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Pyruvate Dehydrogenase Kinase Isoform 2 Activity Limited and Further Inhibited
by Slowing Down the Rate of Dissociation of ADP
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ABSTRACT. Pyruvate dehydrogenase kinase 2 (PDK2) activity is enhanced by the dihydrolipoyl acetyl-
transferase core (E2 60mer) that binds PDK2 and a large number of its pyruvate dehydrogenase (E1)
substrate. With E2-activated PDK2;"kat ~90 mM and Ct at ~60 mM decreased th€,, of PDK2 for

ATP and competitivék; for ADP by ~3-fold and enhanced pyruvate inhibition. Comparing PDK2 catalysis

+ E2, E2 increased thK, of PDK2 for ATP by nearly 8-fold (from 5 to 3&M), increasedk.a: by
~4-fold, and decreased the requirement for E1 by at least 400-fold. ATP binding, measured by a cold-
trapping technique, occurred at two active sites wikyaf 5 M, which equals thé&,, andKy of PDK2

for ATP measured in the absence of E2. During E2-aided catalysis, PDK2 Bigiches more ADP than

ATP bound at its active site, and the pyruvate analogue, dichloroacetate, led to 16-fold more ADP than
ATP being bound (no added ADP). Pyruvate functioned as an uncompetitive inhibitor versus ATP, and
inclusion of ADP transformed pyruvate inhibition to noncompetitive. At high pyruvate levels, pyruvate
was a partial inhibitor but also induced substrate inhibition at high ATP levels. Our results indicate that,
at physiological salt levels, ADP dissociation is a limiting step in E2-activated PDK2 catalysis, that PDK2
[ADP or ATP]-pyruvate complexes form, and that PDIRT P-pyruvateE1l reacts with PDK2ADP-
pyruvate accumulating.

The mitochondrial pyruvate dehydrogenase complex (PDC) (6—8) and two pyruvate dehydrogenase phosphatase (PDP)
catalyzes the irreversible conversion of pyruvate to acetyl- isoforms carry out these reactions3( 14). Remarkably
CoA and CQ and also generates NADH. The components different effector sensitivities have been uncovered for the
that are required for the overall reaction include the pyruvate different PDK isoformsZ, 15—18). The functioning of each
dehydrogenase (E1) component, the dihydrolipoyl acetyl- PDK isoform in salient roles is substantiated by the strong
transferase (E2), the dihydrolipoyl dehydrogenase (E3) conservation of the primary structure of each isoform in
component, and the E3-binding protein (E3BR)Z). The mammals 2, 8, 9).

fractional PDC activity is set by the competing activities of ~ PDK2 is the most widely distributed among the four PDK
two classes of dedicated enzymes, the pyruvate dehydrogeisoforms 6, 15, 19) and is highly sensitive to the full set of
nase kinase (PDK) and pyruvate dehydrogenase phosphatasgnown regulatory effectors of mammalian PDK activiti@s (
(PDP) (L, 2). Phosphorylation of the E1 component by PDK  15-18). PDK2 activity is markedly stimulated by NADH
results in inactivation, and dephosphorylation by PDP results and acetyl-CoA and is inhibited by pyruvate and ADP.
in reactivation. Inactivation limits and activation enhances Stimulation contributes to feedback suppression of the PDC
the extent to which glucose-connected fuels undergo com-reaction when fatty acids and ketone bodies are being
plete oxidation or are transformed to fatty aci@s-6). preferentially used as energy sourc2s¥%). This is critically

PDK isozymes, together with the related branched-chain important for conservation of carbohydrate reserves. As
dehydrogenase kinase, comprise a novel family of serine signals indicating abundant substrate and a low-energy state,
kinases, unrelated to cytoplasmic Ser/Thr/Tyr kinasgs ( pyruvate and ADP inhibit PDK2 activity. Hormone-induced
6—12). Four pyruvate dehydrogenase kinase (PDK) isozymesor workload-fostered increases in glucose transport or
glycogen breakdown coupled to glycolysis elevate pyruvate;
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1 Abbreviations: PDC, pyruvate dehydrogenase complex; E1, pyru- @dvantage that it is not a substrate in the E1 reaction. Here,

vate dehydrogenase component; E2, dihydrolipoyl acetyltransferasewe further characterize the regulation of the PDK2 isoform
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lipoyl domain of E2; E3, dihydrolipoyl dehydrogenase; E3BP, E3- . _

binding protein; PDK, pyruvate dehydrogenase kinase; PDP, pyruvate The E2 component markedly increases the efficiency of
dehydrogenase phosphatase; pyr, pyruvate. PDK?2 catalysis and intervenes to produce or modify all of
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these regulatory responsd$). E2 and E3BP assemble into column and further dialysis treatment with 2 mM EDTA
a dodecahedron by association of their C-terminal domains.following elution of E1 and the removal of the His tag
Our recent studies indicate this involves forming angE2 by treatment with PreScission proteasg-*JP]JATP and
E3BP, oligomer @3). Outside this inner core, mobile linker  [a-?P]ATP were purchased from New England Nuclear.
regions connect first to an E1-binding domain in E2 and an  Kinase Actiity Assays.PDK activity was measured in
E3-binding domain in E3BP; in each case, this is followed duplicate or triplicate as the initial rate of incorporation of
by mobile connections to two lipoyl domains in E2 and a [*?P]phosphate into E1 using 0.1 mM-f?P]ATP (150-500
single lipoyl domain in E3BP. The N-terminal lipoyl domain cpm/pmol) at 30°C (16, 25, 26). Most assays used 0.64
of E2 is designated L1, and the second lipoyl domain, L2. 0.1 ug of PDK2 and measured incorporation after a 60 s
NADH and acetyl-CoA stimulate kinase activity by increas- reaction times (below). Assays that paralleled binding studies
ing the state of reduction and acetylation of the lipoyl used more PDK2, lower reaction temperatures, and a shorter
domains, particularly the L2 domai@, (16, 18, 24—27). E2 reaction time. Most assays were conducted with a “high salt”
activation of PDK2 transforms PDK2 activity from being buffer A which had a final pH of 7.4 and the following
poorly inhibited by pyruvate or dichloroacetate to being composition and ionic strengtik), 113 mM Hepes Tris,
markedly inhibited 16). pH 7.4 4 = 50 mM), 60 mM KCI ¢« = 60 mM), 30 mM

In solution PDK2 is a stable dimer and binds with a much K-Hepes & = 30 mM), 2 mM MgC} (u = 6 mM), 0.2 mM
stronger affinity to the L2 domains of E2 than the L1 domain EDTA (¢ = 0.5 mM), and finally 13.5+ 2.7 mM K* and
or the lipoyl domain of the E3BP componef8]. Stronger 7.7+ 1.5 mM phosphateu(= 19.5+ 3.8 mM); these final
binding by the dimeric GSFL2 than monomeric L2 and  somewhat variable levels result from additions of E2 (in 50
the equivalence of the affinity of GSIL2 and E2 for PDK2 mM potassium phosphate, pH 7.2) and E1 (in 50 mM
established that binding of PDK2 is strengthened by interac- potassium phosphate, pH 7.5). The totak 166 + 4 mM
tion of the dimeric PDK2 with two lipoyl domain28). This and total K is 103.5+ 3 mM, and unless otherwise
bifunctional binding is further enhanced by reduction of L2's indicated, assays mixtures in these studies also contained 2
lipoyl group and to a small extent by E1 being bound to E2 mM dithiothreitol. Concentrated protein components were
(28). ADP or ATP decreases the affinity for PDK2 binding preincubated together for 60 min at’€ in the buffers in
to E2 and the ATP analogue, AMP-PNP, and phosphoryla- which they were prepared and then were added to reaction
tion of E1 decreases binding of PDK2 to EE1 (28). We mixtures for 2 min at 3C°C prior to initiation of PDK2
show that AMP-PNP is a very effective inhibitor of PDK2. activity. Unless otherwise indicated, exposure to the final

Beyond the critical roles of E2 in facilitating kinase specific salt conditions and to 2 mM dithiothreitol occurred
function, previous studies on bovine kinases indicated that only during the 2 min incubation at 3@ prior to initiation
potassium, phosphate, and possibly” Git elevated but  of activity; however, E1 was prepared in the presence of 1
physiological levels significantly altered the capacities of mM dithiothreitol, and E1 generally contributed about 40%
effectors to influence PDK activityl@, 20, 24, 29, 30). In of the volume of the preincubation mixtures. We evaluated
studies with a mixture of bovine PDKs, ADP inhibition was the effects of K and CI counterions using two other buffers.
enhanced by elevated potassium i28)( pyruvate inhibition K* was decreased from103.5 to~13.5 mM and 60 mM
was increased both by this condition and by phosphate anionCIl~ deleted in buffer B, which was made with a final
(20), and stimulation by NADH and acetyl-CoA increased concentration of 316 mM Hepedris (u = 140 mM) and
due to elevating KClI or potassium phosph&4) (With tight had the same potassium phosphate, Mg&hd EDTA to
control of ions and ionic strength, this paper emphasizes thegive the same total of 166+ 4 mM. Buffer A’ lacked Ct
basic kinetic and binding properties of human PDK2 centered (beyond that provided with 2 mM Mgg)lbut had the same
on ATP and ADP and the effects of pyruvate (or the pyruvate level of K™ as buffer A; buffer Awas made by substituting
analogue, dichloroacetate). Kinetic studies are conducted in60 mM K-Hepes for 60 mM KCI. All studies beyond those
the presence and absence of E2. A mechanism for PDK2described in Table 1 and all binding studies (below) were
regulation is supported in which kinase activity is limited conducted in buffer A. Other conditions were as indicated
by ADP dissociation and pyruvate binding, and reaction in figure and table legends. Incorporation &H]phosphate
pathways lead to PDKADP-pyruvate complex formingto  was measured as previously describ2s 26). Assays were
further slow ADP dissociation. The companion paped) ( conducted at least in duplicate; average values are shown.
presents evidence that stimulation by NADH and acetyl-CoA In the great majority of assays, deviations from the average

speed up this step. were less thant4%.
For the data with E2 included, the results are fit either
EXPERIMENTAL PROCEDURES with a linear least squares or by the Sigma Plot 8.02 enzyme

Materials. Recombinant human PDK26), E2, E2E3BP kinetics model. For the data without E2 in which ATP and

(28), and E3 81) were prepared as described previously. E1 are varied, the kinetic data are fit by a modification of
Constructs of expression systems for human E1 with a the Sigma Plot 8.02 program with enzyme kinetics module
removable His tag, E2, and EE3BP will be described 1.1. We changed the ordered equilibrium bisubstrate equation
elsewheré. E1 was prepared free of TPP as previously tO that for the ordered steady-state bisubstrate equation
described 16). This involved a combination of exhaustive (@dded the equilibrium dissociation constant for the first

washing of the E1 anchored by its His-tag to the Ni affinity Substrate) and enabled the plotting of data with such
modifications. The data were fit with different regression

2y, Hiromasa, H. Bao, X. Yan, X. Gong, A. Yakhnin, J. Dong, S. analyses. We show fits that were either linear least squares

A. Kasten, L. Hu, T. Peng, J. C. Baker, M. Sadler, and T. E. Roche, OF Weighted least squares (termed reciprocal v in this
manuscript in preparation. program). With the same preparations, kinetic constants
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Table 1: Changes in Kinetic Parameters of PDK2 in Phosphorylating E2-Bound E1 with Different Buffer Conditions and Preparations of
PDK2 and E2

Vmax Km(ATP) Ki kcat kca{Km
buffer (effector) (nmokmin~t-mg?) (uMm) (uM) (s (stM™

expt 1 (Figure 1A)

A 1600+ 50 103+ 10 2.44 2.4x 10¢

B 3100+ 180 220+ 30 4.7 2.1x 10
expt 2 (Figure 1B) ADP

A (ADP) 1420+ 200 105+ 30 140+ 20 2.2 2.1x 10

B (ADP) 2305+ 150 190+ 15 520+ 30 35 1.8x 10
expt3 ADP

A 595+ 40 39.5+3 37+3 0.91 2.3x 10

A’ (no CI) 1190+ 45 71+ 3 62+ 3 1.8 2.6x 10¢

B 1400+ 150 100+ 8 125+ 16 21 2.1x 10¢
expt 4

A 595+ 25 38.5+ 2.5 0.91 2.4x 10¢
expt 5 (Figure 2) AMP-PNP

A 420+ 35 25+ 5 3.1+0.7 0.65 2.6x 10¢
expt 6 (Figure 5) pyr

A 1005+ 40 56.4+1.5 ~95 1.5 2.7x 10¢

a2 The buffers and assay conditions were as described under Experimental Procedures and the indicated figure legends. In all cases, the protein
components were preincubated together &4or >1 h and then exposed to 2 mM dithiothreitol for 2 min at°®prior to initiation of PDK2
activity.  Control curve in Figure 2 of the companion pap8g)(

derived from different experiments with the same buffer nucleotide, which was also supported by counting the
conditions (but often with variation in ligand levels) agree membrane after this treatment. In the absence of turnover,
within experimental error. Experiments conducted with both ATP sources gave exactly the same results. With
different preparations support the general conclusions; turnover, there was no contamination by phosphorylated E1
quantitative differences with different E2 preparations are in the adenine nucleotide released by formic treatment. A
described. portion of phosphorylated E1 was released during the wash
Binding of Adenine Nucleotides in the Absence and with 9 mL of cold phosphate buffer; however, no residual
Presence of the Kinase Reactitysing [0-*2P]ATP, binding phosphorylated E1 was released during the formic acid wash.
of ATP to PDK2 was measured by a cold trapping technique Corrections from the minus PDK2 background assays were
(20). The technigue has been significantly modified and small. Under turnover conditions, the use of-FP]JATP
used to estimate binding both in the absence and in theallowed the level of bound ATP plus ADP to be measured
presence of catalytic turnover. When just binding was whereas the use of{*2P]JATP only allows the level of bound
measured, 1&g of E2 and 2ug of PDK2 were incubated  ATP to be measured. All assays were conducted in duplicate;
in buffer A at 22°C for 90 s, and the indicated concentration deviation ranges are shown by error bars. Repetitive or
of [a-*?P]ATP was added to give a final volume of &Q. closely related experiments gave results that were within
Ligands, such as ADP and DCA, were added as describedexperimental error.
in the kinase assays above. For turnover assays, the level of
E2 was increased to 38y, and 3%g of E1 was added; the RESULTS AND DISCUSSION
PDK2 level was maintained at@. In experiments involving

turnover, parallel assays were performed wish*tP]JATP Changes in Maxand the K, for ATP with Eleation of
or [y-3P]ATP being added to the indicated final concentra- SPecific lons at Constant lonic Strength and Product
tions in 50uL and allowed to react for 1225 s at 22°C. Stimulation.Substantial variation in kinetic parameters of

With or without turnover, a 4xL sample was then diluted PDKs is caused b_y sp_ecific ion effects. This includes major
into 0.9 mL of 20 mM potassium phosphate buffer, pH 7.0, €ffects on the kinetic parameters for substrate (ATP),
containing 5% glycerol that was maintained-3 °C. The  inhibitors (ADP, pyruvate), and product stimulation by
entire 945:L was then applied to a Millipore filter (GS, 0.2 NADH and acetyl-CoA. At a nearly constant ionic strength
«m) just as a portion of the same3 °C buffer nearly fin- (= 166 == 3 mM), the effects of K and K" + CI” on
ished passing through the filter. This was followed im- human PDK2 activity were evaluated using Tris and Hepes
mediately by washing with 9 mL of the 3 °C buffer. For as counterions or in combination to create the target ionic
binding without turnover, the membrane was removed and Strength. With E2-bound E1 as a substrate, the following
the bound radioactivity measured. For assays involving @ssays were conducted with saturating &d that trueVmax
catalytic turnover, the kinase-bound adenine nucleotide was@nd Km values for ATP are obtained. However, we have
released from the filter by applying 2.5 mL of 5% formic pbserved considerable va_rla_tlon in thes_e p_arameters; insights
acid. The®P in this fraction was then measured (Cerenkov N0 the cause of that variation will be indicated below and
counting). Binding was proportional to PDK2 (see inset to esolved in the companion pap&d.

Figure 6); PDK2 was not released from the filter during the  Figure 1 shows studies in which a particularly highax

9 mL wash. In the absence of turnover (no E1), the same along with an elevate&,, for ATP is observed for PDK2,
level of binding was estimated by counting the membrane but more commonly our preparations of components have
(not treated with formic acid) or by measuring the radio- given lower values (Table 1). More important than the PDK2
activity released into the formic acid. Therefore, formic acid preparation is the status of the E2, specifically the reduction
treatment fully releases the specifically bound adenine state of the lipoyl groups and the time E2 retains even a
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Ficure 1: Double reciprocal plot of the variation in initial velocities
of PDK2 with ATP level conducted in buffer A and buffer B (panel
A) and Dixon plot of the change in PDK2 rates with the ADP
concentration. For the study in panel A, E1, E2, and PDK2 were
included at 10.5, 10, and 0.Q4y in 25 uL assays which were
performed in duplicate at the indicated concentrations of
[y-32P]ATP in buffer A and buffer B. For the experiment in panel

0.4

B, the same level of components were included, and sets of assay

were conducted with 0.040 and 0.100 mip-$P]JATP at the
indicated concentrations of ADP. Tl for ADP = —x intersect
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Ficure 2: Analysis of inhibition by AMP-PNP by a double
reciprocal plot of the variation in PDK2 activity with ATP
concentration. Assays were conducted in buffer A with Q.9 70f
PDK2 with 0, 0.025, and 0.050 mM AMP-PNP; other conditions
were as described in Figure 1. The data were fit using the Sigma
Plot 8.02 enzyme kinetics module, treating AMP-PNP as a linear
competitive inhibitor. Fitting this data set with noncompetitive
inhibition (37) (mixed inhibition) with the intercept slightly to the
side of they axis gave similar residuals, but competitive inhibition
was favored by our cumulative studies.

plots for two studies that gave very highnax values for
assays conducted using the low KL3.5 mM), no Ct buffer

B or buffer A containing both 103 mM higher*Kand 60
mM CI~ ions. Figure 1B shows a Dixon plot for ADP
inhibition in these two buffers. Table 1 summarizes the
results from studies conducted in the high-salt buffer A and
the low-salt buffer B and in experiment 3 with buffef,A
which lacks Ct but also hadt = 166 mM. For studies in
buffer A, the results in experiment 3, Table 1, as well as the
control curves with only ATP varied in Figure 2 (experiment
5, Table 1) and Figure 2 of the companion paper (experiment
4, Table 1), show more typical examples of low&f.x and
ATP K, values determined for PDK2. The lower salt buffer
B invariably gave highe¥mnax andKy, values with the same
component preparations (experiments3] Table 1). With

Yariation in parameters in buffer A, the./K, ratio remained

relatively constant at~2.5 x 10* st M~1. This suggests

at the crossover point for each pair of lines. Other conditions were that the affinity of binding adenine nucleotide at the active

as described under Experimental Procedures.

small portion of lipoyl groups in the reduced form [some
observations below but demonstrated primarily in the
companion paper39)]. Figure 1A shows double reciprocal

3 Most of the assays use +04 ug of E1 with 10ug of E2 in 25
uL. This corresponds to 0.11aV E2 with 23.3-32.7 E1 per EZE3BP.
Two sets of data indicate that this provides a saturating level of E1.
Dilution of complexes using 0.5 PDK2 dimer per-E3BP from 0.112
to 0.02uM caused no change in the specific activity measured for PDK2
with 0.1 mM ATP and 23.3 E1 bound per ££8BP. PDK2 activity
was quenched by hexokinase/glucose<ih s and kinase-catalyzed
inactivation of PDC measured with excess-E2BP and E3 (Y.

site has a marked influence on the rate of the reaction with
tighter binding reducing the reaction rate. When PDK2 gave
Vmax and Ky, values in the typical range in buffer A
(experiments 35, Table 1), use of the buffer lacking ClI
at the same ionic strength gave highggxandKy, but below
those in buffer B (experiment 3, