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Formation of a Complex of the Catalytic Subunit of Pyruvate Dehydrogenase
Phosphatase Isoform 1 (PDP1c) and the L2 Domain Forms?a Blading Site and
Captures PDP1c as a Monorher
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ABSTRACT. Pyruvate dehydrogenase phosphatase isoform 1 (PDP1) is a heterodimer with a catalytic subunit
(PDP1c) and a regulatory subunit (PDP1r). The activities of PDP1 or just PDP1c are greatly increased by
Ca"-dependent binding to the L2 (inner lipoyl) domain of the dihydrolipoyl acetyltransferase (E2) core.
Using EGTA-Ca buffers, the dependence of PDP1 or PDP1c on the level of fléen@a evaluated in
activity and L2 binding studies. An increase in the ¥Mgoncentration decreased the?Caoncentration
required for half-maximal activation of PDP1 from 3 tal, but this parameter was unchanged ai\3

with PDP1c. Near kM Ca&*, tight binding of PDP1 but not PDP1c to gel-anchored L2 requiredtMg

With just C&" included, some PDP1c separated from PDP1r and remained more tightly bound to L2
than intact PDP1. Thus, formation of the PDRQ&"™L2 complex is supported by micromolar €a
concentrations and becomes sensitive to thé"Mgvel when PDP1c is bound to PDP1r. Sedimentation
velocity and equilibrium studies revealed that PDP1c exists as a reversible monomer/dimer mixture with
an equilibrium dissociation constant of 802.5 uM. L2 binds tightly and preferentially to the PDP1c
monomer. Approximately 45 PDP1c monomers bind to the E2 60mer wWithcd ~0.3 uM. Isothermal
titration calorimetry and®®Ca* binding studies failed to detect binding of €a(<100 uM) to L2 or

PDPl1c, alone, but readily detected binding to L2 and PDP1c. Therefore, both proteins are required for
formation of a complex with tightly held G&, and complex formation hinders the tendency of PDP1c to
form a dimer.

Mammalian pyruvate dehydrogenase complex (PDC) (PDK) isoforms 8—6) and reactivation by pyruvate dehy-
catalyzes the irreversible conversion of pyruvate to acetyl- drogenase phosphatase (PDP) isofor8)/(8). There are
CoA along with the reduction of NADvia sequential steps  four known PDK isoforms and two known PDP isoforms.
catalyzed by the pyruvate dehydrogenase (E1), dihydrolipoyl In C&"-sensitive tissues, pyruvate dehydrogenase phos-
acetyltransferase (E2), and dihydrolipoyl dehydrogenase (E3)phatase isoform 1 (PDP1) is the prevailing phosphatase
components¥). PDC is tightly regulated by a phosphory- isoform @). PDP1 catalyzes a Mg-requiring, C&"-
lation—dephosphorylation cycle that determines the propor- stimulated dephosphorylation of phosphorylated E1 (P-E1)
tion of active (nonphosphorylated) E1«3). PDC inacti- (3, 9, 10). At standard levels of P-E1, PDP1 activity is
vation of E1 is carried out by pyruvate dehydrogenase kinaseenhanced manyfold when P-E1 and PDP1 are both bound
by E2 @12), which forms the core of the complex. Indeed,
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activation. by binding of spermine to PDP147).
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lipoyl group. At the other end of the lipoyl domain, a cluster
of glutamates (residues 162, 179, and 182) along with GIn181
made a critical contribution to binding PDP1 and PDP1c.

& ' . At saturating M@" concentrations, the major means by
L1 L2 B I which C&*-facilitated association of PDP1 with E2 enhances
FiURE 1: Interaction of PDP1c with the L2 domain of E2. The PDP1 activity is by providing greatly enhanced access to
domain structure of E2 includes the two lipoyl domains, L1 and E2-bound P-E1. Specifically, there are large decreases in the
L2, an E1 binding domain (B), and an oligomer forming the inner apparenK, values for P-E1 when P-E1 is bound along with
(I) domain. These domains are connected by mobile linker regions ppp1 or PDP1c to E21Q, 17). In the absence of E2, P-E1

that are high in proline. PDP1 or, more specifically, PDP1c binds . -
to the L2 domain by an interaction that requires a specific structure levels required to saturate PDP1 activity are approached only

of the lipoyl prosthetic group and in the lipoyl domain both near When the P-E1 concentration is more than 1 order of
the lipoyl group and at the other end of the domain (indicated with magnitude greater than the highest intramitochondrial level

dashed lines)1{, 26). of E1 (=10 uM within the matrix space of heart mitochon-
E2 consists of four independently folded domains (Figure dria)- Besides this large effect on activity, Calependent

1) connected to each other by mobile linker regions-20 binding to E2 causes some decrease with both PDP1 and

amino acids in length 3, 19). First, there are two~10 PDP1c in theKn, for Mg=" (17, 28). o

kDa lipoyl domains, an Npiterminal one (L1) and an interior Past studies with EGTA-Ca buffers indicated that near-

one (|_2) Then there is an E1 b|nd|ng domain and f|na||y micromolar levels of C& Supported E2 activation of PDP1
the assembly-forming, acetyltransferase-catalyzing C-termi- (10, 29). This has not been evaluated with PDP1c. Mutation
nal domain. When mammalian E2 subunits are expressedof Asp173 in bovine PDP1c was found to interfere with
alone, association of 20 trimer units of E2's C-terminal C&'-dependent activation by E2. It was suggested that this
domain produces a central cavity in the shape of a dodeca-"esidue was part of an EF-hand (L1). However, this is in
hedron 20). When E2 is expressed along with the E3 binding @ part of the sequence that is completely conserved in PDP2
protein (E3BP), a limited number of C-terminal domains of (8); PDP2 does not undergo €adependent activation or
this protein substitute in the dodecahedron structad. (  bind to E2 8, 30). Advanced studies on the structure of
Outside this assembled inner core—30D E1 tetramer%ﬂz) PDP1é have established the fOldIng of most of the backbone
are typica”y bound in preparations of the Comp|dx_8), of PDP1c and demonstrate that ASp173 is not part of an EF-
although the E2 60mer has a capacity for binding0 E1 hand. Indeed, the sequences and structures of PDRic (
tetramers and the EE3BP Subcompiex has a Capacity to and the L2 domain 1(9, 31) indicate that these structures
bind ~48 E1 tetramers2(1)_ Beyond E3BP’s C-terminal lack domains that norma"y participate in t|ght|y b|nd|ngzca
domain that contributes to the inner core, linker regions (EF-hand or ¢ domains). These observations point to the
connect first to an E3 b|nd|ng domain and then to an existence of a distinct means of hlgh-afflnlty blndlng ofta
N-terminal lipoyl domain 22—24). in the PDP1eC&"-L2 complex. One study suggested that
Just PDPlC, aione, undergoeSZJGdependent binding and PDP1 directly binds Gé and that a second site is created
activation ) via an association with the L2 domain of E2 When PDP1 binds to E21{). Here, we assess the protein
(Figure 1) (5). Neither PDP1 nor PDP1c interacts produc- equirements for creating a high-affinity €abinding site
tively with the L1 domain of E2 or with the lipoyl domain N studies with PDP1c and the L2 domain. These studies
of E3BP, and their binding to L2 requires the lipoyl group Not only reveal an atypical dual protein requirement but also
(15, 25, 26). C&™-aided binding to the gel-anchored GST ~ uncover an unexpected PDP1c oligomeric state and change
L2 protein has been used to Seiectiveiy purify PDE@( in that state Upon Gé—dependent b|nd|ng to L2. We further
and PDP1c 26, 27). The surface of the L2 structure that €valuated how M and the regulatory subunit, PDP1r,
contributes to binding PDP1 and PDP1c has been mappe(ﬁ.ﬂ:ect the C&" levels required both for blndlng of PDP1c to
by comparing the capacities of mutant or lipoyl analogue the L2 domain and for supporting E2-enhanced phosphatase
substituted L2 domains to competitively interfere with E2 activity. We also evaluate the capacity of the E2 60mer to
activation @6). Two regions were found to be important. bind PDP1c molecules.
One region includes a set of residues near the lipoyl group
and the octanoyl but not the dithiolane ring structure of the EXPERIMENTAL PROCEDURES
Materials Bovine PDC, bovine E1, and?P-labeled
2The sequence of bovine PDP1r shows the highest full-length aligned phosphorylated PDC and E1 were prepared as previously

sequence identity (ASI) with bacterial proteins whose role has not been ; ;
established [ASI of 39% with Q92uw2_Bac, a putative dehydrogenase described 13, 15, 29). The GST-L2 protein was prepared

from Rhizobium melilofiASI of 36.5% with pSDH_Bacl (NP_102909), &S previously describe@2). Human E2 and EE3BP were
a putative sarcosine dehydrogenase fRinzobium lofiand is clearly purified as described previously (r2f, Supplement). The

related to mitochondrial sarcosine dehydrogenase (ASI of 33% with reparation of human E1 will be described elsewlere-

human sarcosine dehydrogenase) and dimethylglycine dehydrogenas - - -
(ASI of 30.9% with the human enzyme). In these proteins, the abeled phosphate was introduced into human E1 using

N-terminal end of PDP1r aligns with an FAD-containing domain and human PDK2. In all preparations of phosphorylated proteins,
the C-terminal end aligns with a tetrahydrofolate binding domain. There [y-32P]ATP was hydrolyzed by treatment with hexokinase/
are separate proteins that align with each of these domains. The
N-terminal domain aligns with members of the so-cateamino acid
oxidase family (gnl/CDD/7951 pfam01266) of FAD-dependent oxi- 3S.R. Ernst, L. J. Reed, D. W. Carroll, D. B. McCarthy, A. Turkan,
doreductases such as glycerol-3-phosphate dehydrogenase, sarcosirie E. Roche, and M. L. Hackert, unpublished results.
dehydrogenase-alanine dehydrogenase, améspartate oxidase. The 4Y. Hiromasa, H. Bao, X. Yan, X. Gong, A. Yakhnin, J. Dong, S.
C-terminal end aligns with members of the glycine cleavage T-protein A. Kasten, L. Hu, T. Peng, J. C. Baker, M. Sadler, and T. E. Roche,
family (gnl/CDD/8063 pfam 01571). manuscript in preparation.
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glucose followed by exhaustive dialysis to remove ADP,
glucose, and MY. Homogeneous PDP1 was prepared by
affinity chromatography by Ca-dependent binding to the
GST—L2 protein anchored on GSHSepharose followed by
elution with EGTA (5). Most activity studies were con-
ducted with bovine PDP1 purified only through the DEAE
column step 13) since PDP1 remains more stable than the
highly purified PDP1. PDP1c was expressedstherichia
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GST—-L2 protein with 3 mL of GSH-Sepharose and making
a column for a set of comparisons with a bed volume of
~0.6 mL. The column elution volume was measured more
precisely when a symmetric elution of PDP activity was
observed (one case), and the binding affinity was then
analyzed using a quantitative affinity retardation chroma-
tography analysis4®).5 Columns were all equilibrated with
20 mM Hepes-Cl (pH 7.2), 1 mg/mL BSA, and 2 mg/mL

coli, and homogeneous PDP1c was prepared as previouslyPluronic F68. In addition, the buffer contained either 1 mM

described using affinity chromatography with the GSP
protein @6, 27).

EGTA or an EGTA-Ca buffer to keep free €aat a specific
level and either 0.8 or 10 mM Mg. Two to ten units of

Phosphatase Aatity. PDP1 and PDP1c were assayed as PDP1 or PDP1c was applied to a column and eluted2

previously describedl@, 15, 26) using both a spectropho-

uL/min with the buffer described above containing the

tometric assay that measures recovery of PDC activity or a desired concentration of €a In reference runs, fractionation

dephosphorylation assay that measures the amoufiPef

was performed with 1 mM EGTA with no added Tand

labeled phosphate released from E1 using phosphorylatedMig?" (prevents PDP1 or PDP1c binding), and after passage
PDC or free phosphorylated E1 as a substrate. In routineof 2—4 column volumes with the other buffer conditions,
assays, final reaction mixtures also contained 50 mM this EGTA-buffer was used to elute any residual PDP1 or

MOPS-K (pH 7.4), 0.1 mM EDTA, 1.2 mM C&, 1.0 mM
EGTA, 0.4 mg/mL BSA, 2 mg/mL Pluronic F68, 2@y of
phosphorylated PDC, and 0.62.03 unit of PDP activity
in a final reaction volume of 2L (1 unit = 1 nmol of
32P-labeled phosphate released per minute u%iRephos-

PDP1c that was still bound to a column. The volume of
fractions was measured-60 uL), and each fraction was
assayed for the phosphatase activity in duplicate by the
spectrophotometric assay. As needed, additional @as
introduced into activity assays to compensate for EGTA

phorylated PDC as a substrate). Reactions were normallyintroduced from a fraction.

initiated by addition of MgCl at the indicated concentration
(10 mM for maximal activities) and allowed to proceed for
2 min followed by removal of either 2QL to a cuvette
(spectrophotometric assay of PDC reactivation) or 200
of 10% trichloroacetic acid with immediate vortex mixing

Sedimentation Velocity and Sedimentation Equilibrium
Studies on PDP1c and PDP1c with L&edimentation
velocity studies were conducted with different levels of
PDP1c and PDP1c with the L2 domain using a Beckman
XL-1 analytical ultracentrifuge (AUC) with a four-position

(assay of?P-labeled phosphate released). In the latter assay,AN-60Ti rotor and double-sector 1.2 cm cell(s) with a

after incubation for at least 30 min on ice and centrifugation
to pellet precipitated protein, 9 was withdrawn and the

charcoal-filled Epon (40 000 rpm) or aluminum (55 000 rpm)
centerpiece using procedures previously descriRéd3p).

amount off?P-labeled phosphate measured in the supernatantSedimentation was monitored using absorbance optics. After

EGTA-Ca Buffersinitially, 100 mM EGTA and 100 mM

equilibration at 20C and 3000 rpm, initial scans were taken

CacCl, stock solutions were prepared, and concentrations of and then the rotor speed was increased to 40 000 or 55 000

both were evaluated using a Taselective electrode and a

rpm. Radial scans were then taken a34min intervals with

C&" standard solution. Calculated proportions were addedthe detection by the absorbance mode at the indicated

to 110 mM Hepes buffer containing 2 mg/mL Pluronic F68,
2 mg/mL BSA, and 2 mM DTT to give 5 mM EGTA and
the desired free concentration ofdon in a final volume

of 10 mL; 5uL of this buffer was used in an assay volume
of 25 uL (final pH of 7.2). Concentrations of free &ain

the presence of 1 mM EGTA, 0.1 mM EDTA, 10 mM Ry

or 0.8 mM Mg at pH 7.2 were computed using an iterative
computer program kindly provided by |. Udovichenko
(University of California, San Diego, CA). In a pH-sensitive
manner, the program calculates the amount of freé" Ca
based on the simultaneous EGTA and EDTA equilibrium
binding of C&" and Mg*. The program is a functional
improvement over ones that this laboratory previously
utilized for calculating EGTA-Ca buffer29, 33), but it uses
the same constants, as described by Portezehl e84l. (

and gives the same results. Atomic flame absorption spec-

troscopy was used to measure the trace level éf Gathe
other buffer components. For instance, when 10 mM MgCl
was used, this was found to be 202 uM; these values
were included with the added &ain the calculating the
level of free C&". PDP activity was monitored in the
presence of EGTA-Ca buffers by th#-labeled phosphate
release assay.

Binding Studies Using Affinity Retardation Chromatog-
raphy. Mini columns were prepared by mixing 2 mg of the

wavelength. On the basis of the amino acid composition,
the extinction coefficients at 280 nm are 50 450\m!

for PDP1c and 9650 M cm? for L2 (36); these values
agreed well with estimates using BCA protein measurement.

5 Affinity retardation chromatography (ARC) has been used to
determine binding constants for weak proteprotein interactions4©).
In the ARC method, one of the interacting proteins is immobilized in
a column at a leveh and an interacting protein is passed through at a
concentratiorB. A rapid binding equilibrium relative to the flow rate
is assumed (requires, below, thiat 1.00). Then, the difference in the
elution volumes of the mobile protein in the presence and absence of
the immobilized protein is directly related to the binding constant of
interacting proteins46). Kay = (Ve — Vo)/(Vi — Vo) = (3Vd/2V) — Y5,
KavARC = [3Ve(1 + f)]/2V[ - 1/2, andAKa\, = KaVARC - Kav. WhereVe
is the unretarded elution volum¥;arc is the retarded elution volume,
Vo is the void volume Vi/3), V: is the column volume, antl= (Vearc
— Ve)/Ve. Therefore Vearc = V(1 + f), and from algebraic derivation,
f = 2ViAKa/3Ve andKqy = [A — (A + B)f + Bf?)/f, where ab= Bf, a
= A —ab= A — Bf, andb = B — ab= B — Bf, wherea, b, and ab
are the concentrations of free (but immobilized) A, free B, and the
complex, respectively. Using these equatiaki€,, = 0.887,f = 0.935,
andKy = 1.29uM for the GSTL2-Ca*-PDP complex at saturating
Ca* concentrations in the absence of added®M¢t should be noted
that whenA > B as in our studies, the concentration of B (and its
changing concentration during the pass through the column) has a
minimal effect onVearc (46). The experimental error on each fraction
was +0.5 uL, and the column (49@L) and void (163uL) volumes
were independently measuretdq uL). The overall experimental error
for the estimatedy should be less thaft15%.
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Extinction coefficients at other wavelengths were determined rpm at 4 °C. Following equilibration at the lowest speed
by the ratio of the absorbance at that wavelength to the during the 30 h period, an equilibration time of at least 8 h
absorbance of the protein at 280 nm as determined fromwas used for the transition to a higher speed. The stability
variable-wavelength scans. of the established concentration gradient was confirmed over
Sedimentation profiles including a consecutive set of at a period of at least h before final measurements were taken.
least four scans were analyzed to obtain the apparent Sedimentation equilibrium data for PDP1c were fit both
distribution of sedimentation coefficiegfs*) using DCDT+ individually and by a global weighted fit using a monormer
version 1.16 provided by J. S. Philo (www.jphilo.mailway- dimer model and a monometrimer model using Beckman
.com) 37, 38). Buffer density and viscosity were calculated software (version 4.0) that was provided with the Optima
with Sednterp version 1.08 (www.jphilo.mailway.com). The XL-I ultracentrifuge. Selected results demonstrating the fit
partial specific volumes of PDP1c (0.734 mL/g at 20, from the monomerdimer global analysis are shown.
0.725 mg/g at £C) and other component2], 35) were Sedimentation Velocity Analysis of Binding of PDP1c to
calculated from their amino acid composition using Sednterp. the E2 60merBinding of PDP1c to E2 was evaluated in
The apparent sedimentation coefficient distribution function samples containing 0.1082V E2 60mer alone and with
g(s*) versus s* provides a useful boundary shape for 1.9,3.8,5.7,9.5, and 18M PDP1c and each of these PDP1c
evaluating associating systen3¥{40). All of the software levels alone in a buffer containing 4 mM MggCD.2 mM
used in these analyses are available from the RASMB sitefree C&" (0.7 mM C&" and 0.5 mM EGTA) in 30 mM
(www.asmb.bbri.org/RASMB/rasmb.html); some have been Tris-HCI (pH 7.4), and 50 mM NaCl. Centrifugation of 350
updated to later versions. uL samples and matched solvent at 20 000 rpm andQ0
Sedimentation of PDP1c was evaluated with 0.38, 0.76, was monitored at 280 nm by scans at 6 min intervals. The
1.9, 3.8, 9.5. 19.0, and 38:M PDP1c in the presence and analyses used to estimate the extent of binding of PDP1c to
absence (with EGTA) of Ca. The S value change with  E2 were essentially the same as those employed to estimate
concentration was fit by a monomedimer equilibrium the extent of binding of PDK235) and E1 21) to E2.
using the following analyses. Tivalue of the dimer was  Succinctly, the extent of binding was based on the decrease
estimated from extrapolation of the near-linear phases at highin the level of trailing PDP1c and the increase in the
concentrations of Hversus 1€ plot (41). The S value of absorbance beyond E2 in the leading peak, and by comparing
the monomer was estimated from extrapolation of the near- the increase over E2 absorbance (converted to concentration)
linear change in a plot ofS versus C as the lowest in the integratedg(s*) peaks. Each method gave similar
concentrations. The scans were fit to a monontBmer results. Results from the estimates of bound PDP1c using
equilibrium model model using SEDFIT version 8.8c and the integratedy(s*) peaks are plotted. On the basis of the
SEDPHAT version 2.0b developed by P. Schuck (www.bio- protein level determined using interference optics and
chem.uthscsa.edu/auc/softwar), @3). SEDPHAT was also  simultaneous measurements at 280 nm at the lower protein
used to perform a global fit on the set of sedimentation concentrations, the extinction coefficient of E2 at 280 nm is
velocity profiles. ApparenKq values were derived from the 42 925 Mt cm™® per E2 subunitZ1, 35).
individual fit using SEDFIT and SEDPHAT for each PDP1c Isothermal Titration Calorimetry (ITC)Titrations were
level, from the average of those values, and from the global performed using a MicroCal MCS titration calorimeter
fit using all levels by SEDPHAT. The error ranges 4 (MicroCal, Inc., Northhampton, MA) at 30C (44, 45).
values were based on thestatistic 95% confidence interval Concentrated PDP1c and L2 samples were dialyzed against
calculated by these programs. Tis*) profiles generated  Chelex-100-treated 30 mM Tris buffer containing 30 mM
from the SEDFIT monomerdimer model were also com-  NaCl (final pH of 7.3). The initial solution in this buffer,
pared to they(s*) profiles from the sedimentation runs. The with proteins added as indicated, was introduced to fill the
variousg(s*) profiles at different PDP1c levels were also 1.32 mL sample cell. The reference cell contained deionized
simulated by a monomedimer model using SedAnal water alone. All solutions were degassed under vacuum for
version 3.61 with variation in the apparét (37—39). For ~10 min before ITC experiments. After equilibration at 30
the 2M== D equilibrium, the following equations applity °C, an appropriate concentration of ligand fCar L2,
= Cn?2/Cq, whereC,, and C4 are the concentration of the typically 25-50 times higher than the desired final concen-
monomer and dimer, respectively; the total concentration astration) was added in the same buffer at discrete intervals.
monomerC, = Cy, + 2Cq. Ky = (C/Mm)#(Cd/2My,) = The observed heat change was measured after each injection.
2(Cn)3¥MnCy and is expressed in fractions of mononker The total observed heat change was corrected for the heat
= 2Cy(fm)¥Mm(1 — fr), wheref,, is the fraction of monomer.  of dilution of the ligand by performing control titrations in

