivation was obtained with limiting pseudo-first-order rate function of pH is shown in Figure 3. A fit of the data to eq
constants of 0.007 mirt and 0.88 min! at low and high 5 generates aky value of 7.42+ 0.14 with a limit to the
pH, respectively. A fit to the data by eq 5 gave a similar observed pseudo-first-order reaction rate constant of 0.03
pKa value of 8.244+0.10 (data not shown). min~! at low pH increasing to 0.2 mir at high pH.

pH Dependence of the Rate of Inaetion by 2,3- pH Dependence of th&#P Chemical Shifts of PEP and
ButanedionePrevious studiesld) have revealed the exist-  IDP. The K, values of the phosphate groups of the substrates
ence of a single arginine residue that is important for for the reaction were determined to elucidate if any of the
catalysis. The pH dependence of the rate of inactivation of ionizations that appear in the steady-state kinetic profiles may
PEPCK by 2,3-butanedione, a modification agent specific be due to ionizable groups of the substrates. These ionizable
for arginine, was investigated over the pH range 196 groups may be essential for binding and catalysis. 3tRe
The rates of inactivation followed pseudo- first-order kinetics, NMR spectra of PEP and IDP were determined at 202.35
and the individual rate constants were calculated from the MHz as described in Materials and Methods. The nucleotide
slopes of the plots (data not shown). A replotkgf.: as a existed primarily (97%) as the MgDP complex, based on
the reporteKp for the complex 15). The positions of the

2 Free enzyme in this instance represents the enzyme complex without'€Spective resonances of the and s-phosphates of IDP
the variable substrate. and the phosphate of PEP were monitored as a function of

0.6

0.8 $

log kinact (min™)

log kinact (min”")
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Ficure 4: pH dependence of the chemical shift of the phosphate resonances-dDFMgand of PEP as determined B NMR. The
proton-decoupledP 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 h a 5 mm NMRtube in the presence of 10%,D, and its spectrum was obtained at22.5 °C. A total of 120 transients were
obtained at each pH value. The pH was adjusted by the addition of ditkkHCI 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. Mg@las included to ensure that IDP existed as the binary-Nbg® complex. The specific concentrations

were 0.02 M IDP and 0.04 M Mggl 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 thephosphate®) and thes-phosphatel) of IDP. The fit to the data by eq 5 generates

a K, value of 4.9 for both thex- and 3-phosphate of MgIDP. (B) Log of the chemical shifts (Hz) versus pH for the phosphate group

of PEP. The fit to the data by eq 5 generateg yalue of 6.29.

Scheme 2: lonization of the Inosine Ring of IDP at Basic pH 2230
fl i 2225
H(T‘?l 63 I;I};H N7 N — B
2 . 5 Basic 1 H £ 2220 4
l%ﬁl ITI pH 1%1314 121& 52215_
Ribose kibose ﬁ -
S 2210 4
added base or acid, and the pH was determined at each E
addition of acid or base. The results are presented in Figure G, 2:205 1
4. The data were fit to eq 5, and th&jvalues generated =
were 4.85+ 0.01 for Mg—IDP as measured from the titration 2200 1
of both thea- andj-phosphates of MgIDP (Figure 4). The 2195 -
second ionization of the phosphoryl group of PEP is 629 3 4 5 6 7 8 9 10 11 12
0.02. PH

pH Dependence of th€C Resonances of IDFAt basic FiGURE 5: pH dependence of the chemical shift of thi€

pH, IDP has the propensity for ionization of the C-6 carbonyl resonances of IDP as determined ¢ NMR. The 3C NMR
to generate the enolate as illustrated in Scheme 2. Tospectrum of IDP was obtained on a Varian VXR600 NMR at 150.84
determine the I, value for this ionization under the MHz. A total of 1000-3000 transients were obtained at each pH

