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ABSTRACT: Chicken liver phosphoenolpyruvate carboxykinase (PEPCK) requires two divalent cations for
activity. One cation activates the enzyme through a direct interaction with the protein at.sitbe
second cation, at site;, acts in the cationnucleotide complex that serves as a substrate. THe-Co
(n))—PEPCK and Cr(n,)—PEPCK complexes were used to examine the kinetic, mechanistic, and binding
properties of the, metal. EPR studies performed on the3@Qo;)—PEPCK-GTP complex yielded a
stoichiometry of 1 mol of MA" bound per mole of Co(n;)—PEPCK-GTP with aKp of 5 uM. PRR
studies show a significant enhancement for thé Ga)—PEPCK-Mn2(n,)—GDP complex. A change

in enhancement in the presence of PEP suggests that PEP interacts with the second metal ion. The distance
between MA" at siten, on PEPCK and the cis and trans protons anc*tReof PEP are 7.0, 7.5, and 4.8

A, respectively, as measured by high-resolution NMR. PRR studies of tRg(rgo-PEPCK-Mn2+-
(n2)—GTP and C&(n;)—PEPCK-Mn2"(n,)—GDP complexes as a function of frequenay)(were used

to estimate the hydration number of themetal to be between 0.5 and 0.7. The metaktal distance

for the M(n;))—PEPCK-M(n,)—GTP complex is approximately 8.3 A, and the distance for thaM(
PEPCK-M(n,)—GDP complex is 9.2 A. The change in the metaletal distance suggests a conformational
change at the active site of PEPCK occurs during catalysis. ThgGp-PEPCK complex was incubated

with Co?*, GTP, and HO, to create a doubly labeled and inactive*@m;)—PEPCK-Co*"(n))—GTP
complex. The C#&(n;)—PEPCK-Cc*(n)—GTP complex was digested by LysC, and two cobalt-
containing peptides were purified using RP-HPLC. Amino acid sequencing of the second cobalt-containing
peptide points to the region of Tyr51ys76 of PEPCK. Asp66, Asp69, and Glu74 are all feasible ligands

to the siten, metal.

Chicken liver mitochondrial phosphoenolpyruvate carboxy- dependent kinase, while avian liver PEPCK uses GTP and
kinase (EC 4.1.1.32) is a 67 kDa monomeric enzyme that neither is activated by nor binds to ATP. The information
catalyzes the reversible GTRITP)-dependent conversion that can be extracted from thE. coli PEPCK three-
of OAA to PEP, GDP, and CO(1). PEPCK functions as  dimensional structure and applied to the chicken liver
the committed step in gluconeogenesis. mitochondrial PEPCK is limited.

PEPCK shows an absolute requirement for divalent cations
for activity, and Mi#* is the best activator for chicken liver
mitochondrial PEPCK. Mixed metal studies showed a dual
cation role for PEPCK4). One metal is associated with the
enzyme, while the other is complexed to the nucleotide. The
metal-nucleotide complex serves as the substrate. The first
metal site, represented as is the binding site for the metal

OAA + GTP (ITP)= PEP+ CO, + GDP (IDP) (1)

The protein sequence of the mature form of the mitochon-
drial isoenzyme of PEPCK from chicken liver has been
derived from cDNA clones 2). X-ray crystallographic
analysis of PEPCK has not been possible due to the inability
to crystallize the eukaryotic form of the enzyme. A recent
diffraction study of crystals of thescherichia coliPEPCK
has been reported3), Little sequence homology exists lAbb.revialtions: AA, atomic absorptioff-met, 2-mercaptoethanol;
bet\ﬁ/e_en thé&. coliand chicken liver mitochondrial enzymes. gg(’,\‘l:ﬁ&g}’;'EI%HS%‘BES@(%AGGDSF;Fgéﬂ’%fg%fgg;gig;
Ca* is the best activator foE. coli PEPCK but a poor  cgi+(n,)—PEPCK, PEPCK modified with Go at metal sitan; Co*-
activating cation for the chicken liver mitochondrial PEPCK  (n;)—PEPCK-Cc**(ny)—GTP, PEPCK labeled at both metal sites*'€r

(<10% of that of MA"). E. coli PEPCK is an ATP- (n)—PEPCK, PEPCK modified with Gt at metal siten;; DEAE,
diethylaminoethyl; DTNB, 5,5dithiobis(2-nitrobenzoic acid); EDTA,
ethylenediaminetetraacetic acid; EPR, electron paramagnetic resonance;
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Graduate Assistance in Areas of National Needs Program Fellowship HPLC, high-performance liquid chromatography; NADicotinamide
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nd.edu. Telephone: (219) 631-5859. phosphoenolpyruvate; PEPCK, phosphoenolpyruvate carboxykinase;
*Present address: New England BioLabs, 32 Tozer Rd., Beverly, PRR, water proton longitudinal relaxation rate; Tris, tris(hydroxy-

MA 01915. methyl)aminoethane.
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that directly interacts with the enzyme. The second metal additional information about the active site of PEPCK. In
site, represented am, is the binding site for the metal that the absence of a three-dimensional X-ray crystal structure
interacts with the nucleotide. for avian liver mitochondrial PEPCK, the distance informa-

The binding of MA* at siten; activates PEP for phos- tion obtained from the modified enzyme and nucleotide
phoryl transfer to the nucleotide, but it is not directly involved complexes, combined with previously obtained distance
in the carboxylation process. Frod and3'P NMR studies, estimates, provides a three-dimensional view of the PEPCK
the substrates form Michaelis complexes in the outer sphereactive site.
of the PEPCK-bound M at siten; (5, 6). Frequency- The protein ligands for the second metal site were
dependent PRR studies suggest that two water ligands argletermined using a novel technique not previously reported.
associated with the Mn at siteny, indicating that the enzyme A doubly labeled PEPCK complex was formed wherfGo
provides four ligands to the hexacoordinate me&l At (n)—PEPCK was treated with € GTP, and HO, to create
least one of these water molecules on the?Mserves asa  a Cd*(n;)—PEPCK-Co*"(n,)—GTP complex. This second
bridge between the substrate and enzyme-bound metal. TWaCo** metal ion is associated with the nucleotide as well as
amino acids associated witly metal binding site were  the enzyme. This paper discusses the formation and proper-
identified as Asp295 and Asp29@,(8). Crystallographic  ties of this doubly labeled enzyme complex and the
analysis of theéE. coli PEPCK @) revealed that Asp269 was dentification of the protein ligands for the second metal.
directly coordinated to the active site metal. Asp269 from
the E. coli enzyme corresponds to Asp296 in avian liver MATERIALS AND METHODS
PEPCK. While the overall homology betweEncoli PEPCK
and chicken liver mitochondrial PEPCK is poor, the metal
binding site appears to be conserved. The PEPCK ligands,
if any, for then, metal site are unknown.

The role of the second metal is less clear. Lee et%l.
proposed that the, metal is in g3,y-bidentate coordination
with GTP. This proposal was based on the lack of any
significant dependence of stereoselectivity of thiophosphate
derivatives of GTP on the second metal ion. No interaction
of the n, metal with thea-thiophosphate group of GTP or ; : . ) :
GDP was indicated. The second metal activates/tplos- akind gift from G. Lappin at the University .Of Notre Dame.
phoryl moiety of GTP, facilitating the nucleophilic attack All other reagents were of the highest purity commercially

by the substrate OAA. In the reverse direction, the second 2vailable. All nonmetal solutions were passed through a
cation interacts with the8-phosphate of GDP and may Chelex-lOQ column to remove any cc_Jn'Fammatlng me_tal ions.
stabilize the product GTP, making the phosphoryl group from Metal solutions were prepared W|th dl_stl_lled water which was
the substrate PEP a better leaving group. The role of thePassed through a mixed-bed deionizing column and then
second metal may also be to elicit the proper conformation through a Chelex-100 column and adjusted to pH 4.0.
of GDP and of GTP that is necessary during catalysis. PEPCK Purification.Chicken liver mitochondrial PEPCK
Recently, active C&(n)—PEPCK ) and CB*(n)— was purified by a modification of the procedure of Lee and
PEPCK (0) complexes have been synthesized. The exchangeNowak ©) as reported by Hlavaty and Nowak)( The
inert properties of C& and C#* complexes allowed PEPCK ~ €nzyme used for all stgdles typically had a specific activity
to be chemically modified at the, metal binding site. The ~ between 4.5 and 7 units/mg and wa85% pure.
Co**(n)—PEPCK and CGr(n)—PEPCK complexes provide PEPCK AssayThe PEPCK-catalyzed reaction of PEP
excellent tools for examining the kinetic, mechanistic, and carboxylation to OAA was assayed by the method of Noce
binding properties of the, metal without the concern of and Utter (3) as modified by Hebda and Nowak4). In
additional metal binding equilibria at sitg. Balakrishnan  this continuous assay, PEPCK activity was coupled to malate
and Villafranca {1) showed that by using G6- and C#*- dehydrogenase and the oxidation of NADH was spectro-
modified glutamine synthetase, the distance between thephotometrically measured at 340 nm and 25 using a
enzyme-bound metal and the metal associated with thetemperature-controlled cell. The specific activity is defined
nucleotide was estimated to be47 2 A. The C&*(n)— as the units of enzyme activity per milligram of protein where
glutamine synthetase complex served as a diamagneticl unit is the amount of enzyme catalyzing the formation of
control. Binding studies with the Go(n;)—PEPCK-GTP 1 umol of product per milliliter per minute under experi-
or —GDP complexes revealed a second metal binding site, mental conditions. The PEPCK-catalyzed reaction of OAA
n,. The same principles utilized for the modified glutamine decarboxylation to pyruvate was assayed to determine if the
synthetase complexes were applied to PEPCK. By using PRRCG*"(n)) —PEPCK-C0o*'(n)—GTP complex was catalyti-
techniques, the distance between the two paramagnetic metagally active. PEPCK activity was coupled to pyruvate kinase
ion centers in the Gr(n)—PEPCK-Mn%"(n)—GTP or and lactate dehydrogenase, and the oxidation of NADH was
—GDP complex was estimated. spectrophotometrically measured at 340 nm. All activity
Kramer and Nowak 12) showed that Cr—GTP and assays were performed with a Gilford 240 or 250 spectrom-
Co**—GTP complexes are good competitive inhibitors of eter. Kinetic data were treated with the “EZ-FIT” program,
PEPCK, indicating that these nucleotide analogues interactversion 2.02, by Perrella Scientific Inc. (1989).
at the active site of PEPCK. In the work presented here, we Substrate ConcentratioNVhen an accurate determination
utilized both C#—GTP and C& —GTP along with the  of the substrate concentration was required, such determina-
Co*(n;)—PEPCK and Cif(n;)—PEPCK complexes to gain  tions were performed enzymatically. The concentration of