My (the weight average molecular mass)f\Mn + Mg, the absence of protein. Origin software provided by MicroCal
andfy, = 2 — My/Mn. The mass of the monomeM,,, based was used to integrate the calorimetric output curves; this
on the amino acid sequence is 52 625 Da. includes corrections for the volume displaced from the cell

Sedimentation equilibrium studies on PDP1c were con- and small effects of dilution of the macromolecules in the
ducted using a charcoal-filled Epon centerpiece with six- cell with consecutive injections of the concentrated ligand.
sector cells. Normally, 5@L samples were overlayed over Because the output indicated multiple equilibria were
20 uL Fluorinert FC-43 silicon oil (3M Industrial Chemical involved (see the Results and Discussion), the integrated
Products Division), and 10@L of matched solvent was titration curves could not be fit to give apparent binding
introduced in the reference position. PDP1c was evaluatedconstants.
at three concentrations, and an equilibrium was attained at 4Ca* Binding with L2 and PDP1c Using Centrifugal
multiple rotor speeds. PDP1c at 0.15, 0.30, and 0.45 mg/ Filtration Device. Samples were incubated in 20 mM Hepes-
mL was equilibrated at 8000, 10 000, 14 000, and 17 000 K, 60 mM KCI (pH 7.2), and 5 mM MgGl 4CaCb was
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added at concentrations of-50 M. Variables were
inclusion of no protein, 1&@M PDP1c, 30uM L2, or both.

The tubes containing these mixtures were incubated at room
temperature for-2 h, and 1QuL aliquots (duplicate) were
transferred into 10 mL of scintillation cocktail; these initial
samples had a radio specific activity of 6873 cpm/pmol.

The remaining 180uL mixtures were transferred into
Microcon-YM10 filter devices which had been prerinsed with
buffer [20 mM Hepes-K, 60 mM KCI (pH 7.2), and 5 mM
MgCl,]. The tubes were centrifuged at 3000 rpm. Filtrates
and retentates were saved, and the radioactivity was deter-
mined; the volumes of retentates were measured in duplicate.
The retentate volumes weeel40 uL.

RESULTS AND DISCUSSION

Effect of C&" on the Actiities of PDP1 and PDP1c at
Different Lavels of Mg". The changes in activity of PDP1
(Figure 2A) and PDP1c (Figure 2B) were evaluated with
variation in free C&" ions (using EGTA-C#& buffers) at
saturating (10 mM) and subsaturating (0.8 mM addedj'Mg
concentrations. With 0.8 mM Mg added, the calculated
concentration of free MiJ varies from 0.6 to~0.8 mM as
the free C&" level increases. For the sake of simplicity, we
only indicate the added Mg level throughout. Cd
activated PDP1 with a half-maximal increase (appaken}t
at ~1.0 and~3.0 uM at the saturating and subsaturating
Mg?" concentrations, respectively. With PDP1c, the half-
maximal increase in activity occurred-a8.0uM free Ca&*
in the presence of either 10 or 0.8 mM Ff4g The lower
apparenK, of PDP1 at the saturating MY concentration
suggests that the PDP1r subunit fosters &vippendent
increase in the affinity of PDP1 for €a

Both PDP1 and PDP1c activities rose more steeply with
an increase in CGa concentration at the lower My

120
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Ficure 2: Effects of variation in the Ga concentration on PDP1

(A) and PDP1c (B) activity at saturating (10 mM) and subsaturating

concentrations (Figure 2A,B). The more gradual response (o.g mm) concentrations of Md. Using EGTA-C&" buffers to

at 10 mM Mg" may be due to MY competitively
interfering with C&" binding. Still with 10 mM Mg™,
maximal activity was reached at 20M Ca&*t with PDP1
(due to the lower appareif,c) but required 10QcM Ca?*

for PDP1c (Figure 2A,B). With 10 mM Mg and <0.5uM
free Ca", PDP1 and PDP1c exhibited17 and~10% of
the maximal activity, respectively. It is uncertain whether,
in the absence of Ch Mg?" ions have any capacity to
substitute productively for Caions. If that is the case, Mg
must do so with a much weaker binding affinity and a greatly

reduced capacity to activate.

The drop in phosphatase activity at high’Céevels may
result from C&" competing with M§" ions at the active
site. The sharper drop in the PDP1c level at lower?Mg
concentrations (35% decrease) than at the highefMg
concentrations (7.5% drop) fits this interpretation (Figure
2B). However, a similar trend is not apparent with PDP1

(Figure 2A).

Binding of PDP1 and PDP1c to the GST2 Protein as
the C&" Concentration Is Varied in the Presence and
Absence of MRJ. Figure 3A shows the profiles for elution
of PDP1 at 0.34, 0.68, and 1M free C&" levels in the
presence of 10 mM M. The reference elution profile was
obtained with buffer containing 1 mM EGTA alone. With
increasing C& concentrations, PDP1 was retarded more in
the column and tailing occurred. At free Caoncentrations

control the free C& level, phosphatase activity was assessed in
duplicate by measuring the amount &P-labeled phosphate
released from P-PDC as described in Experimental Procedures. In
panel A, the maxima (100% activities) were 197 and 484 nmol
min~! mg~! at 0.8 and 10 mM Mg, respectively; on the basis of
staining with Coomassie R-250 following SBEAGE analysis,
PDP1 constituted-40% of the protein in the DEAE fraction that
was used as a source of PDP1. In panel B, the maximum (100%)
velocities for homogeneous PDP1c activity were 745 and 1405 nmol
min~t mg-! at 0.8 and 10 mM Mg, respectively.

of >3 uM and using fairly slow flow rates~20 uL/min),
PDP1 was completely bound to the GSO2 column and
was selectively eluted with 1 mM EGTA alone [data not
shown; this condition is similar to that used for affinity
purification of PDP1 {5)]. Because of the tailing, we are
not able to use unambiguously the observed elution profiles
to calculate C&-dependent equilibrium constants for forma-
tion of the PDPi1GST—L2 complex by the affinity interac-
tion chromatography technique since that requires rapid
reversible binding relative to the flow ratég). Nevertheless,
the results indicate that in the presence of 10 mM?Mg
PDP1 binds tightly to the GSTL2 protein at low micro-
molar levels of C&'. Therefore, there is a strong correlation
between the binding interaction and the level of'Gaquired

to support activity. Equilibrium binding studies evaluating
4Cet binding (ref14 and data herein) indicate that higher
levels of C&" are required. To some extent, that is probably
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Ficure 3: Binding of PDP1 to and elution from GStSepharose
GST-L2 at varied C&" levels in the presence of 10 mM Nig
(A) and at saturating Ga levels in the absence of Mg (B). In
panel A, elution profiles are shown for PDP1 activity in the presence
of 10 mM Mg?+ when the free Cd concentration was maintained
at the indicated levels by EGTA-Ca buffers ©0.01u4M with 1.0

mM EGTA. In the case of EGTA alone, half as many units were
loaded as in the other profiles. In panel B, the main figure shows
profiles for the elution of PDP1 activity from a GStBepharose
GST—L2 mini column (bed volume of 600L with 56 uL fractions
collected) using buffers lacking Mg with either no free C& (1.0

mM EGTA) or 250uM C&* (1.0 mM EGTA and 1.25 mM CH).

The inset in panel B shows an SBBAGE pattern for selected
fractions from the elution with 25QM Ca2*. Fractions +3 used

in SDS-PAGE are identified; fraction 4 was the column volume
fraction (not shown in the elution profile) following a change to
elution with 1.0 mM EGTA buffer to remove free €a For both
panels, the preparation and elution from the mini columns and PDP

PDP1 Activity (units)

9

|
|
|
L

00

activity measurements (in the PDC activation assay, 1 unit equals

an increase in PDC activity of Amol of NADH per minute) were
performed as described in Experimental Procedures.

due to nonspecific binding of the labeled&ausing the

Turkan et al.

analysis 46).5 However, a small portion of the phosphatase
activity still trailed, and a small amount eluted only when
EGTA was passed through the column. The inset in Figure
3B shows an SDSPAGE analysis of selected fractions.
These GSFL2 binding studies were all conducted with 1.0
mg/mL BSA (major band migrating between PDP1r and
PDP1c, Figure 3B inset). With 25eM C&" and no Mg@",

a portion of PDP1r dissociated from PDP1c, and since this
PDP1r was no longer retarded by interaction with the GST
L2 protein, it eluted prior to most of the PDP1 (fraction 1,
lane 1, Figure 3B inset). Lane 2 (fraction 2) shows the normal
relative intensity of staining for a 1:1 ratio of the PDP1r
and PDP1c subunits. Lane 3 from the backside of the with
C&" peak in Figure 3B shows an increase in the level of
PDP1c relative to the level of PDP1r. Primarily, PDP1c was
eluted when EGTA was subsequently passed through the
column (lane 4, Figure 3B, inset). Inclusion of kignot
only enhanced binding of PDP1 to the GSI2 protein
(above) but also hindered dissociation of PDP1r from PDP1c.
The PDP1c:PDP1r ratios appeared to be constant in-SDS
PAGE analyses (data not shown), including the tailing
fractions in Figure 3A. Inclusion of subsaturating Mg
concentrations led to results intermediate between those in
the absence of Mg and those with saturating My
concentrations but gave overly tight binding and asymmetric
peaks at higher Ca levels to allow Ky values to be
estimated, but th&y was judged to be<1 uM based on the
above estimate of 1.8M in the absence of MY.

Similar binding experiments were conducted with recom-
binant PDP1c. Again, PDP1c eluted rapidly in the presence
of EGTA. With >10 uM C&", nearly all the PDP1c
remained bound to the column until EGTA was added. With
1.4 uM free C&" and 10 mM Mg*, some PDP1c slowly
eluted, but even after 3 column volumes had been collected,
nearly half of the PDP1c activity was still eluted when 1.0
mM EGTA was passed through the mini column. Unlike
PDP1, in the absence of added MgPDP1c was fully bound
to the GST-L2 affinity column at saturating Ga concentra-
tions (250uM) and, after 3 column volumes, was again
mostly eluted by 1.0 mM EGTA. Therefore, PDP1c binds
tighter to the gel-bound GSAL2 protein than PDP1 with a
particularly large difference in binding affinities when
compared in the absence of addedMgApparently, the
PDP1r subunit not only increases tkig of PDP1 for Mg+
but also causes the &adependent binding of PDP1c to L2

1 to be strengthened at higher Kigevels.

Determination of the Oligomeric State of PDPlc by
Analytical Ultracentrifugation Studie?DP1 is known to
be a heterodimerl@, 14), but the oligomeric state of PDP1c
has not been described. The rate of sedimentation of PDP1c
increased with concentration, indicating that a rapid equi-

free C&" concentration to be less than the concentration of librium was being maintained between two or more oligo-

added C& when low C&" concentrations are not maintained
by using EGTA-Ca buffers.

With no added Mg", even at a saturating level of free
C&" (250uM), PDP1 was bound with a weaker affinity by
the gel-bound GSFL2 protein (Figure 3B). With EGTA

meric states. Figure 4 shows how tijg*) profiles shift to
higherSranges with increasing PDP1c concentrations in the
presence of Cd (0.2 mM). Sedimentation was followed at
the wavelengths given in the Figure 4 legend; the overlay
shows profiles normalized to their relative absorbance values

included, PDP1 eluted at a reference elution volume of 310 at 280 nm. The peak in thgs*) profile shifted from 3.44 S

uL, but with 250 uM Ca&*" included, PDP1 eluted at a
retarded volume of 60QL. This is a sufficiently well-

behaved elution profile for estimating a binding const&at (
= 1.3 + 0.2 uM) by affinity retardation chromatography

at the lowest concentration (0.281) to 4.84 S at the highest
level (38uM). The vertical lines (Figure 4) indicate tt#
values estimated for the monomer and dimer using the
extrapolations described in Experimental Procedures. There
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3.48 5.17S was performed on the fit obtained using SEDFIT and the
monometr-dimer model. When Ca was included (Figure
0.7 4), SEDPHAT gave a global fiKg of 9.2 uM (error range
06 of 8.3—10.5u4M). Simulations with SedAnal also supported
' a similar self-association affinity.
0.5 We also assessed the sedimentation equilibrium profiles
o o4 at three concentrations of PDP1c at four speeds (see
5 Experimental Procedures). The bottom panels in Figure 5
0.3 show selected results and lines from a global fit of those
data; the global fit gave &4 of 5.50 uM (error range of
0.2 4.7—6.4 uM) for the monomer-dimer equilibrium. ThiKy
0.1 estimate is somewhat lower than that found by the various
il sedimentation velocity analyses; this is probably due to the
0 001-2 experiment being conduct_ed at a Iower_temperatur&;4
~ 0:010 ra}ther than 20C. A global fit of theldata with a monomer
< 0.005 trimer model gave a much poorer fit (larger residuals). When
0.000 the data are globally fit with these models, not using a
1 weighted fit, the rms error that is obtained>8-fold larger

for the dimer-trimer model (0.008Azg0 VS 0.0277AAyg, for
FiGURe 4: Sedimentation velocity profiles for different levels of  trimer model). When the data were fit with a weighted fit
PDP1c in the presence of 0.2 mM free?Calhe panels shog(s*) by the two models (data shown for the monomdimer fit

profiles from sedimentation velocity profiles that have been . ; : :
normalized on the basis of the relative absorbance (measured ol the bottom panels of Figure 5), the weighted variance was

calculated) at 280 nm. Sedimentation at 40 000 rpm arfiC2®as 2.34-fold larger for the monomettrimer model (reduceg?
monitored at 220 nm for 0.38, 0.76, and kBl PDP1c, at 234 values of 32.5 vs 13.9 for the dimer model). With the

nm for 3.8uM PDPI1c, at 280 nm for 9.5 and 18 PDP1c, and monomeftrimer model, theky obtained was 1.85% 10710
at 290 nm for 3&M PDP1c. The dashed lines for the profiles at ;2 (error range of 1.552.2 x 1010 M?).

3.8 and 9.5uM show g(s*) profiles generated from the fit of the . L . .
initial scans using SEDFIT and a monomelimer model. The fits On the basis of the combination of the sedimentation

used theS values estimated by extrapolation (see Experimental Velocity and equilibrium analyses, we conclude that PDP1c
Procedures) for the monomer (3.4 S) and the dimer (5.17 S) (solid subunits reversibly associate as a dimer wityaf 8.0 +

vertical lines). As examples of individual fits using the monomer 2.5 M at 20 °C. Association of PDP1c with the PDP1r

dimer equilibrium, SEDFIT modeling of the profiles obtained with ; ; o : ;
19 and 38:M PDP1c yieldedKq values (error ranges) of 10.95 subunit must prevent or greatly hinder this interaction since

(9.8-12.04M) and 8.64M (6.5-9.9uM), respectively; with results ~ FDP1 is a stable heterodimer. We would note that the affinity
from additional concentrations (9.5 and 3.81) included, an of PDP1c in self-association is weaker than the affinity for
averageKq of 9.9 + 2.5 uM was estimated. the L2 domain based on the affinity retardation studies
described above. That conclusion is also supported by results,
was no change in dimer formation, within experimental error, below.
in the absence of Ga For instance, at 3.8 and 98\, Analysis of the Oligomeric State of PDPL2 Complex
PDP1c peak centers were observed at 3.67 and 4.14 S irby Sedimentation Velocitfhe finding that PDP1c forms a
the absence of Caand at 3.72 and 4.28 S (Figure 4) when monomer-dimer equilibrium raised the question of whether
Ca" was included, respectively. Furthermore, sedimentation PDP1c as a monomer, a dimer, or both states interacts with

profiles were equivalent within_experimgntal error at 9\B the L2 domain in the presence of €aThis was analyzed
PDP1c when 4 mM Mg was included in the presence or by sedimentation velocity studies. Panels A and B of Figure
absence of Ca. 6 showg(s*) profiles derived from sedimentation velocity

The top panels in Figure 5 show the original scans and studies conducted using 38 (A) and 3:81 (B) PDP1c
SEDFIT fit (38) using the monomerdimer model (solid monomer; 4 mM Mg" was included in all these studies.
lines) for the sedimentation velocity studies at 3.8, 9.5, and Panel A shows sedimentation profiles for PDP1c (alone),
19.0uM in the absence of Ca (1 mM EGTA). We have 82uM L2 (alone), and the combination of these components
fit the data in Figure 4 and the full set of studies in the in both the absence (0.5 mM EGTA) and presence 6f Ca
absence of C4 (selected profiles top panels, Figure 5) to a (0.2 mM). At the 10-fold lower levels, panel B shows these
monomer-dimer or monomettrimer equilibrium. The profiles but for clarity does not include the studies for the
formation of a monomerdimer equilibrium is strongly ~ combination in the absence of €aln the absence of free
supported. The fits imposed the calculated molecular massC&", the profiles for L2 and PDP1c appear to equal the
of 52 625 Da for the PDP1c monomer and the estimated summation of they(s*) profiles for each sedimented alone.
values of 3.4 and 5.17 S for the monomer and all dimer, This again indicates that there was not a significant interac-
respectively (see Experimental Procedures). In the absencdion between L2 $0, = 1.5 S B4)] and PDP1c in the
of Ca&", the average values for the appar&@tfrom the absence of Ca. Inclusion of C&" with L2 and PDP1c
four highest concentrations were 8.351.3 uM from the resulted in a peak with a sedimentation rate [peak at 4.3 S
SEDFIT fitting (see the data set, Figure 5 legend) and 6.7 in the g(s*) profile] lower than that of PDP1c alone (peak
+ 2 uM from the SEDPHAT fitting. The global fit derived  at 4.9 S). At the same time, there was an increase over PDP1c
using SEDPHAT gave Ky of 6.3uM (error range of 5.6 in the height of this peak and a decrease in the trailing free
7.1uM). In Figure 4 (with C&"), the dashed lines shown at L2 due to complex formation. These data support L2
3.8 and 9.5«M were obtained when thg(s*) transformation preferentially binding to the PDP1c monomer. At 10-fold
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Ficure 5: Sedimentation velocity profiles for PDP1c in the absence of freé& @ap panels) and sedimentation equilibrium profiles for

PDP1c (bottom panels). Sedimentation velocity studies were performed at 40 000 rpm dhih2®d buffer containing 0.5 mM EGTA at

the same concentrations given in Figure 4. In the top panels, the sedimentation velocity scans are shown for the indicated concentrations
along with the global fit shown for each rusj that was obtained by the SEDPHAT program with the monendé@ner model K4 = 6.3

uM). SEDFIT modeling of the profiles with the monometimer equilibrium for the results obtained with 3.8, 9.5, 19, an@BBPDP1c

yieldedKg values (error ranges) of 9.75 (8:650.9uM), 9.5 (8.5-10.45uM), 7.75 (6.75-8.7 uM), and 7.2uM (5.8—8.6 uM), respectively.

The bottom panels show selected sedimentation equilibrium profiles. Sedimentation equilibrium was sequentially established at 8000, 10 000,
14 000, and 17 000 rpm atC. The global fit () is shown for sedimentation of the indicated PDP1c concentrations at the two higher
speeds. Other conditions were as described in Experimental Procedures.

lower levels of components (e.g., 3@/ PDP1c and 8.2 observed at the higher concentration. These data support a
uM L2), there was a transition to the PDPTe?*-L2 1:1 complex of the PDP1c monomer and L2 and a sub-
complex sedimenting faster than PDP1c alone (panels B of micromolar binding affinity. AK4 between 0.6 and 0,0M
Figure 6). This transition from faster to slower sedimentation is roughly estimated based on the changes in total concentra-
of PDP1c is due to the decrease in the PDP1c dimer at thistions derived from thg(s*) distributions in panels C and D
lower level. These findings suggest that L2 preferentially or (e.g., 3x 0.162A.g for the lower and 0.50%g, for the higher
exclusively binds the PDP1c monomer and does so with anconcentration at the 1:1.05 ratio and 0.515 for the 2.1:1 ratio
affinity that is tighter than the self-association by PDP1c inthe range of 3.67.5 S; 0.433,g, for the near equivalent
monomers. range, 2.57.5 S for PDP1c, alone). The changesSp

To further evaluate whether a tight 1:1 complex is formed support tighter binding of L2 to PDP1&{ < 0.2 uM). A
by L2 and the PDP1c monomer, sedimentation velocity similar affinity for binding of PDP1c to the L2 domains of
profiles were characterized for 7,0M PDP1c with 8.4 E2 is derived below.
(1:1.05 ratio) or 16.8(M L2 (1:2.1 ratio) (Figure 6C) and With the simplifying assumption of treating the PDP1c
at a 3-fold lower level at the 1:1.05 ratio (Figure 6D). Ca&"-L2 complex as a single species in the-33245 S range,
Increasing the ratio of L2 caused only a slight increase in a molecular mass of 63.9 kDa is estimated from$hg, of
the rate of sedimentation of the PDPCe&™-L2 complex, 4.24 S for they(s*) distribution observed with 7.6M PDP1c
and the level of free L2 increased at the higher level (Figure and 8.4uM L2. This calculation derives information about
6C). Similarly, the 3-fold reduction in the level of PDP1c diffusion from the width of the Gaussian. That width can be
and L2 caused only a small decrease in the rate of influenced by associatierdissociation processes; however,
sedimentation of the complex, and multiplying the observed the impact should not be very large for a complex that is
area by 3 gave an integrated area nearly as large as thathis tight. The estimated MW is close to the calculated MW
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Ficure 6: g(s*) profiles for sedimentation velocity studies with L2 and PDP1c. In panels A and B, sedimentation velocity studies were
conducted at 40 000 rpm at 2C using a buffer containing 10 mM Mg. Panel A shows(s*) profiles from sedimentation velocity studies
conducted with 3&:M PDP1c monomer and &2M L2, alone, and for the combination in both the absence (1.0 mM EGTA) and presence
of Ca* (0.1 mM). Panel B shows thg{s*) profiles for studies with 3.8M PDP1c and 8.2M L2 in the presence of Ca; the sedimentation
patterns obtained for the combination in the absence of frée &a not included for visual clarity because there was considerable overlap
with the data for PDP1c alone. The sedimentation velocity studies shown in panels C and D were conducted at 55 000 ri@.and 20
Panel C showsg(s*) profiles for 7.6uM PDP1c alone and combined with 8.4 or 1&/8 L2 as well as the profile for 8.4M L2, alone.

Panel D shows thg(s*) profile for the 1.05:1 L2:PDP1c ratio using 3-fold lower levels of PDP1c and compares threextithissprofile

to the one obtained with the 3-fold higher level.

of 65.604 kDa for the PDP1k2 complex, based on the E2 60mer. A closer fit of the data is obtained using two
amino acid sequence of these proteins. This further supportsclasses of sites; however, several combinations of sites per
the formation of a 1:1 complex by the monomeric form of Ky give results falling within experimental error when two
PDP1c and L2. The transition to a monomer suggests eitherclasses of sites are assumed to always be present. With an
that the tight binding by L2 occurs with a region of the assumption that weaker sites develop sequentially due to
surface of PDP1c that participates in forming the PDP1c crowding at the E2 surface, a good fit is obtained for 39
dimer or that the Cd-aided interaction induces a confor- sites with aKy of 0.19u4M and 11 sites with a4 of 0.52
mational change in PDP1c that markedly weakens self- uM. Regardless, the results establish that a large complement
association. of PDP1c ¢40) can be simultaneously bound by the E2
Binding of PDP1c to the E2 60meThe capacity of the ~ 60mer, and most bind withl§, of <0.35uM. These results
E2 60mer to bind PDP1c was evaluated when the level of are in good agreement with tlg range estimated for PDP1c
the PDP1c monomer was varied from 17.5 to 175 PDP1c binding to the free L2 domain. With standard conditions used
molecules per E2 60mer (0.108BM) (Figure 7A). The in the %%P-labeled phosphate release assa@.4 PDPlc
extent of binding in each experiment was assessed using thenonomer/E2 60mer with E2 at 0.1M), ~90% of PDP1c
change in peak area g(s*) versuss* of the leading peaks, is predicted to be bound by E2 based on the fit to one class
the change in the level trailing (free PDP1c), and the increaseof sites. This is consistent with the modest but definite
in absorbance of the leading peak due to PDP1c binding.increase in rates observed with PDP1c when higher levels
Figure 7B plots the results of all the analyses of the of the E2P—E1 complex are used as the substrdi@.(
concentrations estimated from tpes*) peaks. This analysis Binding of C&" to PDPlc, L2, or Both Analyzed by
gave results that were within the experimental error of the Isothermal Titration Calorimetry (ITC)To evaluate whether
other two analyses. When the data were fit by one class of PDP1c, L2, or only the combination is a €abinding
binding sites and fit with a simple least-squares analysis protein, C&" binding was assessed using ITC. In the absence
(dashed line in Figure 7B), Kq of ~0.22 uM for PDP1c of Mg?*, titration of PDP1c (38.5«M) with C&* gave a
binding at~41 sites was estimated. A weighted least-squares small exothermic heat change (data not shown). The incre-
analysis giving higher binding levels more influence (solid mental contribution to the integrated signal decreased gradu-
line in Figure 7B) yielded & of 0.28+ 0.9 uM for binding ally even after addition of 2.0 Caions per PDP1c. In the
at a maximum of 46.6t 4.5 PDP1c molecules bound per presence of 1 mM Mg, binding of C&" to PDP1c was not
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Ficure 8: Isothermal calorimetric titration of PDP1c and L2 with
Ca&*. ITC was performed with a solution equilibrated at 3D
containing 38.5«tM PDP1¢,10Q:M L2, and 1 mM Mg using 35
automatic injections of 6.68L of 0.397 mM C&". The top panel
shows the isothermal heat changes, and the bottom panel shows
the integrated heat released, both as a function of the increasing
Ca*:PDP1c ratio. Other conditions were as described in Experi-
mental Procedures.

E2 60mer/PDP1c bound

top panel of Figure 8. The bottom panel of Figure 8 plots
the integrated heat as a function of the ratio ofCt

0.01 1

0.00 . . . . PDP1c. The magnitude of the peaks, which correspond to
0 2 4 & 8 10 the heat released after each injection of Caecreased in
[uM PDP1c free] a near-hyperbolic fashion and reached saturation at a molar

FIGURE 7: Changes in sedimentation of E2 due to binding of C&":PDP1c ratio of 1. These data indicate that a tight"Ca
increasing PDP1c concentration (A) and analysis of PDP1c binding binding site was formed in the presence of both PDP1c and
(B). Theg(s") profiles derived from sedimentation velocity studies  the 2 domain. The decreasing signal probably reflects more

conducted with the E2 60mer (0.10881), alone, and this level I Pt
of E2 with increasing with PDP1c added at the indicated monomer: .than one process contributing to the net equilibrium heat that

E2 60mer ratio. Data were analyzed and fit as described in IS P€iNg generated upon each injection ofCawith an
Experimental Procedures. Panel B is a Klotz plot of the estimates endothermic change increasingly reducing the net heat
of bound and free PDP1c made from the increase in protein change. Besides the gain in interactions as the PEIREC
e e s he o e 1 a2 COmpIex forms, themal hanges are kel o resultfrom
analysis tha? reduces '?he impact c)>/f the estimate of bound PgDplcre-eqqubratlon (.)f the PDPlc_ monometimer _equ_lllbrla
at the lowest PDP1c level. (above). The various contributions to the ITC titration curve
are too complex to allow a definite analysis (best-fit models)
detected by ITC (data not shown). These results suggest thatfor the contributing binding isotherms via the Origin software
in the absence of Mg, Ca&* binds weakly at the Mg supplied with the instrument.
binding site on PDP1c. There was no heat change whénh Ca  Similarly, in the absence of €4 titration of L2 into a
was added to the L2 domain (1@®) in absence or presence PDP1c solution gave little, if any, heat change compared to
of Mg?* (data not shown). Modest variation in pH and ionic the heat of dilution of L2 into the dialysis buffer with PDP1c
strength did not change the above patterns, so it is unlikely omitted (data not shown). This again indicates that in the
that the lack of detection of a €ainteraction with L2 or absence of G4, the L2PDP1c interaction is either very
PDP1c was due to canceling of endothermic and exothermicweak or not happening. Titration of L2 into a PDP1c solution
changes. However, that possibility cannot be completely containing excess Caproduced an exothermic heat change
excluded. similar to that in Figure 8, further demonstrating that the
On the other hand, with Mg present, titration of Ca Ca*-dependent interaction between L2 and PDP1c can be
into a solution containing both PDP1c (38/M) and L2 detected by ITC (data not shown). Again, the signal
(100uM) yielded exothermic heat changes as shown in the decreased with increasing increments of L2, suggesting that
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by these proteins. As indicated in the introductory section,
site-specific mutations revealed an acidic cluster in L2 that
is critical for the formation of the PDPiC& L2 complex.
Since, on the basis of the ITC afCa" binding studies,
L2 and PDP1c are needed for tight®ainding, a weak
interaction must precede the formation of the tight‘Ca
binding site. The initial weak interaction may involve either
L2 weakly interacting with PDP1c or weak €abinding.
Regardless of the pathway, the stable complex with tightly
held C&" is likely to involve either binding of Cad to an
induced site in PDP1c (given L2’s structure induction of the
0 , , , tight site in L2 seems unlikely) or binding at a bridge position
00 01 02 03 04 between PDP1c and L2. The latter might involve one or more
[uM Ca®T” group in the acidic cluster detected in L26] by mutation
FIGURE 9: Klotz plot of binding of*Ca?* to PDP1c45CaCh was mapping which includes three glutamates (residues 162, 179,
added to final concentrations of%50 uM to solutions containing  and 182). Glul82 was found to be essential for this
%ﬂg'\gofrgcpéz ?g\?e?swo'\?tgghdr;éy?;abgrgrez ﬁ%ﬁ{g&'ﬁ%ﬁnﬁgrﬁtﬁgé interaction even though it was not important in other roles
following ultrafiltration which was carried out and analyzed as tha_t we have evaluated (use of L2 as an E1 S ubstr_ate or
described in Experimental Procedures. activation of PDK3 by L2). Therefore, Glul82 in L2 is a
likely candidate for participating in what may be a limited
competing thermodynamic changes were occurring. All of C&" bridge between PDPl1c and L2. Only a three-
the above ITC results combine to strongly suggest that dimensional structure of the complex will allow this to be
development of a tight Ga binding site requires both PDP1c definitively defined.
and L2. Regardless of the mechanism, the studies with EGTA-Ca
45Ca2* Binding StudiesAlthough ITC did not detect tight ~ buffers indicate that G4 activates PDP1c with an apparent
binding of C&" to PDP1c or L2, alone, those studies did Kac Of ~3 uM. A higher equilibriumKgy (10 + 3 M) was
not completely eliminate the possibility that €abinding obtained in**C&* binding studies. It is not clear whether
causes conformational changes which compensate for thenonspecific binding of Cd (leading to the actual fre®-
heat of binding of C& so that no net heat change was C&" being reduced) fully explains this difference between
observed. Thereforé>Ce2* binding was directly evaluated the estimated<s; and Ky. There was constant binding by
using ultrafiltration. The ultrafiltration membrane, at all the filter (above); minimal nonspecific binding is otherwise
concentrations, removed 8400.5% of the free C4 passing expected since the study was conducted with homogeneous
through the membrane in the no enzyme controls. Our PDP1c and L2 prepared in Chelex-treated Hepes-Tris buffer
analysis assumes that this also occurred in the presence ofo which 5 mM MgC} and 60 mM KCI were added. The
protein components when the free?Cpassed through the  apparenK,. for C&* was determined under conditions of
membrane. No binding of|C&* to either PDP1c or L2,  catalytic turnover. However, the studies of binding of PDP1c
alone, was detected. &abinding occurred with the com-  to the gel-retained GSTL2 protein using EGTA-Ca buffers
bination of PDP1c and L2. Figure 9 shows a Klotz plot for indicated that C# levels near 1uM are very effective in
binding of °C&" to 10 uM PDP1c in the presence of 30 supporting binding of the catalytic subunit to the G312
uM L2. Binding appeared to occur at one site with an protein in the absence of turnover (E2 and P-E1) oPMg
apparent binding constant of 18 3 uM. The level of We have prepared only 1 mg amounts of purified PDP1 and,
45Cat in the retentates exhibited the expected increase intherefore, could not perform ITC studies and did not
Ca&* concentration; however, the small errors in measuring re-evaluate Cd binding by this heterodimer. Teague et al.
retentate volumes led to somewnhat larger deviations than(14) suggested that PDP1 has &Chinding site and that a
using the filtrates for estimating the extent of binding. The second site is created when PDP1 interacts with E2. Their
estimated binding affinity for Ca is weaker than predicted  studies yielded binding affinities that were much weéker
on the basis of th&. derived for C&" from activity studies  than the appareri.. observed herein and, for saturating
and the influence of Ga on binding to the gel-bound GST Mg?" concentrations, in earlier studiek( 29). In the studies
L2 protein, above, when the concentration of freé'Gmas with the gel-bound GSFL2 protein and EGTA-Ca buffers,
controlled with EGTA-C&" buffers. Similar but larger inclusion of elevated Mg concentrations led to near-
discrepancies were observed with the PDP1 heterodimer
(14).5 6 Using flow dialysis to estimate the level of binding BC&" in

; ; : the presence of 1.5 mM Mg, a binding site on PDP1 alone with an
Overall Analysis We have obtained strong evidence that apparents of 55 uM Cz?* and a second binding site with E2 and

both PDP1c and the L2 domain of E2 act in concert to form ppp1 with an appareiit; of 41 M were detectedi(d). Back-titration
a site for tightly binding C&. Neither PDP1c nor L2 has a with EGTA, to a lower*Ca* concentration, yielded much lower

region of sequence that is predicted to form a standafd Ca estimates of 7.5 and &M for these two sites, respectively. The basis
for the large variation in values was not understood. We did not detect

binding domain [EF-hand4@) or C, (49) domains]. Fur- ot hinging with PDP1c using a higher Mgconcentration (4 mM).
thermore, neither the three-dimensional structure of31} (It is uncertain whether Ga binding might be occurring at the active
nor the folded backbone structure of PDPbontains a site which is probably a bi-Mg binding site like that found in the

; related protein phosphatase 2€7) or whether the presence of the
structural fold resembling the foldd, 49) of these most PDP1r subunit led to an additional €abinding site. Since PDPl1c,

common domains for tightly binding €a Therefore, our  ajone, binds in a Ca-dependent manner to E2 and the L2 domain,
results suggest that a novel tight®&inding site is formed  any site on PDP1r is not required for complex formation.

2+
PDP1c/(Ca bound)
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micromolar C&" concentrations, also supporting tight bind- REFERENCES

ing to L2 of the PDP1 heterodimer.
We have found that isolated PDP1c establishes a reversible

monomet-dimer equilibrium Kq ~ 8 uM) and that forma- 2.

tion of the tighter PDP1:€2*-L2 complex captures PDP1c
as a monomer. The affinity for PDP1c binding to free L2

seems to be similar to the affinity for L2 sites in the E2 3.

60mer Kq = 0.3 uM at saturating CH concentrations).
Clearly, binding of PDP1r to PDP1c also prevents the
association between PDP1c subunits since PDP1 is a stable
heterodimer 13, 14). Since association with PDP1r or E2
hinders dimer formation by PDP1c, it would seem that a
PDP1c dimer could form inside the mitochondrial matrix 5
only when C&" levels are low (preventing binding to E2)

and when either less PDP1r than PDP1c is present or PDP1r

is sequestered away from PDP1c. PDP1 does not tend to
aggregate ac0.5 mg/mL, but it is otherwise a very sticky

protein that binds to surfaces, including dialysis tubing 6.

(cellulose). It seems clear that the 96 kDa PDP1r subunit
makes a major contribution to this tendency of PDP1 to bind

to surfaces; PDP1r possibly has a role in binding to some 7
site separate from PDC. Pluronic F68 is used in all studies
with PDP1 and greatly reduces the extent of nonspecific
binding.

Our results further support the concept that the PDP1r 8

subunit alters the properties of and contributes to cross talk
between the metal binding sites in the PDP1c subunit.

Comparing theK,, values of PDP1 and PDP1c for Ky 9.

indicated that PDP1r increases tkg of PDP1 for Mg+
(7, 17). C&" reduces the&,, of PDP1 for Mg+ (17, 28).
We have found at saturating Mfgconcentrations that there
is a 3-fold reduction in the apparek for Cat of PDP1
(but not PDP1c) even while Mg causes a broadening in
the C&" concentration range over which the level of

activation increases. This again indicates that PDP1r has a 12.

role in fostering a Mg"-dependent increase in the sensitivity

to Ca*. PDP1r presumably causes or stabilizes a confor- 4
mational change in PDP1c that elicits the increased sensitivity
of PDP1c for C&" as the M@" concentration is elevated.
This effect may require the active site of PDP1c [assumed
to be a bi-Mg@" site based on the only protein phosphatase
2C class three-dimensional structurd7)] to be fully
occupied by Mg" ions. Altogether, the observations de-
scribed above indicate that PDP1r plays a mediator role
between the M and C&" binding sites with the respon-
siveness to one metal being enhanced by an increase in the

level of the other metal. Spermine-induced reduction in the 16

Km of PDP1 for M@™ acts to reverse the effect of PDP1r in
elevating thiKn. At the same time, spermine contributes to
a decrease in the apparekt, of PDP1 for C&" at
subsaturating but not at saturating Mgoncentrations28)
sinceKqcis already low (reflO and data herein). Therefore,
although binding of PDP1c to L2 creates the tight?Ca
binding site, the PDP1r subunit fosters a connection of this
site to the M@" site on PDP1c and makes both sites sensitive
to spermine.
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