" : value. The pH was adjusted by the addition of aithévi HCI or
conditions of the experiments, th&C spectra of IDP were 1 M KOH. and the pH was measured in the NMR tube with a

obtained at various pH values. The C-6 resonance for IDP \yjjmad 6030-02 pH electrode and a Fisher Accumet pH meter.
demonstrated a large pH-dependent shift. A fit of the change The samples were either 0.10 M ID®)(or 0.10 M IDP and 0.30
in chemical shift with pH to eq 5 generates K pvalue of M MgCl, (). Each sample contained 10%®, and the temper-
9.03 + 0.01 (Figure 5). The other carbon atoms in the ature was 2 0.5°C. The pH dependence of the chemical shifts

_— L : was fit to eq 5 to generate<p values for the transitions, and &p
heterocyclic ring show the same pH transition that titrates ' of 9 03 for IDP was calculated. Incorporation of¥in the

Wit_h an identical K, value. The magnitudes of the chemical sample had no effect on the resonance position at low pH so the
shift changes of the other resonances are much smaller thamasic limit determined from the IDP sample was utilized to fit the

that of the C-6 carbon (data not shown). Since-MIQP is Mg—IDP data. A fit to the data by eq 5 generateska palue of
the substrate for the reaction and the competent form of the 865

nucleotide used for the steady-state kinetics, IDP was Mg—IDP data. A fit to these data by eq 5 generateKa p
incubated with a 3-fold excess of MgCI'he pH dependence  value of 8.65+ 0.01 (Figure 5).

of the resonance positions was determined for this complex. Inyestigation of the Metal Binding Site as a Function of
This study was limited to pH values below pH 9 since pH by PRRThe paramagnetic nature of ¥ used as the
insolubility problems were encountered above this pH. activating cation in the case of PEPCK, allows for the use
Incorporation of M@" in the sample had no effect on the of a low-field NMR technique to investigate the proton
resonance positions at low pH so the chemical shift at basicrelaxation rates (PRR) of the bulk water in solution. These
pH, determined from the IDP sample, was utilized to fit the data reflect information about the environment of the metal
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pH Ficure 7: pH dependence of the hydration number of the active
FiGUrRe 6: pH dependence of the binary enhancemegt (The site Mr* as determined by the frequency dependence pf,l/

binary enhancement was determined at each pH value by a PRRThe l0g of the calculated hydration number of Mrat site | of
titration of apo-PEPCK with an identical solution containing¥in PEPCK is plotted as a function of pH. The solid curve represents
The binary enhancement was determined as previously described? Pest fit to the data by a least-squares fit to eq 5. Hggenerated
The log of the binary enhancement is plotted as a function of pH. 'S 7-23. The value of titrates from 0.45 at low pH to a value of
The curve represents the best fit to the data by a least-squares fi0-83 at high pH.

to eq 5. The K, generated is 7.55.

Table 3: Calculated Parameters from Data in Tallle 2

Table 2: Values for PTy, as a Function of pH and Frequency pH Tm(x107°5s) B (x10729) 7v(x1079s) q
1pTip (x1077s™) 6.5 11.97 9.1 0.007 0.48
7.0 6.63 5.1 0.012 0.61
pH 10MHz 135MHz 243MHz 353MHz 45.3 MHz 75 703 6.4 0.010 067
6.5 2.14 1.92 2.46 1.59 1.19 8.0 4.47 9.0 0.027 0.82
7.0 2.69 2.86 2.98 2.15 1.64 85 5.47 789.2 4.12 0.70
7.5 2.92 3.00 3.36 2.33 1.76 9.0 4.50 90.2 5.25 0.92
8.0 2.50 3.05 3.31 2.30 2.32 n - —
8.5 2.45 3.10 3.27 237 1.92 These parameters were obtained by flttlng the frequency depen-
9.0 3.19 3.92 4.07 3.18 263 dence of 18T, at each pH value as reported in Table 2. In these fits,
7 is assumed to be the rotational correlation time estimated to e

.. 33.5ns.
when bound to the enzyme. PRR has been used extensively ns

by this and other laboratories to investigate the metal binding

sites of numerous metal-requiring enzymes including PEPCK Table 4: Activation Energies of Water Relaxation Rates Calculated
. . i -1