Materials.Malate dehydrogenase, LysC, pyruvate kinase,
and lactate dehydrogenase were purchased from Boehringer
Mannheim Corp. GTP, ITP, GDP, IDP, PEP, OAA, NADH,

( CaCl, and tetramethylammonium sulfate were purchased
from Sigma. CoGJ, CrClk, and Tris base were purchased
from Mallinckrodt. MnCE and MgC}h were from Baker.
Chelex-100, Dowex 50W-X2, DEAE-Sepharose, and hy-
droxyapatite A resin were from Bio-Rad. Butyl Sepharose
was purchased from Pharmacia. [Co@UEO;]NO;" was



Site 1l Cation in PEPCK Biochemistry, Vol. 39, No. 6, 200A.375

substrate was determined as the limiting reagent in therates (1T.y). A more rigorous description of this technique
PEPCK assay described above. Metal solution concentrationshas been presented elsewhe?@)( and an outline of the
were determined by AA. method was recently presented.(

Cobalt(ll) Modification of the First Metal Site on PEPCK. Mn?* binding to various PEPCK complexes was also
The C&*(n))—PEPCK complex was prepared by the method studied using EPR following the method of Hebda and
of Hlavaty and Nowak?). This procedure consistently gives Nowak @21). Samples were drawn into 1 mm (inside
1:1 C@":PEPCK ratios. The Go(n;)—PEPCK complex is  diameter) quartz capillary tubes. The freeMooncentration
stable at #C for approximately 1 week with no loss of the of each sample was measured using a Varian E-9 X-band
Cc** label or change in activity. EPR spectrometer at a frequency of 9.52 GHz. The binding

Chromium(lll) Modification of the First Metal Site on  ©f Mn?" to unmodified PEPCK was used as a control in all

PEPCK. The CP*(n)—PEPCK complex was prepared experiments. The number of binding sites and the binding

starting with CrCj as described by Hlavaty and Nowaloy. constants were obtained from a Scatchard plot of the data

This procedure consistently provides 1: CPEPCK ratios. (22 for'both the PRR _and EPR data.

The CP*(n;)—PEPCK complex is stable for at least 3 days _ The final concentration of enzyme samples was50

at 4°C with no loss of the CGr label or change in activity. =~ PRR and EPR measurements on the inactive or partially
Preparation of Cé*(n;)—PEPCK—CG* (n,)—GTP. The inactive enzyme samples were taken at room temperature.

Co**(n)—PEPCK complex was prepared as described aboveThe enzyme s.am.ples were kept at pH 7.4.

(7). GTP (2 mM) and CoGl(4 mM) were added to a 110 Substrate Binding to C6(ny)—PEPCK-C0*"(n)~GTP

M solution of the C&*(n,)—PEPCK complex. The solution As_; Determined from FluorescencEhe binding of_ nuclg—
was allowed to equilibrate on ice for 30 min followed by otides to Cé&"(n)—PEPCK-Co**(n,)~GTP was investi-

the addition of 20 mM HO,. H,0, (20 mM) was also added gated by fluorescence. A computer-assisted SLM 8100
to the C&*(n)—PEPCK complex as a control to determine fluorescence spectrometer was gsegl for all meas_,urements.
if any oxidative damage to the €qn,)—PEPCK complex T.he sa_mple cell holder was maintained at 2 using a
occurred during this second modification process. The Circulating water bath. The €o(n,)—PEPCK-Co®*(np)—
solutions were allowed to sit on ice for an additional 60 min GTP solution was prepared in 50 mM Tris-HCI buffer (pH
with periodic gentle shaking. After incubation, the solutions /-4) containing 100 mM KCl. Usga 1 mLquartz cell, the
were passed through a P6-DG (1 cen10 cm) column samples were separately measured at an excitation wave-

having a 1 cmlayer of Chelex-100 on top equilibrated in 50  1€ngth of 297 nm and an emission wavelength of 334 nm.
mM Tris-HCI buffer (pH 7.4). The modified enzyme was At recorded time intervals, a known concentration of GTP

collected from the column and concentrated using a mini- °F GDP was added directly into the quartz cell containing

Amicon concentrator with a PM30 membrane. The enzyme the enzyme solut_lqn. The amount of fluorescence quenching

was assayed for protein concentration by Bradford assays dU€ t0 €ach addition of substrate was recorded.

for cobalt concentration by AA, and for catalytic activity. ~ Substrate Binding to the €t(n;)—PEPCK-Mn*"(nz)—

UV measurements of standards and of the sample at 260GTP and C&'(n))—PEPCK—Mn?*(n,)—GDP Complexes As

nm were used to determine the GTP:PEPCK stoichiometry. Determined from PRR MeasuremenfBhe binding of

The doubly labeled enzyme complex was used immediately Substrates to the €t(n;)—PEPCK-Mn?"(n)—GTP or

after preparation, as it would precipitate after approximately ~GDP complexes was assessed by measuring the water

24 h at 4°C. proton relaxation rates (PRRs) using a Seimco-pulsed NMR
Preparation of C8"—GDP and C&'—GTP.Co*—GTP spectrometer at 24.3 MHz using the Calurcell (L9) 180°—

L 7—90° sequence. The enhancement values were calculated
L?gézg?glll-s\}vir? ; (tjh ecpéroc(escliJFrJe E‘gro g\le_kii‘r%Dgé) V\1I.ehr: from the paramagnetic effect of the longitudinal relaxation
synthesis of C&'—GTP and Cé&'—GDP used the amine rates (If,). _ .
[Co(NHs)4,CO:JNO3~ as the starting material. The &o- In these studies, the metal is always the?Mat the second
GTP and C& —GDP concentrations were determined by Mmetal site of PEPCK. The terat, the observed enhancement

measuring absorption at 260 nm with an extinction coef- for enzyme and paramagnetic metal in the presence of
ficient of 15.4 cnt® mM-L. ligands, can be defined as follows:

Preparation of C#*—GDP and C#*—GTP.Cr¥t—GTP [EM]
[Cr(H,0),GTP] was prepared and purified following the & = fe [EMS]C
procedure for Gi*—ATP (16, 17). The CE*—GTP concen- M, M,
tration was determined by measuring absorption at 260 nm

with an extinction coefficient of 15.4 crﬁ_ mM~L Cret— [EM] and [EMS] are defined above and represent the

GDP [Cr(H0).GDP] was prepared following the procedure -yncentrations of free Co(n;)—PEPCK-Mn2*(n,)—GTP

for Cr**—ADP (18). The concentration was determined as o, _gpp complexes and Gt(n;)—PEPCK-Mn2*(n,)—

with Cre*—GTP. GTP—substrate or-GDP—substrate complexes, respectively.
Mn2* Binding. The binding of MiA* to various modified The substrate is any titrant other than nucleotide [Mihe

PEPCK complexes was assessed by measuring the watetotal Mr?* concentration. The terna, is defined as the

proton relaxation rates (PRRs) using a Seimco-pulsed NMR enhancement value when no additional substrate is present.

spectrometer at 24.3 MHz using the Calpurcell (L9) 180°— In treatment of the datay, = 7.0 for the Cé"(n;)—PEPCK-

7—90° sequence. The enhancement values were calculatedVin?"(n,)—GTP complex andy, = 4.2 for the C8(ny)—

from the paramagnetic effect of the longitudinal relaxation PEPCK-Mn?*(n,)—GDP complex as determined from these

(@)
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studies. The terng; is defined as the enhancement value at to simulate the data.
saturating substrate concentrations.

The enhancement values were measured as substrates were 1 __a (4)
titrated into separate solutions of 1M Co**—PEPCK in Pl Tam T 7y
50 mM Tris-HCI (pH 7.4) with 100 mM KCI with 8QuM 9 2.2
GTP or GDP and 7QiM Mn2*. At these concentrations, 1 _ 92S(S+ 1)y°gp [ 3 i T 5)
approximately 90% of the Mt was bound at site,. PRR Tim 15r8 \1 + w0l 1+ ol
measurements were taken at room temperature, and the
enzyme samples were kept at pH 7.4. 11,1, 1 ©6)
The observed enhancements, are plotted versus sub- T. T, Tg Tpn
strate concentration, providing estimates for the values of
Ks and ¢. Ks represents the binding constant for the 1_ B 2 @)
interaction of the substrate and the enzymeetal complex T 1+ wszrcz
as follows:

The normalized relaxation rate filly) is directly propor-
_ [SKHEM] tional to the hydration numbeg, and related to the relaxation
3T [EMS] (3) time and residence time of the water (eq 2B)( The
relaxation rate () is described by the simplified form
where [S]is the free substrate concentration, [EM] represents of the Solomonr-Bloembergen equation (eq 3§, 27). Sis
the concentration of the enzymenetal complex [in this case  the electron-spin quantum numberis the nuclear magne-
the Cé*(n;)—PEPCK-Mn?"(ny)—nucleotide] not associated  togyric ratio.r is the ion—nuclear distancey is the electronic
with the substrate, and [EMS] represents the concentration“g” factor. § is the Bohr magnetomw, andws are the Larmor
of the Cd"(n;)—PEPCK-Mn?"(n,)—nucleotide-substrate angular precession frequencies for the nuclear and electron
complex. The terna is defined in eq 2. The titration curves  spins, respectively, wheres = 657w,. For these calculations,
were fit on the basis of eqs 2 and 3 using the computer the rotational correlation timez,, is approximated as the
program PRRFIT, written in Fortran. The program is molecular mass of the species (67 000 Da) divided by 2000
designed using the least-squares method. The progranm(28). Details of this approach have been reviewed elsewhere

generates values fdf; ande;. (23). The program is designed using the least-squares method
Second Metal Hydration NumbeFhe hydration number  of solving all four equations simultaneously using an iterative
for the second metal site was determined for thé"Ga)— fit. The program relates the normalized value ghThj to

PEPCK-Mn?"(n,)—GTP and—GDP complexes using PRR the relaxation and to the water exchange rate. The values
techniques. The procedure described by Hwang and Nowakfor the hydration numberg, and the correlation timeg,
(23) was followed. Longitudinal relaxation rates T1y of are determined from the fit of the data.
water protons (PRR) were measured with a Seimco-pulsed Estimation of the Distance between theamd n. Metal
NMR spectrometer. The concentration of freeim each Sites on PEPCKThe distance between the enzyme-bound
sample was directly measured by EPR spectroscopy. AfterMn?" at siten; and CF*—GTP at siten, or enzyme-bound
the PRR measurements, the samples were drawn into | mmCr* at siten; and M#*—GTP at siten, was investigated
quartz capillary tubes and the Knspectra were recorded by PRR techniques. This process is described in detail by
on a Varian E-9 X-band EPR spectrometer. Gupta @9), who first utilized this PRR technique to
The effects of frequency on Ty for each complex were  determine the metalmetal distance on pyruvate kinase using
measured at 10.0, 13.5, 24.3, 35.3, and 45.3 MHz. The C¥*™—ATP and enzymeMn?" (with C®*—ATP and en-
frequency was adjusted with a frequency synthesizer, andzyme-Mg?" as diamagnetic controls). An outline of this
resonance was obtained by varying the magnetic field. method is described here.
Measurements were taken for each protgincleotide- Two paramagnetic metal ions with similar electron reso-
metal complex at two different enzyme concentrations (80 nance frequencies may affect the relaxation properties of each
and 90 uM). Normalized paramagnetic effects on the other via concerted mutual spin flips, the process of cross-
longitudinal relaxation rates, iT.,, for the binary complex relaxation 26, 30). The mutual cross-relaxation depends on
and the enzyme complexes are plotted as a function of thethe inverse 6th power of the distance between the spins, and
squared resonance frequenay)?. The effect of temperature  the magnitude of the effect declines as the separation between
on the 17T, of each complex was measured by passing cooled the two paramagnetic centers is increased. The exchange of
nitrogen over a thermostated heating filament before it the spin magnetizations occurs due to the flip-flop terms (the
arrived at the sample zone. The temperature was adjusteds,"St and S-S functions, whereS; and S denote the
by heating the nitrogen. The temperature at the sample withinelectron spin operators of the paramagnetic metals) of the
the probe was measured directly by means of a thermocoupledipolar interaction Hamiltonian. The concerted spin flips
To calculate the hydration numbeg, for Mn?" in the become the predominant mechanism for relaxation.
various enzyme complexes, the correlation tirpenust be For this work, when one of the spins is3Cras CE"—
known. Ther. for the electror-nucleus interaction was GTP, it has an electron relaxation timaY) much shorter
estimated for each of the complexes that was studied utilizing than that of the other spin, Mh (zM"). Since the rotational
the frequency dependence of theThj, of water protons. correlation time of the entire moleculg, is long compared
The frequency-dependent data were fit on the basis of theto 7", the cross-relaxation phenomenon shortens the effec-
Bloembergen-Morgan theory 24) using eqs 47 and by tive spin—lattice relaxation time of the slowly relaxing spin
using the computer program FREQ, written in Table Curve, (Mn?" in this case) according to the following equation:
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ZSCr(SCr + :]-))/CrzyanhZ|l
15r°
whereS™ andz" are the net unpaired spin and the electron
spin relaxation time of G, respectively, c; and yumn are
the electronic gyromagnetic ratios for the*Cand Mr?*
ions, respectively, andis the Mrf™—Cr®* distance. The term
(/MM is the electron spinlattice relaxation rate of the
slowly relaxing spin (MA") in the presence of the other
paramagnetic spin (€r), and the term ("), is the same
quantity except that the faster relaxing spin is replaced by
the diamagnetic metal, €a Co*'—GTP provides a substitu-
tion-inert diamagnetic analogue for the paramagnetfc-€r
GTP. The combination of Mii(n)—PEPCK-Cr3*(ny)—
GTP and MA*(n))—PEPCK-Co*"(n,)—GTP provides an
excellent system for such a study. Both®CeGTP and
Cr*—GTP are inhibitors against and effectively replace
Mg?*—GTP at the active site of PEPCK2).

The paramagnetic effect of Mh on the longitudinal
relaxation rate (I;) of water protons is enhanced upon
complexation with the enzyme. The relaxation tima¥",
may be estimated from the observed enhancement factor

T,

Cr
s

|1+ Awg oY

T

8

for relaxation rates of the fast exchanging inner sphere water
protons in appropriate systems. The observed enhancemen

eMn of the Mr?t relaxivity in the enzyme-bound form is
related to the value af., wherez. is the resultant correlation

time of the process or processes responsible for the time

dependence of the manganeseter proton dipolar interac-
tion as demonstrated by the following equations:

v df(To)
- 6,[r (9)
f(e) = 3r, N 7T, (10)
T =
1+ w’t? 1+o0ltl

where w? is 2.33 x 10 rac® & (24.3 MHz), 7;, the
rotational correlation time for the hydrated Rinion, is 3
x 10711s, w, is the proton Larmor frequency, awd is the
Larmor frequency of the Mit electronic spin moment. The
number of fast exchanging water ligands of Mrin the
bound state is represented @yFor the hexaaquo complex
of Mn?", =6 andr, =17, =3 x 10 s

To determine the distance between Mmt siten; and
Cr*t at site n, in the Mr¢™(n;)—PEPCK-Cr*(ny)—GTP
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relaxations was neglected, and the much larger paramagnetic
effect of the Mi#+ was calculated to a good approximation
according to the following equations:

( )EMn ( )EMg
1/crGTP GTP|
(comder =TV \me (12)
( )CrGTP (T 1/CrGTP]
f( )EMn ( 1\e
CoGTP CoGT
(condco = ( l)E;;n ( )E;’Ag (12)
! T 1/CoGTP T 1/CoGT

where (1T))crere™" or (LTy)coctE™M" is the measured
relaxation rate of the system containing the enzyme?*in
Cr3+—GTP, or C6*—GTP and (1T1)CrGTpEMg or (:l./.l—l)(;.;)GTF!EMg
is the measured relaxation rate of the system containing the
enzyme, M@", C¥*—GTP, or C8"—GTP. The nonenzy-
matic control systems are denoted byTglé et or (1/
To)costé™ and by (1T1)crer" or (1/T1)coctd’.
From the 1T, values, the enhancement values{{")c,
and €one™)co in egs 11 and 12 can be determined. The
enhancement values can then be used to calci@fen eq
J0. The values for, for both the C¥" and C&* (paramag-
netic and diamagnetic) complexes were then used to deter-
ine the distance between the two metals as shown in eq
3:

2(constants) ¢,
fry —TS

15 (13)

where the constants equal 5.863L0%? andz""is 2.3 x 10710
s.

This same series of measurements, with the corresponding
diamagnetic controls, and calculations were repeated to
determine the distance between Mmt siten; and CE* at
site n, in the Mr#*(n)) —PEPCK-Cr3*(n,)—GDP complex,
and the distance between3Cat siten; and Mr?* at siten,
in the CP*(n)—PEPCK-Mn2"(ny)—GTP and C¥(ny)—
PEPCK-Mn?*(n,)—GDP complexes.

IH and®!P Relaxation Rate Measurementée relaxation
rate experiments were performed on Varian Unity Plus 300
MHz and Varian VXR 500 MHz spectrometers. The effects
of Mn?* on 1/T; and 1T, values of the trans and cis protons
and the*'P nucleus of PEP were measured. Theneasure-
ments were made by the inversion recovery method (80
7—90°) (31, 32) in the absence and in the presence ofMn
For T; measurements, multiple scans were accumulated at

complex, the experiment consists of measuring the enhance-eachr value. The number of scans depended upon the signal-

ments of the longitudinal relaxation rate of water protons in
the Mr¢*(n;)—PEPCK-Cr¥*(n;)—GTP, Mr?*(n;)—PEPCK-
Co*"(ny))—GTP, Mg"(n;))—PEPCK-Cr¥"(n,)—GTP, and
Mg?*(n;)—PEPCK-C0o*"(n;)—GTP complexes. The ob-
served enhancement of the paramagnetic effect &f Qn

the water proton relaxation rate in the presence of the enzyme

to-noise ratio of the particular experimentsTlvalues were
obtained from the best fit to a single-exponential decay.
The T, values were estimated from the line widths of the
resonance signals with the equation
B) (14)

UT, = n(vy, —

is small (1.5) compared to the much larger enhancement of

the paramagnetic effect of Mh(6—12). The small variation

in the effect of C¥" on the water relaxation rates between
Mn?*(n;)—PEPCK-Cr¥*(n)—GTP and M§"(n,;)—PEPCK-
Cr¥"(ny)—GTP complexes due to the presence of cross-

wherewvy; is the spectral line width at half-height in hertz

andB is the artificial line broadening due to the exponential
multiplication of the FID prior to Fourier transformation of

the spectrum. The value & was usually 0.5 Hz.
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The *H relaxation rates were determined at 300 and 500 4 _ q[SgS+ 1)y°g*A7
MHz. The3'P relaxation effects were determined at 121.5 == 5 X
and 202.5 MHz. ThéH relaxation rates at 500 MHz were 2V 15
measured fron?'P-decoupled spectra. TH&P relaxation Ar +
rates were obtained froAt-decoupled spectra. All samples ¢
were run in 5 mm sample tubes with a final volume of 750

uL. Unless mentioned otherwise, the temperature was The above terms have been previously defined. A frequency
regulated at 24 1 °C. dependence of Ty for the nucleus measured was used to
calculater.. Assumingz. is frequency-independent, eq 16

3t 7T

_"_ c
1+ 0t 1+ o0t

| (@5)

C

All of the relaxation rate experiment$H and3P) were
performed under analogous experimental conditions. Solu-
tions were prepared in 50 mM Tris-HC1 buffer (pD 7.4),
which contained 100 mM KC1 in . In the absence of T1M(V1) 1+ a)|(vl)217cz
enzyme, the ligand concentration was approximately 10 mM
for each of the experiments. The exact concentration waswas used to calculate,. Assuming a maximal frequency
determined independently. TheT1/and 1T, values were dependence of;, eq 17 was used to calculatgat v, and
measured as a function of increasing concentrations of va:

MnCl,. The experiments performed in the presence of 5 5
enzyme were devised to maximize the distribution o2Mn Timwy 11 0, W)t
into the C3"(ny)—PEPCK-Mn?*(n,)—GDP—PEP complex. = 2 2 2
For the measurements of botH and3'P relaxation rates, Ty 107fv)” + Py Te
the enzyme concentration was 1QM and the PEP
concentration was 10 mM. The N concentration was
varied from 0 to 4uM. The observed T4 values increased
by a factor of 2-10 upon the addition of increasing amounts
of Mn?". For each experiment that was performed, the

22
TlM(vz) B 1+ Wy, Tc

(16)

(17)

The second method for calculatimgutilized the (1T2y)/
(1/T1y) ratio. Assuming only dipolar contributions of Mih
to the relaxation rates, can be calculated from the following
relationship:

distribution of Mrf™ was calculated on the basis of known Tim 172

dissociation constants for each compl&x (n each experi- 6 T 7

ment performed in the presence of enzym@®8% of the T, = ZM—Z (18)
Mn?* was calculated to be in the €¢n;)—PEPCK-Mn?*- 4o,

(n;) —GDP—PEP complex. To further verify the results of
these calculations, severdH and 3P experiments were
performed at either two ligand concentrations or two enzyme
concentrations. The normalized relaxation rates were virtually
identical.

The longitudinal relaxation rates of the nuclei of a complexed

ligand (1T1v) may be used in the SolometBloembergen

equations to calculate interatomic distances between the

paramagnetic ion and the magnetic nuclei from the dipolar

correlation timeg.. The equation is restricted by the limits
The relaxation rates, I{ and 1T,, were plotted as a  of fast exchangep(Ti, = Tiv). For Mr?*—1H interactions

function of Mr?* concentration, and the paramagnetic in a 1:1 complex, the simplified form of eq 5 is

contribution to the relaxation rates was calculated as the

difference in relaxation rates due to #nThese values were r(A) = 812[T,,/f(z,)] e (19)

normalized by the factqe, wherep = [Mn?*]/[PEP], to yield ] . ) S

values of 1/pTy,) and l/@Ts,). The normalized relaxation and for Mr?*—31P interactions, the equation simplifies to

rates were assumed to be in fast exchange for initial analysis; . 16

thUS, l/pTlp) = 1/T1M, and 1/()T2p) = l/TZM. r(A) - GOlﬂ—le(TC)] (20)

The correlation timer,, for the electror-nuclear interac-  The termf(z.) is the correlation function (eq 10). A more
tion was calculated for each of the binary and enzyme detailed description of the treatment of these data has been
complexes that was evaluated. The correlation tigayas reviewed elsewherel@).
defined by eq 10. For the binary complexeswas assumed A temperature dependence of tHe relaxation rates of
to be 7, the rotational correlation time. For the binary PEP in the ternary complex was performed at 121.5 MHz.
complexes, this value increases approximately 80% from the One sample contained 1QeM Co*"(n)—PEPCK in the
T, for Mn(H,0)s (3 x 10721 s) (24) when the Mn(HO)s— presence of 8&«tM GDP and 10 mM PEP, and the other
ligand complex is formed. A value of 5.38 10-'! s was was the same but in the presence @M Mn?*. Differences

calculated forz, for the binary complexes on the basis of N relaxation rates between the fMrcontaining complex and
the increase in molecular weight. the diamagnetic control were calculated to give values for

o the paramagnetic contribution to the relaxation rates. The
Two separate methods were used to determainie the  temperature was varied by passing cooled nitrogen over a
enzyme complexes. Both of these methods utilized the thermostated heating element before it arrived at the sample
dipolar forms of the SolomonBloembergen equation&6, zone. The temperature of the sample within the core was
27). The abbreviated SolomeiBloembergen equations (the measured directly by means of a thermocouple.
scalar term has been ignored in these calculations) are LysC Digestion of Apo- and €gn)—PEPCK-Co**(ny)—
represented by eqs 5 and 15: GTP. ApoPEPCK and C&(n;)—PEPCK-Co**(ny)—GTP
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solutions were concentrated in 50 mM Tris-HCI (pH 7.4) t0 T 016 1 M+

. . o . Binding Constants for Various PEPCK Complexes
approximately 9 mg/mL using a mini-Amicon concentrator

; PRR EPR
with a PM30 membrane. Urea (6 M) was added to the measurements measurements
. . . a a

enzyme solutions, and the mixtures were incubated at 90 sample n Ko @M) " Ko (uM)

°C for 30 min. The C&"(n))—PEPCK-Cc*"(n))—GTP apoPCEPCK ggi g.gg 42.(7; 5.1 1.g§t 8.12 425& g.g
; oo PEPCK-PEP . .09 12.0+4.7 1.08+0.13 13.6+6.

solution was th_en added to an Eppendorf tube containing Lo S oop 1774012 198L56 179L021 210t 33

Chelex-_lOO res[n._ The .tube was gently shak_en and C]UICk- PEPCK-GTP 1.88+-0.11 9.8+30 1.94+0.11 10.0+1.8

spun using a minicentrifuge to pellet the resin. The cobalt Co**—PEPCK o - ob -

content was determined from the supernatant by AA. After Co*'~PEPCK-PEP Y - ® -

Co**—PEPCK-GDP 0.79+0.15 10.940.9 0.81+0.11 9.9+0.3

heating, sufficient 25 mM Tris-HCI (pH 7.4) was added t0 S+ pEPCK_GTP 0.86L 013 5.7+ 04 0.91L006 49403
the solutions to dilute the urea concentration to 2 M. LysC, — ,
an represents the stoichiometry of Knto enzyme as determined

at a 1:50 (W/W) ratio, was add_ed‘ Nlt_mgen gas W_as blown from Scatchard analysis. Data were fit using EZ-Fit, version 2.02, by
over the solutions. The LysC digest mixtures were incubated perella Scientific Inc. (1989%.No measurable M binding was

at 37°C for 24 h. After digestion, the CGb(n;)—PEPCK- observed for these samples.
Co*"(np,)—GTP solution was treated with Chelex-100 as
before to remove any free cobalt ions. As shown in Table 1, stoichiometry values increased from

Separation of the Proteolytic Digests by Rese-Phase 1 to ~2 mol of Mr** bound per mole of enzyme in the
HPLC. LysC peptides were separated on a C-18 reverse-presence of GTP or GDP with a decreas&invalues for
phase Rainin Microsorb-MV (4.6 mm 250 mm) column  Mn?" to approximately 1620 «M. This indicates that
with a 300 A pore size using a computer-assisted WatersMn?*—GTP or Mr#*—GDP interacts with the Mi—PEPCK
501 HPLC two-pump system equipped with a Waters 484 binary complex at the second metal site on PEPCK to form
tunable absorbance detector and a Waters system interfacéhe bimetal complex. Although a stoichiometry of nearly 2
module. Approximately 1 mg of digested protein was injected mol of Mn** bound per mole of apoenzyme was observed,
into the system. LysC peptides were eluted with the following the data can best be fit to a singt®. No Mr?* binding
gradient: 99.9% water with 0.1% trifluoroacetic acid for 10 was observed for C6(n;)—PEPCK in the absence or
min, 0 to 40% acetonitrile in 0.1% trifluoroacetic acid wash presence of PEP. These results agree with previous observa-
for 1 min, and 40 to 99.9% acetonitrile in 0.1% trifluoroacetic tions that indicate CY is at then; site on PEPCK 7).
acid for 50 min, followed by a 99.9% acetonitrile in 0.1% Binding of Mr#* to Co*"(n;)—PEPCK was observed only
trifluoroacetic acid wash for an additional 20 min. The flow when GTP or GDP was present (Table 1), indicating that
rate was maintained at 0.8 mL/min throughout the entire run. binding must be at the, site of the enzyme. As determined
Peptides were detected at 215 nm. One milliliter fractions from a Scatchard analysi22) of both EPR and PRR data,
were collected for the first hour. The cobalt content for each approximately 1 mol of M#" binds per mole of the Cb-
fraction was detected by AA. (n)—PEPCK-GTP or C&"(n))—PEPCK-GDP complexes.

Two cobalt-containing peptides were detected. The first 1€ KD+vaIue for Mr¢* blzrldlng was approximately @A
cobalt-containing peptide was previously identified as the for CO° (nl)—PEPng—Mn (n2)—GTP and 1Q«M for Co*"-
peptide associated with the metal site on PEPCK. The (M)—PEPCK=Mn*'(n;)—~GDP. These v+alu_es. are signifi-
second cobalt-containing peptide was treated with 143 mm cantly smaller than th&p values for Mit™ binding to free
f-met and Chelex-100 to remove the cobalt that may interfere G TP (@pproximately 8aM) or to free GDP (approximately
with peptide sequencing. The peptide buffer was then 800#M), suggesting that PEPCK provides ligands tomhe
exchanged into distilled deionized water by running the Metal: o )
sample through a 10 mL P6-DG column equilibrated in Substrate+B|nd|ng to the eg(fl)_PEPCK_M” (no)—
distilled deionized water. This process eliminated any STPand C8&' (ny) —PEPCK-Mn?"(n,)—GDP Complexes As
contaminating primary amines that may interfere with amino ASSessed by PRR Measuremeiitse interaction Sf PEP,
acid composition analysis. The sample was submitted to the @AA and (:29 (treated as HEQ) with either C<§2+(n1)—
Bio-Core Facility at the University of Notre Dame, Depart- ©EF CK-Mn?"(n;)=GTP or C6*(ny)—PEPCK-MnZ*(n;)—

ment of Chemistry and Biochemistry, for amino acid G_DP was investi_gat_ed using PRR techniques. As shown in
composition and sequence analysis. Figure 1A, the titration of C&'(n))—PEPCK-Mn?*(ny)—

GDP with PEP results in a decrease in the observed

RESULTS enhancement, indicating the formation of a quinary'Co
(n;)—PEPCK-PEP-Mn?(n;)—GDP complex. The data
Presence of the Second Metal Site on PEPOKe from several titration studies were evaluated by iterative

diamagnetic exchange-inert €¢n;)—PEPCK complex pro-  computations to obtain values f&& ande;. The best fit to
vides an excellent experimental tool for examining the role the data €4% standard deviation) yields a dissociation
of the second metal in PEPCK activity. To investigate the constant K3) of 1.86 + 0.07 uM for dissociation of PEP
role of the second metal, EPR and PRR titrations ofPMn from Cc**(n;)—PEPCK-Mn?*(n,)—GDP and an enhance-
binding to 100uM Co*"'—PEPCK in the presence of 90/ ment €;) of 3.25+ 0.13. These results are summarized in
GTP or 80uM GDP were performed. Unmodified PEPCK Table 2. The dissociation constant of 1,8@ for PEP is in
with GTP or GDP was used as a control. On the basis of the good agreement with previous PRR studies of the?Mn
Kp values of 2uM for the PEPCK-GTP complex %) and (n))—PEPCK complex that gave k& of 0.6 uM for PEP

10 uM for the PEPCK-GDP complex ), approximately (21). The titration of PEP into Cd(n;)—PEPCK-Mn?*-
80—90% of the total nucleotide present was bound to PEPCK (n;)—GTP did not change the relaxation rate over the
to form the respective binary complexes. concentration range of PEP{320uM) that was examined.
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A 80 interaction of OAA with C8*(n;)—PEPCK-Mn?*(n,)—GTP
7.0 . . affects the environment of the second metal. The quinary
60 | Co*(n)—PEPCK-Mn?*(n)) —GTP—OAA complex is cata-
5o lytically active, with PEP, CQ and GDP being formed as
§ 40 products. The change in enhancement may reflect the
§ 3'0 _ . formation of diphosphate nucleotide, GDP, from triphosphate
s nucleotide, GTP. GDP is proposed to be in a monodentate
2.0, complex with then, metal, whereas GTP is in a bidentate
1.0 complex. The observed change in enhancement may indicate
0.0 | ; : : : ; : : the exchange of ligands for th metal. The PRR titration
0 40 80 120 160 200 240 280 320 of OAA into Cc*"(n;)—PEPCK-Mn?*(ny;)—GDP did not
[PEP] (LM) change the enhancement over the concentration range of
OAA (0—320 uM) that was examined. This dead-end
B 80 complex is not catalytically active; either OAA does not
70 affect the environment of the, metal, or the complex does
not form.
- 6.0 ¢ s The titration of the C&'(n))—PEPCK-Mn?"(n)—GTP or
2 50. Co*"(n))—PEPCK-Mn2*(n,)—GDP complexes with HC®
§ 4.0 Wes—>s . ¢ (CO; is the actual form of the substrate) did not change the
.%:: 3.0 1 enhancement over the concentration range of EHCO—
=50l 320 mM) that was examined (Figure 1C). HEQloes not
0 affect the environment of the, metal.
- Second Metal Hydration NumbeFhe hydration number
0.0 * * ‘ 1 ? ‘ 3 of the cation at the second metal site was determined using
0 40 80 120 160 200 240 280 320 the C&*(n)—PEPCK-Mn2t(n)—GTP and C&"(ny)—
[OAA] (uM) PEPCK-Mn?*(n;)—GDP complexes. Measurements were
taken for each proteinnucleotide-metal complex at two
c 8 different enzyme concentrations (80 and/8@) and at five
7.0 L._. - - frequencies. Frequency-dependent data were fit utilizing a
6.0 | computer program to simulate the data as described in
% 501 Materials and Methods.
§ 4.0 oo —o . Figure 2 shows the frequency dependencpTaf values
g 30 for the C&*(n))—PEPCK-Mn?*(n,)—GTP and C&"(n,)—
ST PEPCK-Mn?"(n))—GDP complexes. The normalized re-
20+ laxation time shows a frequency dispersion. Table 3 lists
LO . the calculated values for several important parameters,
0.0 : ‘ : including the hydration numberg, obtained from the

[HCO,] (mM)

0 40 80 120 160 200 240 280 320

generated fit and assuming that the metal-to-water proton
distance is 2.87 A. The hydration number for Mrat site
n, for the GTP complex is 0.56, and the value increases to

Ficure 1: PRR titration of substrates into the €(n;)—PEPCK- .
Mn?+(n,)—nucleotide complexes. (A) PRR fitration of PEP into 0.68 for the GDP complex. The nonintegral values calculated

Co* (n;)—PEPCK-Mn2*(n,)—~GTP @) or C&**(n,)—PEPCK- for g may be due to either the metal-bound water having
MnZt(n;)—GDP @). (B) PRR titration of OAA into C&"(ny)— only one proton in fast exchange, errors in the constants
PEPCK-Mn?*(ny)~GTP @) or Cc*(n;)—PEPCK-Mn?*(np)— utilized, or collective uncertainties in the data fitting.

GDP @). (C) PRR titration of CQ (treated as HC®) into ; ;
Co* (ny)—PEPCK-Mn2"(n,)—GTP @) or Co*(n)—PEPCK- The apparent increase tnsuggests that the number of

Mn2+(n,)—~GDP (@). The curves represent the best fits to the protons in fast_ exchange increasv_es for the GDR complex.
experimental data. This agrees with the metametal distance data (discussed
below) that indicate a conformational change at the active
These results agree with fluorescence studies (not shown)site depending on whether the diphosphate or triphosphate
where GTP was titrated into the &¢n;)—PEPCK-PEP nucleotide is bound. On the basis of these data, no more
complex. No change in PEPCK fluorescence was observed,than one water molecule is associated with the second metal.
indicating that GTP does not bind to the ;) —PEPCK- Since Mrif™ prefers an octahedral geometry, the remaining
PEP complex. It appears that PEPCK cannot accommodatdive ligands must be provided by the enzyme and nucleotide.
both GTP and PEP at its active site. Th@hosphate group Temperature Effect on the Obsed 1/pT, Values of the
of GTP and the phosphate moiety of PEP may occupy the Co®*"(n))—PEPCK-Mn?*(n,)—GTP and Cé&"(n;)—PEPCK—
same position at the active site of PEPCK, preventing both Mn?*(n)—GDP ComplexesThe 1pT,, values of water
substrates from binding simultaneously. protons in the C& (n;)—PEPCK-Mn?*(n,)—GTP and Cé&'-

The titration of Cé*(n))—PEPCK-Mn?"(n,)—GTP with (n;))—PEPCK-Mn?*(n,)—GDP complexes were determined
OAA (Figure 1B) results in a decrease in the observed as a function of temperature over the range-6fi6 °C using
enhancement, indicating the formation of a quinar'©o  PRR. The plots are linear with a positive slope, indicative
(n;)—PEPCK-Mn?*(n,)—GTP—OAA complex. The results  of a fast chemical exchange. The activation ener@igsyere
of the fits are given in Table 2. The results suggest that the calculated from the slope of the line. Thg for the C&*-
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Table 2: Binding Constants for Binding of Substrates t6'Qm)—PEPCK-Mn?"(n)—GTP or—GDP As Determined by PRR

PEPCK complex substrate Kz (uM) €t
Co*"(n)—PEPCK-Mn?*(n,)—GDP PEP 1.86: 0.07 3.25+ 0.13
OAA NRP NRP
CO, (HCGs) NRP NRP
Co**(n))—PEPCK-Mn2*(n,)—GTP PEP NR NRP
OAA 1.93+0.08 5.86+ 0.23
CO, (HCOs) NRP NRP

a Substrates were titrated into &¢n;)—PEPCK-Mn?*(n,)—GTP or—GDP complexes, and enhancement values were measured as described in
the text.” NR indicates that the addition of this substrate to the enzyme complex did not generate a PRR response.

and absence of enzyme and for both the paramagnetic and

A 6.5e07 P
607 : diamagnetic metal ions allowed for the calculation of the
€obs Values [Eopd)cr and €ond™)co] USINg eqs 11 and 12.
5.5e-07- : st From theeqs values, thef(zg) can be calculated from eq 9
S seor BT , and the values for. can be calculated using eq 10. The
: 7 differences inz. values obtained for the €r and C&*
4.5-07 , | ‘ (paramagnetic and diamagnetic) complexes were used to
4607 N e o calculate the distance, between the two metals using eq
M 13. The values fog, the hydration number, determined for
350074 2e+16 4e+16 6e+16 8e+16 the n, metal (see Table 3) were used in these calculations.
o2 (rad»sec?) Table 4 lists thesps 7, Ate, q, andr values.
An estimate of the correlation times, affected by spin
B 55607 coupling of the two metal ions within the enzyme complex
e gives a value of 0.86 ns for the complexes with GTP and a
50-07. : T value of 0.72 ns for the complexes with GDP. The metal
% metal distance for the PEPCK complexes with GTP is
e 45607 approximately 8.3 A, whereas the distance for the GDP
2 | , complex is 9.2 A (Table 4). The difference in the metal
40071 Lo metal distances for the two nucleotigprotein complexes
N suggests that a conformational change occurs during cataly-
sis. This protein conformational change resulting in a 0.9 A
3.5e-07 ] . ) ‘
0 2e+16 4e+16 6e+16 8e+16 distance increase between the cations occurs at the PEPCK

o (radPesec?) active site as GTP is converted to GDP.
FiGURE 2: Frequency dependence of the PRR for thé'Qa)— Estimation of the Distance between theMetal and_ PEP
PEPCK-Mn2*(n;)—nucleotide complexepTs, is plotted vs the 0N PEPCK.The effects of PEPCK-bound Mh at siten,
squared frequencyuf). (A) Frequency dependence for the3Co on the3'P relaxation rates of PEP were measured at 121.5
(n)—PEPCK-Mn?*(n;)—GTP complex. (B) Frequency depen- and 202.5 MHz. The results of the Kintitration on the 1T;
dence for the C8 () —PEPCK-Mn?"(n;)—GDP complexpTi, and 1T, of 3P for PEP at 121.5 MHz for the Gt(n;)—
values were calculated for bound FArin each complex. The curves : . .
represent the best fits to the experimental data. PEPCK-GDP—PEP complex yield a linear response. Studies
of the Cd*(n;))—PEPCK-GTP—-PEP complex were not
(n)—PEPCK-Mn2*(n,)—GTP complex is—5.85 kcal/mol. performed as fluorescence and PRR results demonstrate that
TheE, for the C3*(n) —PEPCK-Mn2*(ny)—GDP complex this complex does not form. TheTk/and 17, values for
is —4.53 kcal/mol. These values differ considerably from the 3!P nucleus increased by a factor of-20 upon the
those measured from the PRR temperature dependence cfddition of up to 3.&M Mn?* (data not shown). The data
relaxation of water protons by the first metal site where the were normalized and are summarized in Table 5. The
Eais 1.7 to 2.3 kcal/mol32) and in slow chemical exchange. ~experiment was repeated at an approximately 25% greater
The water molecules associated with the metal are enzyme concentration. The normalized relaxation rates from
proposed to interact with the phosphoryl group that under- these experiments were nearly identical.
goes transfer during catalysis, ). The effects of enzyme-bound Mhon theH relaxation
Estimation of the Distance between theamd n Metal rates for PEP were measured at 300 and 500 MHz. The 1/
Sites on PEPCKThe distance between timg metal and the values increased up to a factor of 10 as?Mwas added to

n; metal in the C¥"(n;)—PEPCK-Mn?*(n)—GTP, Cg*- a concentration of 3.8M. The data are summarized in Table
(n;)—PEPCK-Mn?*(n;)—GDP, Mrtt(n;)—PEPCK-Cr*- 6. The normalized relaxation rates measured at 300 MHz
(n)—GTP, and MAt(n;))—PEPCK-Cr¥"(n)—GDP com- for the PEP complex are enhanced over the values measured
plexes was estimated using PRR.3Gtabeled enzyme or  for the binary Mid*—ligand complexes.

Co**-labeled nucleotide or Mg-bound enzyme or M- To use the relaxation rate data in Tables 5 and 6 to

labeled nucleotide was used as a diamagnetic control. All calculate the M&—nuclear distance from egs 14 and 15,
calculations were carried out as described by Gup@agnd the ligands must be in fast exchangep(lyy = 1/Tim) and
as outlined in Materials and Methods. the correlation timez., must be known. It has previously
The measured T{ values obtained from the PRR mea- been demonstrated 9 that when 1T, values are sub-
surements for each bimetal complex system in the presencestantially larger than pTy, values, 1T, is often a measure
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Table 3: Parameters Calculated frgfy, vs w22

sample 1pTip (x10°8 s7)P 7 (nS) 7, (pS) B (x10%%) q
CA** () —PEPCK-Mn2*(n)—GTP 2.42 2.95 16.1 2.95 0.56
Co**(ny) —PEPCK-Mn2"(n,)—GDP 2.50 257 22.4 2.57 0.68

2 PRR measurements using ) —PEPCK-Mn2t(n))—GTP or—GDP complexes were taken from the data presented in Figure 2. The results
were fit to yield the pertinent parameters that are listethe 1pTy, values taken at 24.3 MHz were used for the calculation of the hydration
number,q, for each complex.

Table 4: Metat-Metal Distances in the Bimetal M-PEPCK-M,—Nucleotide Complexés

sample €obs 7 (x10710s) 1Az (x107 s) q r(R)
Mn2*(n;)—PEPCK-Cr¥*(n;)—GTP 2.64 8.63 3.96 0.56 8.3
Mn2*(ny)—PEPCK-Co** (n,)—GTP 2.73 8.94
Cr*(ny) —PEPCK-Mn2*(n;)—GTP 2.63 8.60 3.99 0.56 8.3
C0**(ny)—PEPCK-Mn2*(ny) —GTP 2.72 8.90
Mn2*(n;)—PEPCK-Cré*(n;)—GDP 2.67 7.15 2.11 0.68 9.2
Mn2*(n,)—PEPCK-C0* (n,)—GDP 2.71 7.26
CrB*(ny) —PEPCK-Mn2*(n,)—GDP 2.68 7.18 2.10 0.68 9.2
C0**(ny)—PEPCK-Mn2*(n,)—GDP 2.72 7.29

@ The distance between enzyme-bound metgl énd the nucleotide-bound meta were calculated using the PRR approach described by
Gupta @9). Calculations for values ofons 7c, 1/ATc, g, andr are described in Materials and Methods.

Table 5: Normalized Effect of Mii at Siten, of PEPCK on the
31p of PEP in the CY(ny)—PEPCK-Mn?*(n,)—GDP—PEP
Complex

1/pT1p l/psz f(‘[c)
nucleus (x10®s?Y) (x10¢s) 7. (ns) (ns) r (A)
s1p 4684+ 0.2 1.31+0.1*2 203 178 5.12+0.1Z
4.20+ 0.1 — 0.42 119 4.75+0.18

aValue measured at 121.5 MHzValue measured at 202.5 MHz.
¢ Estimated from the ratio of T, to 1/p Ty, at 121.5 MHz ¢ Estimated
from the ratio of 1pT;, at both frequencies.

Table 6: Normalized Effect of Mi at Siten, of PEPCK on the
Protons of PEP in the Co(n;)—PEPCK-Mn2"(n;)—GDP—PEP
Complex

1/pTyp 1/pTop f(zc)
nucleus (x1®s?) (x1®s?hH) 1z.(ns) (ns) r (A
cis'H 2.60+ 0.1 8.694+0.1* 0.96¢ 0.67 6.93t0.20
0.294 0.08 - 0.36 0.69 6.95+0.17
trans'H 1.53+0.1* 6.19+0.12 1.08 0.63 7.35+0.1F
0.194 0.08 - 0.3¢ 0.69 7.45+0.10

2Value measured at 300 MH2Value measured at 500 MHz.
¢ Estimated from the ratio of @, to 1/pTy, at 300 MHz.9 Estimated
from the ratio of 1T, at both frequencies.

of relaxation (1T1m) and is in the rapid exchange domain.

summarized in Tables 5 and 6. The abnormally long values
for . calculated from (IWou)/(1/Tyv) ratio measurements
of 3P indicate that theT,y values may contain scalar
contributions to the relaxation. Ignoring tiestimated from
the (1pT2p)/(1/pTyy) ratio (see above) fror'P studies, an
average value for; of 0.634 0.32 ns for the M&"—nuclear
interactions on PEP was calculated.

The correlation times, calculated from the relaxation rates
that were measured for each nucleus, were used to calculate
the Mrft—nuclear distances;. These calculations were
performed with the simplified SolometrBloembergen equa-
tions, eqs 19 and 2@6, 27). The values forf(z;) and the
values of 1pT;, were used to calculate the Mt —nuclear
distances. These values are summarized in Tables 5 and 6.
The distance between Mhat siten, on PEPCK and the cis
and trans protons of PEP is 7.0 and 7.4 A, respectively, while
the distance between Mhat siten, on PEPCK and?*P of
PEP is 4.8 A. These distances are too great to suggest inner
sphere coordination between Kirat siten, and PEP. MA"
at siten, appears to form an outer sphere complex \#h
of PEP. Lee et al.9) showed that the, metal interacts
directly with they-phosphate group of GTP.

Temperature Effects of'P Relaxation Rates in the
Cc*"(n)) —PEPCK—PEP—Mn?*(n,)—GDP ComplexTo con-

Care must be taken with respect to the interpretation of the firm that the nuclei of PEP in the quinary &¢ni)—

observed IV, values due to scalar coupling. SinceT,
values, measured fétP for PEP (Table 5), are much larger
than the 1T, and 1p Ty, values for the protons measured

PEPCK-Mn?*(n,)—GDP—PEP complex are in fast ex-
change, the temperature dependence of'fheclaxation rate
effects was measured. The temperature dependence of the

in the same complex and the relaxation rates are not identicalMn?* effects on 1Ty, values of*}P of PEP in the quinary
(Table 6), these latter values reflect rapid exchange wherePEPCK complex was measured at 5, 21, and®3@5The

1/pTip = 1/Tim. The frequency dependence opT{, for 3P

temperature dependence is linear with a positive slope,

of PEP is also consistent with fast exchange. The correlationindicative of fast chemical exchange. The activation energy,

times for the MAT—3P interactions can therefore be

E, calculated from the slope of the line for the C,)—

calculated from the Thy values measured at 121.5 and 202.5 PEPCK-Mn?*(n,)—GDP complex is—0.38 kcal/mol. The
MHz (Table 5). Analogous calculations were performed for diamagnetic control showed no change i 1gr 1/T, over

Mn2+—1H distances with Iy values measured at 300 and

the range that was observed. These results validate the earlier

500 MHz (Table 6). These calculations for the correlation assumptions that the relaxation process is in fast exchange.
time were performed assuming no frequency dependence of Characterization of the Co(n))—PEPCK—Mn?*(n,)—

7.. The values for. were also calculated from the [&f)/
(1/Tyy) ratios for each nucleus measured at 300 MHZFor

GTP ComplexThere have been several reported cases of
modification of the first metal site on a protein by €7,

and 121.5 MHz fof*P. The results of these calculations are 11, 33—38) and CF" (10, 11, 37—40), but there has been
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Table 7: Kinetic Parameters of the PEPCK-Catalyzed Reaction of OAA to PyffeatdpoPEPCK, Cé"(n;)—PEPCK, and
Co*(n)—PEPCK-C0**(n)—GTP

sample Kin.ona (M) Vmax (Units/mg) KealKa (x1P min~t M~1)
apoPEPCK 11% 20 5.14+ 0.16 34.3
Co*"(n))—PEPCK 123+ 11 1.03+0.13 6.20
Co* (ny) —PEPCK-C0*(n))—GTP’ 131419 0.034+ 0.007 0.19

2Kinetic assays were performed as described in the text3tet was present in the assay nixDP was not required for this reaction.

no report in the literature of the modification of the second to OAA) PEPCK assays. The lack of activity for €¢n;)—
metal site on an enzyme. PEPCK-Cc*"(n,)—GTP contrasts with the activity observed
The success of the modification of PEPCK with3C¢7) for the C&"(n;)—PEPCK and C¥(n;)—PEPCK complexes
led to an investigation of the modification of the second metal (7, 10). This loss of activity is not surprising since GTP is
site on PEPCK using similar techniques. The second metalnow “permanently” associated with the enzyme. Freely
of PEPCK is present only in the presence of nucleotide. An associating nucleotide is required for turnover. Since no
attempt was made to modify the second metal site of PEPCK activity was observed by enzymatic assays for the formation
using both the exchange-inert €oand GTP to create a of PEP, this suggests that thephosphate of GTP in the
doubly labeled PEPCK complex. Kramer and NowaR)( Co**(n))—PEPCK-C0o*"(n,)—GTP complex is associated
have shown that G6—GTP was a competitive inhibitor of ~ with Co®" at then; site. If they-phosphate group were free,
PEPCK. C&"(n;)—PEPCK was incubated with €o and a single turnover might be expected. The enzymatic assay
GTP followed by the addition of 20 mM J@,. After a period for PEPCK was developed to be sufficiently sensitive to
of 30 min, the solution was passed through a P6-DG column. observe a single turnover.
The enzyme was assayed for protein concentration by The lack of activity for Cé"(n)—PEPCK-Co*"(n)—GTP
Bradford assays and cobalt concentration by AA. A series raised some concerns that the secondary modification dam-
of protein—nucleotide standards were measured at 260 nm. aged the enzyme even though treatment 6f¢r)—PEPCK
From this standard curve, the nucleotide concentration of with 20 mM H,O, as a control did not result in any loss of
the C6*(n)—PEPCK-Cc*'(n))—GTP complex was deter-  activity or Co" label. For Cé"(n;)—PEPCK and CGi"(n,)—
mined. It was found that a 2:1 stoichiometry of €do PEPCK, the addition of;-met followed by gel filtration
PEPCK and a 1:1 stoichiometry of GTP to PEPCK was resulted in the loss of the cation with concomitant restoration
found for this modified complex, indicating that a doubly of full PEPCK activity (7, 10). Incubating C&"(ny)—
labeled Cé&'(n))—PEPCK-Ca*(n;)—GTP complex had PEPCK-Co*"(n,)—GTP with 1.43 Mj-met, 5 mM dithio-
been formed. The Co at then, site appears to associate threitol, or 10 mM ascorbic acid for time periods of 520
with both PEPCK and the nucleotide. This process modified min followed by gel filtration did not remove either €o
the GTP site on PEPCK. label as determined by AA or restore any PEPCK activity.
Mn2* binding was assessed for the Cm;)—PEPCK- The presence of GTP on the doubly labeled PEPCK may
Co**(np,)—GTP complex using both PRR and EPR tech- prevent the access of the reducing agents to the metal sites
niques. No MA" binding to the doubly labeled complex was on the enzyme.
observed with either method, indicating that both metal sites PEPCK catalyzes a second, experimentally irreversible

on PEPCK are occupied by €o decarboxylation of OAA to yield pyruvatelB):
GTP and GDP binding was assessed for thé"Gg)— \DP
PEPCK-Co*"(np,)—GTP complex using fluorescence. Previ- OAA — pyruvate+ CO, (22)

ous studies have shown that GTP and GDP both quench
PEPCK fluorescence, indicating binding of the nucleotides This reaction requires a nucleotide diphosphate as a cofactor.
to PEPCK {). Neither GTP nor GDP alters PEPCK The PEPCK-catalyzed reaction of OAA decarboxylation to
fluorescence for the Co(n;))—PEPCK-Co**(n,)—GTP com- pyruvate was assayed for the®tm;)—PEPCK-Co**(n,)—
plex, indicating that the added nucleotides do not bind to GTP complex. The PEPCK activity was coupled to lactate
the doubly labeled enzyme. This indicates that the nucleotide dehydrogenase, and the oxidation of NADH was spectro-
position on the C¥ (n))—PEPCK-Cc*"(n2)—GTP complex photometrically characterized at 340 nm. PEPCK anéCo
is occupied. The Mfi and nucleotide binding studies show (n;)—PEPCK catalyzed the conversion of OAA to pyruvate
that this secondary modification appears to be specific for only in the presence of IDP. Table 7 lists the activities for
the n, site on PEPCK. this secondary PEPCK reaction and tK¢ values for

It was not possible to create a €¢n;)—PEPCK-Co**- OAA. The PEPCK-catalyzed reaction of OAA to pyruvate
(n)—GDP doubly labeled complex using the same conditions is approximately 70% as prevalent as the catalyzed reaction
for the GTP complex. Perhaps the lack of fhehosphoryl of PEP to OAA. Cé"(n;)—PEPCK has 18.1% of the activity
moiety on GDP prohibits the formation of such a stable of apoPEPCK for the ability to catalyze the conversion of
exchange-inert complex. It is also possible that more stringentOAA to pyruvate. This residual activity for Go(n;)—
conditions are required to create the GDP doubly labeled PEPCK corresponds to previously observed results that
complex. The concentration of,A, was increased to nearly showed Cé&"(n))—PEPCK was 1525% as active as un-
40 mM in the GDP incubation mixture; however, no changes modified PEPCK for the catalyzed reaction of PEP to OAA
were observed in the stoichiometry. A§®b concentrations (7). The K|, values for OAA were similar for both apo-
greater than 40 mM, Cao(n;)—PEPCK precipitates. PEPCK and C¥(n;)—PEPCK.

The C6*(n))—PEPCK-Ca*(n)—GTP complex was in- The Cd*(n))—PEPCK-Co*"(n,)—GTP complex cata-
active in both the forward (OAA to PEP) and reverse (PEP lyzed the conversion of OAA to pyruvate, but did not require
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the addition of the IDP cofactor. €(n;)—~PEPCK-Co**- A 12 120
(nx)—GTP was 0.6% as active as the unmodified enzyme 1
(Table 7). Apparently, the Cb—GTP associated with the 08 )
enzyme for this doubly labeled enzyme complex replaces 06 - %
the IDP function in the reaction. j 04 g
Cco*"(n))—PEPCK-C0*"(n)—GTP is only 3.3% as active 02 $
as CG"(n)—PEPCK (in the presence of IDP) for the reaction 0
of OAA to pyruvate (see Table 7). The low activity for €e 02 ‘ , ; 1y
(n;)—PEPCK-C0o**(n)—GTP may be due to the presence 0 10 20 30 0 50 60
of the triphosphate nucleotide rather than a diphosphate Time (minutes)
nucleotide. The C8(n;)—PEPCK-Cc*"(n,)—GTP complex
has aK|, value for OAA similar to that for C¥(n,)— B 12 7 100
PEPCK. This indicates that OAA associates similarly with T T 1 80
both C&*(n)—PEPCK-Cc*(n;)—GTP and C8&"(ny)— 08 e 2
PEPCK. ltis possible that the €g¢n;)—PEPCK-Co*"(ny)— g 06 ~ - &0 é
GTP solution was contaminated with €¢n;)—PEPCK, < 04 f’ + 40 g
which may account for the observed activity of the doubly 0.2 ! <
labeled complex. However, if this were true, then one would 0 |+ 2
also expect to observe approximately 3% activity in the 02 | 0
normal PEPCK assay for this complex. This was not seen. 0 10 20 30 40 49 59
These results show that &gn;)—PEPCK-Co*"(n,)— Time (minutes)
GTP is catalytically active and that €g¢n;)—PEPCK was C o8
not damaged during the second modification process. PEPCK '
has been modified at both metal sites. = 061
Separation of the Cobalt-Containing Peptidébe Cc*- =
(n)—PEPCK-C0**(ny)—GTP complex was digested with = 0.4
LysC, and the digest was analyzed by RP-HPLC. The HPLC § 02 | |
chromatographic profile is shown in Figure 3A. When this & ™
chromatogram is compared to that observed for the apo- 0 : 1 ; ‘L ; ;

PEPCK and C% (n;)—PEPCK digests?), there appears to

be a shift of a peak from 45 to 21 min, suggesting that the
new peak at 21 min contains the second cobalt-labeled
peptide. Previous work has shown that the cobalt-labeled FIGURE 3: HPLC chromatographic profiles of €qn,)-PEPCK-

: . Co**(ny))—GTP. (A) CG*—PEPCK-Co**—GTP was treated with
peptide that corresponds to thesite on PEPCK, after the 6 M urea and LysC (1:50 w/w) and incubated at°&7for 24 h. A

identical treatment, elutes at 12 mid)( The same digest  reverse-phase C-18 HPLC column was used to separate the peptides.
was run but monitored at an absorbance wavelength of 254pPeptides were eluted with the following gradient: 99.9% water with

nm (Figure 3B). A peak at 21 min is the only one that is 0.1% trifluoroacetic acid for 10 min, 0 to 40% acetonitrile in 0.1%
observed. This suggests that the nucleotide is associated witfirifluoroacetic acid wash for 1 min, and 40 to 99.9% acetonitrile

. . - in 0.1% trifluoroacetic acid for 50 min, followed by a 99.9%
this peptide and that the new peak at 21 min is the Secondacetonitrile in 0.1% trifluoroacetic acid wash for an additional 20

cobalt-labeled peptide. Figure 3C shows the cobalt contentmin, The absorbance was measured at 215 nm. (B) The same
over the entire elution profile. Cobalt was detected in the treatment as described for panel A but measured at 254 nm. (C)

peak that eluted at 4 min, which is the void volume peak The cobalt content for the entire elution profile in panel A was
and is indicative of some free cobalt. This was also observed@ssayed. The cobalt-containing fractions eluted between 5 and 6
in the chromatographic profile for Gt(n;)—PEPCK {). min, between 11 and 13 min, and between 20 and 22 min.
Cobalt was detected in the peaks at 12 and 21 min. The firstAmino acid sequencing results are shown in Table 8. The
cobalt-labeled peptide (12 min) was previously identified as sequencing results exactly match the sequence of the Fyr57
then; metal site 7). The peak at 21 min corresponds to the Ala71 region. The peptide must then be Ty+3%s76 where
n; metal site. Lys56 is the preceding amino acid. This peptide is located
The peak at 21 min was isolated. CE analysis of the secondnear the N-terminus of the enzyme and close to the putative
cobalt-labeled peptide showed a single peak at 19 min. PEP binding site. Table 9 shows a sequence alignment of
Amino acid analysis and sequencing were performed on thisseven different species of PEPCK from the Tyri¥s76
peptide after cobalt (and GTP) removal by treatment with region. This is a highly homologous region of PEPCK with
B-met followed by gel filtration. Whilgg-met was unableto 16 out of the 20 amino acids well conserved throughout the
reduce the Co label from the intact doubly labeled protein, seven PEPCK sequences. This region contains one conserved
it was able to reduce the cation from the peptide. This further aspartic acid residue, Asp69, one conserved glutamic acid
suggests that the reducing reagents cannot access the activesidue, Glu74, and a well-conserved aspartic acid residue,
site of the doubly labeled PEPCK possibly due to the Asp66 (using the avian liver numbering system). These are
presence of the bulky nucleotide. Amino acid analysis (not all feasible ligands to the metal. While Ser75 may also serve
shown) suggested that the peptide may be the region ofas a metal ligand, Vallee and Auld]) found that aspartate
Tyr57—Lys76. Electrospray mass spectroscopy gave a masspredominates in catalytic metal sites where the binding
of 2388.0 Da for the peptide. This is within 0.2% of the frequency is as follows: Asp His> Glu> Ser. Itis less
calculated mass of 2393.8 Da for the region of Tyrhys76. likely that serine is involved in metal chelation.

0 10 20 30 40 50 60
Time (minutes)
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Table 8: Amino Acid Sequence Analysis of the Second with the nucleotide. Little else was known about the

Cobalt-Containing Peptide environment of the, metal on PEPCK, including what, if
cycle amino peptide PEPCK any, protein I|gand§_are provided by_PEPCK. Several novgl
number acid (pmol of amino acid) ~ Tyr57—Lys76 techniques were utilized to g:haractgrlze the second metal site
1 Tyr 93778 Tyr on PEPCK. The exchan_ge—lnert catlonsﬁta_:nd Ce, hgve
2 Asp 6295.4 Asp been used to form catierenzyme and cationnucleotide
3 Asn 5103.7 Asn complexes that proved to be valuable tools in mechanistic
4 Cys —° Cys studies on a variety of enzymes. Both®Om;)—PEPCK and
g I;% 33%.3 Lra% Cr*(n))—PEPCK have been formed and characterizgd (
7 Ala 34201 Ala 10). Ca**(n)—PEPCK and Cr(n;)—PEPCK provide excel-
8 Arg 4086.5 Arg lent tools for the examination of thg metal site on PEPCK
9 Thr 10153 Thr without the problems of equilibrium metal binding to the
10 Asp 573 Asp metal site. C& —~GTP, C3*—GDP, CF*—GTP, and C¥'—
11 Pro 209.0 Pro . .
12 Arg 167.7 Arg GDP have all been found to be competitive inhibitors of
13 Asp 25.6 Asp PEPCK (2). In the work presented here, we utilized the
14 Val 3.0 Val exchange-inert properties of these mefalotein and metat
15 Ala 03 Ala nucleotide complexes to investigate the environment of the
2The second cobalt-containing peptide was sequenced at the Bio-n, metal site on PEPCK.
Core Facility at the University of Notre Dam&Sample not detected EPR studies indicate that 2 mol of Rinwill bind to 1

because neither the enzyme nor the peptide was modified to block free . .
cysteines (e.g., with iodoacetateN#ethylmaleimide) prior to sequenc- mol of the PEPCK-nucleotide complex wittKp values of

ing. The chromatographic profile for this cycle was typical for <20uM (Table 1). No Mr¥* binding to C&*(n;)—PEPCK

unmodified cysteine. was observed in the presence or absence of PEP. In the
presence of nucleotide, 1 mol of ¥nbinds per one mole
Table 9: PEPCK Sequence Alignment of Co*"(n;)—PEPCK-nucleotide with aKp value of <10

uM. These results demonstrate that a second metal will bind

Source |57 60 Position 25 76 tightly to PEPCK but only in the presence of nucleotide.
Chickanmio ¥ DN C WL AR A R VESK The lowKp values suggest that PEPCK provides ligands to
Chickencyto. [Y E N C WL A L AR IHES K the second metal.

Asum |YKNDNYL CR ARVE S K A frequency dependence of PRR for the *Qo;)—
Hecomort. |[Y ENN Y L C R AR VEES K PEPCK-Mn?"(n,)—GTP and Cé&"(n;)—PEPCK-Mn?"-
Drosophila |Y D N C WL A R AR V;;? s R (n,)—GDP complexes demonstrated a frequency dispersion

Rat YDNCWL AL AR IS K of relaxation and indicates that no more than one water

Human |Y D N CWL AL AR LESK molecule associates with the, metal. The normalized

relaxation time is not linear with the square of the resonance
aComparison of the amino acid sequences of PEPCK from seven frequency, and the. value obtained from the data for the
species between the region of residues-%8 from avian liver PEPCK complexes, approximately 3 ns, is consistent with

chicken liver mitochondria (Chicken mito.2); chicken liver cytosol : . .
(Chicken cyto.) 44), Ascari suum(A. suur (45, Haemonchus These results are in good agreement with previous @8ja (

contortus(H. contort) (46), Drosophila melanogastetDrosophilg The hydration numberg, for M_n2+ in the C&*(m)—
(47), rat liver cytosol (Rat) 48), and human liver cytosol (Human) PEPCK-Mn?*(n,)—GTP complex is 0.56, whereas the value

(49) are shown. Sequences were aligned to maximize the degree ofincreases to 0.68 for M in the C&*(n)—PEPCK-Mn?*-
overall identity between all of the sequences that are shown. The (n)—GDP complex (Table 3). The nonintegral values

numbering system is based on the sequence of chicken mitochondrial
PEPCK @). The preceding amino acid in chicken mitochondrial PEPCK calculated forg appear to be due to the metal-bound water

is Lys56. Residues that are identical among these enzymes and thd'@ving only one _ proton in fast exchange. Temperature_
chicken mitochondrial PEPCK are bold. The amino acids proposed to dependence studies revealed that the water protons are in

be involved in metal chelation are shaded. fast exchange at the metal site. Only one proton associated
with the n, metal-bound water molecule is proposed to be
DISCUSSION in fast exchange. On the assumption thatrthmetal is six-
Avian liver mitochondrial PEPCK requires two divalent coordinate, five remaining ligands to the metal are to be
metal ions for activity. One metal is associated with the shared between the nucleotide and the enzyme. Lee et al.
enzyme at siten;, while the other is complexed to the (9) reported that the, metal is in a bidentate chelate with
nucleotide at sit@,. Siten, is the metat-nucleotide complex  the nucleotide triphosphate and in a monodentate complex
that serves as the substrate. Minas been proposed as a with the nucleotide diphosphate. These results do not
regulator for this enzyme in vivds]. PEPCK, in the presence  preclude the possibility that the nucleotide offers two or more
or absence of PEP, binds one Mrat siten;, as determined  ligands to then, metal. The remaining ligands are donated
by EPR and PRR20), to form an enzymemetal complex from the protein. If PEPCK provides three ligands to the
which is the active form of the enzyme. Kinetic and binding second metal, this would account for the low hydration
studies show that; Mn2* facilitates the interaction of PEP  number and is consistent with the tight #nbinding Kp
and nucleotide with the enzyme. The location of thenetal = 5-10 uM).
binding site was recently identified as Asp295 and Asp296 Using Ce*- and Cdt-labeled PEPCK and nucleotide
(7). The role of the second metal is less clear. Lee et9al. (  complexes, it was possible to use PRR to estimate the
proposed that the, metal is in g3,y-bidentate coordination  distance between the two metal sites. This method is based
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upon spir-spin interactions among two paramagnetic cations  The second sphere coordination of the phosphate group
in proximity to each other. A small decrease in enhancementof PEP to then, metal agrees with this “open” active site

effects is observed, giving rise tom for Mn?*—H,O of conformation for the GDP complex. During catalysis as GDP
0.69 ns. is converted to GTP, it is proposed that the active site
The distance between the two metals in thé'Qm)—  closes”, allowing the phosphoryl group of PEP to migrate
PEPCK-Mn2*(n;)—~GTP complex is estimated to be 8.3 A, 0 the f-phosphate of GDP and directly bind with the
and the distance between the two metals in thé@g)— metal in a first sphere complex. This proposal would agree

PEPCK-MnZ2*(n,)—GDP complex is estimated to be 9.2 A with previpus st_udies that suggest thatthenetal is in direct
(Table 4). Lee and Nowals) showed that the phosphoryl ~ coordination with they-phosphate group of GTRY.
groups of the nucleotide are approximately A from the The protein Ilgands for tth_ metal were determined using
n, metal. The distance from the phosphoryl groups of the the novel technique of creating a doubly labeled Q) —
nucleotide to the site, metal should be approximately 3 A, PEPCK-Co**(n)—GTP complex. Treating Co(ny)—

the distance expected for direct coordination. If the distance PEPCK with C8*, GTP, and HO, created a CY(n)—
between the metals and the phosphate groups is linear, a EPCK-C0*"(ny)~GTP  complex. C&'(n)—PEPCK-
much as 10 A could separate the two metals. The values ofCO* (%) ~GTP is inactive for the standard PEPCK reactions.
8.3-9.2 A are in agreement with this maximum value. This complex does catalyze the conversion of OAA to

The advantage of using the PRR technique as opposed t yruvate. This is the first time that such a modification of
EPR to determine metametal distance is that a high he second metal site on an enzyme has been reported.

concentration of enzvme is not required for the PRR PEPCK appears to be very stable toward the oxidative
y : quires . treatment required for the double label.
measurements. For all experiments carried out via PRR

. . The CF"(n))—PEPCK-Cc*"(ny)—GTP complex was di-
techniques, we used 50M PEPCK. EPR experiments i L )
require enzyme concentrations of 7AID00 xM. This gested by LysC, and the cobalt-containing peptides were

. . purified using reverse-phase HPLC. The LysC digest pro-
presents a S°|Ub'|'.ty. prpblem for PEPCK since the enzyme duced two pure peptides that contained cobalt. The first
is unstable to precipitation at concentrations greater than 400

uM. While it may be possible to increase the PEPCK c_obalt-labeled peptlple at 12 min has prgawously be_en identi-
o - . S . fied as then; metal site. Mass, amino acid composition, and
solubility via addition of a detergent, insufficient information

) X " sequence analyses of the second cobalt-labeled peptide
is known concerning PEPCK and metal solubility under such identified the peptide as the segment of residues Tyr57

conditionfs. These requirements make the EPR experimentLyS76_ This highly conserved region is located near the
less feasible. N-terminus of PEPCK and is near the putative PEP binding

The metat-metal distance appears to increase 0.9 A for region. Asp66, Asp69, and Glu74 (using the avian liver
the GDP complex as compared to that for the GTP complex, nymbering system) appear to be the feasible metal ligands
suggesting a change in enzyme conformation relative to thejn this region. Future three-dimensional structure analysis
movement of substrates during catalysis. The change inof the avian liver mitochondrial PEPCK may identify the
cation distances qualitatively agrees with the valuegtbit remaining metal ligands, if any.

were determined (Table 3) that show an increase in the |t appears that all of the ligands to the second metal are
hydration number from 0.56 to 0.68 for Mnin the GTP  oxygen. A limitation of C&"—protein modification is that
complex as compared to the GDP complex. The increase instapjlization of a C&" complex requires careful regulation
theq value for the GDP complex suggests that both protons of the coordination environment. A set of six ligands with
of the water bound at meta} may approach fast exchange. syfficient field strength (ligands relatively high in the
In the determination of the metametal distances, andin  glectrochemical series) must be provided. It is possible to
the hydration numberg, small effects are observed and produce a CH(H,0)s** complex electrochemically, but it
multiple-parameter fits used to analyze the data, respectively.js ynstable. A CH(NHg)s** complex is very stable to
The absolute values farandq should thus be interpreted  reduction since ammonia is considerably higher than water
with care. The change in metainetal distance and th@ iy the electrochemical seriegl3). The apparent lack of
values suggests a change in the catalytic site as GDP isyjtrogen ligands for the second metal would explain the

converted to GTP. The presence of GTP may decrease thenstapility of the C8*(n;)~PEPCK-C0o*(n;)—GTP com-
size of the active site of PEPCK into a tighter conformation, pjex; which precipitates after 24 h at°€. It appears that

while GDP increases the size of the active site. This “closing” \in2+ js the best metal at the metal site 7, 20). Mn?* has
and “opening” of the active site may assist in the catalytic 3 strong preference for oxygen ligands and may explain why

process and in product release. only oxygen ligands were found for the metal.
3P NMR studies revealed that the phosphorus atom of Figure 4 presents a visual summary of all the information
PEP is approximately 4.7 A from the metal in the C&'- learned about the second metal site of avian liver PEPCK.

(n)—PEPCK-Mn?*(n,)—GDP—PEP quinary complex, in-  This scheme is based on studies presented within this paper
dicating that the phosphate moiety of PEP is near but not in and previous structural studie$—<7). This information,
direct coordination with then, metal. '"H NMR studies combined with the previously determined structural data,
revealed that the cis and trans protons of PEP are ap-provides a three-dimensional view of the putative active site
proximately 7.0 and 7.4 A from the, metal, respectively.  structure of PEPCK. The role of the second metal appears
These results are also consistent with PEP being in a secondo be as an acceptor of the phosphoryl group that undergoes
sphere coordination to the, metal. This is similar to the  transfer during catalysis. Thg metal facilitates the transition
conformation of PEP relative to the cation in pyruvate of GDP to GTP which “closes” the active site. In the reverse
kinase 42). direction, then, metal appears to move away from the active
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FicurRe 4: Revised active site scheme of avian liver mitochondrial
PEPCK focusing on the second metal site of PEPCK. This scheme
is based on studies presented within this paper and previous
structural studiesy 6). The distance from the metal centers to
only one of the protons of PEP is shown for clarity.

site while exchanging its ligands. This movement allows for
a greater mobility at the active site, perhaps promoting
product release.

In conclusion, the Co and Ce* derivatives of PEPCK
were used to characterize the structure and roles of the metal
binding sites of PEPCK. These probes have allowed for the
identification of the metal ligands at each site, and the
characterization of the metal environments and the distances
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between the metals and substrates. In the absence of a three27.

dimensional structure for avian liver PEPCK, this information
provides a great amount of knowledge about the active site
of PEPCK.
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