(27, 28). In an effort to determine if pH has any effect upon from Arrhenius Plots of HTap versus 1T (K

the environment surrounding the activating metal binding pH Eact(kcal mol™)
site, the binary enhancement of the relaxation rate of water 6.5 22407
molecules upon binding of the metal to the enzy2@ (vas 7.5 28+03
analyzed as a function of pH. The binary enhancemejt ( g'g ggi 8'%
increases with an increase in pH (Figure 6). The data were _ — .
2 The experiments were performed in the temperature range ef 278

fit to eq 5, and a best fit to the data generate&avalue of
7.554+ 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 progressingtitrates with pH from a low of 0.45 at pH 6.5 to 0.83 at pH
from low to high pH or (ii) the number of water molecules 9.0. Fitting of the data to eq 5 rgsul;ed in .the determination
undergoing fast exchange is increased by increasing pH. ToOf & PKa of 7.23+ 0.13 for the fitration (Figure 7).

further investigate the phenomenon, a frequency dependence PH Dependence on the Binding of kMrto PEPCK.The
of 1/pTypas a function of pH was undertaken. By examining pH dezriendence on the dlssoma_tlon constant for the binding
the value of 18T, at several frequencies, the hydration °f Mn*" to PEPCK was determined by EPR spectroscopy.

number of the metalg) can be estimated (Tables 2 and 3, 'he resultant plot oKp versus pH is shown in Figure 8.
Figure 7). The calculation off is obtained by fitting the The bmdmg data demonstrate that the metal bl.nd$ tlg_hter as
frequency-dependent data by simultaneously solving egs 6the PH increases, and th&pvalue for Mrf™ binding is

and 8-10 until a best fit is obtained (data not shown). The 7-32% 0.25 from a best fit of the data to eq 5. TKg value
results of the fits reveal that the water protons are indeed fitrates from 4QuM at low pH to 4uM at high pH.
undergoing fast exchange sintgy is greater tham, by 2

orders of magnitude (Tables 2 and 3). The temperatureDISCUSSION

dependence of @, indicates Arrhenius behavior with an Avian liver mPEPCK has been shown to be inactivated
activation energy between 2 and 4 kcal mabver the pH by modification agents that react with histidine, cysteine,
range studied (Table 4). This suggests that the Arrheniusarginine, and lysine residuet3 14, 17, 18). The ionization
behavior results not from conditions of slow exchange but state of several of these residues in the catalytically com-
from fast exchange withs dominatingzr. and withzs having petent enzyme is obscure; thus their putative roles in catalysis
a positive activation energy3l). Using the fitted datag were unknown.

308 K.
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¢ ’ oH 8 ? FiIGURE 9: Model of the active site of MPEPCK based upon the
GTP- and PEP-bound structures of human cytosolic PEPCK (PDB
Ficure 8: pH dependence of thiéy of the active site MA™ as ID codes 1KHB and 1KHF). Those residues whose ionizations are
determined by EPR spectroscopy. The log of Kagis plotted as manifest in the kinetic data, the active site metal (MN1), and the
a function of pH. The solid curve represents a best fit to the data nucleotide metal (MN2) along with the substrates PEP and GDP
by a least-squares fit to eq 5. ThE value generated is 7.4. are shown. The figure was generated using POVserighittp:/
www.stanford.edutfenn/povscript) 42) and rendered using POV-
The kinetic mechanism by which mPEPCK operates has Ray (http://www.povray.org).
recently been elucidated and is found to proceed via a
sequential ordered mechanism with PEP binding first fol- suggest that the two acidic ionizations are due to a pH-
lowed by IDP and C@(34, 35). The product release steps dependent modulation of the interaction of the active site
are also ordered with OAA release preceding that of the Mn?" with the enzyme. Specifically, on the basis of the
nucleotide triphosphate. The lack of an observed viscosity structures of the cPEPCK enzyme, we propose the origins
effect on the kinetic parameters. and Ky) provides of these two ionizations are H249 and K228 (Figure 9).
evidence that substrate association or product dissociationSeveral points of evidence support this conclusion. First, in
is not rate determining under the conditions of the experi- the crystal structure of human cPEPCK it is shown that both
ment. On the basis of this knowledge the ionizations observedH249 and K228 are direct ligands to the catalytic (site I)
in the pH profiles of the kinetic parameters should reflect Mn** (8); therefore, their deprotonated state would be
those in the specific complexes as determined by the kineticimportant for the metatenzyme interaction. This is sup-

mechanism. ported by the EPR data that show tighter metal binding with
The pH dependence of the reaction catalyzed by pEpCKincreasin_g _pH that titrat_es with &Kp value similar to that
was extended to a pH range of approximatehy96by of the acidic K, values in theke: vs pH studies (Table 1,

modification of the standard assay to one that contained aFigures 1 and 8). This is also supported by mutagenic data
mixed metal system. In the assay, the high divalent metal from the ATP-dependent isozyme in yeast. In the experi-
concentration needed to saturate the nucleotide was providednents with yeast PEPCK, it was shown that mutation of the
by magnesium, and the activating metal @¥nwas kept at corresponding lysine and histidine residues resulted in an
a lower concentration but sufficient to saturate the enzyme  increase in thé{p for Mn®* of 30—100-fold, respectively,
metal site. The selectivity of avian mPEPCK for Rinis and a decrease ik, Of 5000-fold @6). Further, it seems
10 greater than it is for MY (16). These conditions alleviate ~ clear from the pH dependence gnandq that an additional
the problem of the formation of insoluble ¥thcomplexes water molecule (or proton) undergoes fast exchange at the
at higher pH and provided an acceptable range in which both metal site with increasing pH. This suggests pH-dependent
ascending and descending limbs of the pH curves could bechanges in the coordination sphere of the site | metal with
defined. The consistency of thle, profiles (Figure 1) an apparentig, similar to that determined for theé<p values
provides evidence that the nonvariable substrates are sufof the acidic residues in the steady-state kinetic studies. In
ficiently saturating although for technical reasons they may addition, the fits to thepT,, data as a function of pH show
not always be>20 times theiKy, values. an increase in the anisotropy fact®rwith an increase in

No three-dimensional structure currently exists for the pH indicating a pH dependence of the electron symmetry in
mitochondrial isozyme of PEPCK, but the human cytosolic the PEPCK-Mn?* complex consistent with the involvement
isozyme in substrate-free form as well as the PEP/apd of additional metal ligands (Table 3). Assignment of H249
methylene-GTP complexes have recently been crystallizedto one of the metal ligands not only comes from the crystal
(8). Since chicken mMPEPCK and human cPEPCK have 63%structure data 8 but also is confirmed by the DEPC
identity, the cPEPCK data will be used as a structural model inactivation studies that suggest the involvement of a reactive
with which to interpret the origins of the ionizations histidine residue ionizing with a similaikg to that observed
determined from the kinetic studies. for the acidic ionizations in the kinetic studiek3}. Recent

pH Dependence of ¢ Acidic lonizations. The Keat studies have shown that, in the rat cytosolic enzyme,
profiles, regardless of the variable substrate, show a typicalsignificant protection from inactivation by DEPC was
bell-shaped curve that shows a dependence on the deproebserved with MA™ (37). A subsequent study of rat cPEPCK
tonation of two acidic residues and the protonation of one inactivation reveals alf, value of 7.3 that is similar to the
basic residue for maximal activity (Table 1 and Figure 1). pK,value generated in the steady-state rate profiles and the
On the basis of the crystallographic informatios), (the PRR and EPR studies for the chicken mitochondrial isoform
DEPC inactivation studied 8), and EPR and PRR data, we presented here. Inactivation studies performed on chicken
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Additional evidence comes from mutagenic studies with
PEPCK from yeast. Although yeast akd coli utilize ATP
rather than GTP nucleotides, they have a critical catalytic
lysine in the kinase 1a consensus sequence,GBX) (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 Ky by 10*fold while having no
significant effect onKy for nucleotide or PEP38). The
interaction of K275 in a P-loop motif with both th® and
y-phosphate groups of the nucleotide in the cPEPGK-
methylene-GTP crystal structur8)(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

Ficure 10: Models of the PEP and nucleotide binding sites of to stabilize the transition state for phosphpryl transi-'él).(-
human PEPCK (PDB ID codes 1KHB and 1KHFS)( Those pH Dependence ofk/Ky,rer. On the basis of the kinetic

residues composing the (A) nucleotide and (B) PEP binding sites mechanism of mPEPCK, the ionizations observed irkthe
are shown, and the residues are numbered according to the sequendéy pep profile should represent those ionizations on the

of chicken mPEPCK. In the figure the orientation of the residues enzyme and substrate important for the interaction of the

are shown in the presence (atoms rendered in black) and in the ; : )
absence of ligand (atoms rendered in gray). The figure was gen_enzyme with PEP. These experiments generate a bell-shaped

erated using POVscript (http:/Aww.stanford.edu/fenn/povscripty  curve that is similar to the one generated in kagvs pH
(42) and rendered using POVRay (http://www.povray.org). studies, where the measured parameter is dependent upon
the ionization of two acidic residues and one basic residue.
MPEPCK suggest protection from DEPC inactivation by On the basis of the explanation above, we believe that the
Mn?*, although not to the extent observed in the case of the acidic ionizations present in th&../Kypep profile are
rat enzyme. An apparenkp of 6.7 for DEPC inactivation attributable to the same residues as implicated irktheH
of mMPEPCK was reported.8). Because of the possibilities dependence. The geometry and hydration state of the site |
raised in this study, the raw data from Cheng and Nowak metal has previously been shown to be important for the
(13) were refit to eq 5, and alf of 7.1 was obtained (data interaction of the substrate PEP with the enzyi®.(This
not shown). On the basis of these lines of evidence it seemsis confirmed by the crystal structure data that show the
apparent that the two acidi&p values observed in thie phosphate of PEP interacting with the catalytic metal through
vs pH experiments are due to the ionization of H249 and an intervening water molecule8,( 15). Therefore, the
K228. On the basis of the current experiments, however, it ionization of the two metal ligands, H249 and K228, would
is impossible to assign the individuaKp values to one be important for the competent association of PEP with
residue or the other. These two residues appear to bePEPCK. Evidence for the origin of the basic ionization in
important in providing the binding site for the site | (catalytic) the k../Kw profile for PEP comes again from the structural
metal in addition to D296 and one oxygen atom of the work on human cPEPCK. In the PEPEIREP complex it
y-phosphate of GTP in that comple8, (11, 20). This in is shown that the carboxylate of PEP is bound through
turn is essential for the catalytic function of PEPCK interactions with the backbone amides of R71 and N388
presumably through interactions with the phosphoryl group while the phosphate is coordinated by side chains of R71
undergoing transfer as has been demonstrated by previousind R390 (Figure 10B)8j. While none of these residues
PRR studies43). are expected to be ionizable over the pH range studied, an
pH Dependence otk Basic lonizationThe single basic  additional interaction of PEP with Y220 would potentially
ionization present in thk.,; vs pH studies likely represents  be pH dependent. Y220 interacts with PEP through an edge-
the ionization of K275. Lysine residues have always been on interaction between the carboxylate oxygen of PEP and
suggested as possible catalytic residues in the mechanisnthe aromatic ring ). In the apo structure, the tyrosine
of PEPCK due to the large amount of negative charge presenthydroxyl accepts a hydrogen bond from the side chain amide
on the substrates that must be stabilized and the sensitivityof N388 ). Upon PEP binding the tyrosine is displaced by
of mPEPCK to inactivation by derivatization of lysine the caboxylate of PEP, and the hydrogen bond between Y220
residues 12). The structures of the PEP afig/-methylene- and N388 is broken and is replaced by a hydrogen bond
GTP complexes of cPEPCK provide the best additional between the tyrosine hydroxyl and the main chain carbonyl
evidence for the origin of the basic ionization observed in of N388 (Figure 10B)&). Therefore, upon ionization of the
the profile @). These structures show the interaction of K275 phenolic oxygen of Y220 the apo orientation of Y220 would
with the y-phosphate of the bound nucleotide tripolyphos- be stabilized with concomitant destabilization of the PEP-
phate in that complex while in the apo and PEP complexes, bound conformation. On the basis of the structural rear-
K275 is present in a more extended conformation and is rangement of Y220 upon the binding of PEP to the enzyme,
involved in a hydrogen bond with H249 (Figure 10A3)( it is most likely that the residue with an appare#,of 8.1
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in the VIK profile for PEP is that of Y220. Additional ribose B7). While the crystal structure of the cPEPCK
experiments will be necessary to support this argument. Theisozyme supports the lack of a catalytic function for cysteine
ionization of the phosphate group of PEK{p= 6.29) as residues in catalysis mediated by PEPCK, it also provides
indicated by thé’P NMR titration data may be too low to  structural evidence for the inactivation of PEPCKs via
show any significant effect in thk../Ku pep VS pH data. modification of this reactive cysteine. The structure of the
pH Dependence of.l¢Ky pp. On the basis of the kinetic  GTP-bound form of the enzyme shows that the cysteine
mechanism, ionizations present in t profiles for IDP corresponding to C273 is not exposed to solvent in the
would represent ionizations of the IDP substrate and/or the nucleotide complex, but in the apo form of the enzyme it is
E—PEP complex. While the pH dependenceka@Ky for exposed to solvent. These observations are consistent with
IDP is a typical bell-shaped curve, it differs from the the chemical modification studies. Burial of the cysteine also
dependence of the two previous kinetic parametersand corresponds to a decrease in the mobility of the P-loop, and
keafKwmpep) in that it reflects a dependence upon one acidic therefore it is likely that burial of C273 is required for
ionization and two basic ionizations. The acidic ionization productive binding of the nucleotid8)( The data presented
is again attributable to one of the site | metal ligands. This here show that the inactivation of the enzyme by iodoacetate
ionization likely represents the ionization of K228. Mutagenic and iodoacetamide are pH dependent with an increase in the
studies with yeast PEPCK show that mutation of the rate of inactivation with an increase in the thiolate form of
corresponding lysine to arginine resulted in a 2-fold increase cysteine. Chemical modification with iodoacetat&{g= 7.8)
in the Ky for nucleotide while the corresponding H249Q and iodoacetamide K = 8.2) is consistent with alfy, value
mutant had no effect upon th, (38). The structural data  of approximately 8.0 for this cysteine (C273). Comparison
show the triphosphate nucleotide interacting directly with of these data to the results obtained by steady-state studies
the manganese ion, displacing one of the three water(Table 1) shows that the pH dependence kef{Kw,iop
molecules that are coordinated in the PEP and apo com-generates two basic values giving an averafe qf 8.1,
plexes. It is therefore likely that ionization of K228 affects one of which we have already attributed to K275. The other
the interaction of IDP with the EPEP complex. One of the  we attribute to C273. Since nucleotide binding as shown in
basic ionizations is again attributed to the ionization of K275. the structure of the,y-methylene-GTP-PEPCK complex
Interaction of the ammonium group of K275 with the involves the burial of C273, it is probable that the charged
B-phosphate of IDP is consistent with K275 acting in a role thiolate species would not be able to adopt the buried
typical of a lysine in a P-loop motif. The shift of thekp conformation and thus result in a decrease in the apparent
determined from the kinetic studies from 8.1 in the “free” second-order rate constant for interaction efFEEP with
enzyme to 8.4 in the catalytically competent enzyme is also IDP similar to that observed upon cysteine derivatization.
consistent with this conclusion. While mutagenesis of the  An alternative explanation for the origin of the second
corresponding lysine in yeast PEPCK showed no effect on ionization observed in th&./Ky pp profiles is suggested
the Ky of nucleotide, it was shown that a positive charge by the*C NMR pH titration of IDP. These data suggest the
was required for efficient binding of the nucleotide to the possibility that the origin of one of the basic ionizations in
enzyme. The lack of a cationic residue at this position the k../Ku profile for IDP is the C-6 carbonyl 6. 8.6) of
resulted in an order of magnitude increase in ie(38). IDP. A shift in the equilibrium to the enolate form of the
The fact that in the avian isozyme the ionization of this inosine ring at high pH could account for a decrease in the
residue is manifest in the kinetics may reflect differences in affinity of the IDP for the enzyme if specific interactions at
the nucleotide substrates and the kinetic mechanisms for thes¢he C-6 carbonyl of the nucleotide are important. This is
enzymes. expected for an enzyme that can discriminate between
On the basis of the chemical modification studies with adenosine and guanosine/inosine nucleotides. Examination
iodoacetate and iodoacetamide it is postulated that the seconadf the f,y-methylene-GTP-cPEPCK structure shows that
basic ionization in thek../Kuipp profile is that of the the C-6 carbonyl of the bound nucleotide interacts with the
conserved cysteine C273. Many previous reports have notedenzyme by accepting a H-bond from F515 and N518 (Figure
that, in GTP-utilizing forms of PEPCK, there is a reactive 10A) (8). The observation that a H-bond acceptor is needed
cysteine residue and modification of this residue leads to at C-6 of the bound nucleotide also supports the absolute
inactivation of the enzymel{, 21, 22). Lewis et al. 1) selectivity of the GTP class of PEPCK for guanosine and
have reported the formation of an intramolecular disulfide inosine nucleotides. In adenosine nucleotides, there is an
by vicinal thiols in the rat liver cytosolic enzyme when amino group at this position that would not be able to
treated with 8-azidoguanosiné-tsiphosphate. From this  function as a good H-bond acceptor. This suggests that this
observation, the authors concluded that these thiols wereinteraction is the selectivity filter of the GTP class of
critical catalytic residues. Previous studies in this laboratory PEPCKs for their nucleotide substrates. From the crystal
demonstrated that chicken liver PEPCK was inactivated by structure it is also observed that the nucleotide binding pocket
known cysteine modifying agents, and this modification was is composed of F502 and F510 (Figure 108). While the
prevented by the presence of nucleotitié (Additional EPR ionization of the C-6 carbonyl would not affect the hydrogen
studies with TEMPO-labeled iodoacetamide determined thatbond between C-6 and F515 and N518, the burial of the
the labeled cysteine was greater than 10 A from the activatingionized form of the ring in this pocket may be disfavored.
metal and was proposed to be too distant to be actively The observation that thekp of C273 is closer to the i,
involved in catalysis, but may be involved in nucleotide determined by steady-state kinetics than tKgfor the C-6
binding @7). This was confirmed by NMR studies that carbonyl of IDP suggests that the second basic ionization
showed the TEMPO moiety of the iodoacetamido-TEMPO- observed is likely to be C273. Further investigation is needed
derivatized cysteine was locatee-8 A from the nucleotide  to clarify this issue.
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pH Dependence of.l¢Kwuco,. The pH profile exhibited
in the pH dependence on the kinetic paramétefKu co,
was unexpected. Previous studies on the inactivation of o
PEPCK with arginine modification agents demonstrated that
R289 was the arginine that was involved in the observed
inactivation and this inactivation was inhibited by €O
Further kinetic analysis supports its proposed role in binding

of CO;, for OAA formation (18). The structures of cPEPCK, 11.

however, show the presence of a large number of arginine
residues located at the active site whose modification could 4,
potentially inactivate the enzyme. R289 is located on the
surface of the protein remote from the active s8¢ Gince

it is unlikely that the |, exhibited in the pH dependence of
butanedione modification reflects the intrinsi& of any

specific arginine, this I§; may represent a general electro-  14.

static effect of the active site that changes with pH, allowing
more facile derivatization of reactive residues as the pH
increases. The similarity between th€,grom butanedione
modification and the pH dependenceley/Kwm.co, Suggests

15

that the same electrostatic effect upon arginine modification 16

by butanedione also affects giteraction with the EPEP-
IDP complex. In addition, if the ionizations observed in the 17
inactivation and steady-state studies reflected the ionization
of a specific residue, it is unclear why a deprotonated arginine
would facilitate the interaction of CQwith 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 apparedf p 20
exhibited in the pH v&.a/Kw.co, Studies does not represent
the ionization of a specific residue.

[Eny

CONCLUSION

In conclusion, this work provides evidence for ionizations

of specific residues that appear to play a role in the-acid 22,

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 24

putative roles of these groups in PEPCK catalysis and with
the data measured. 25
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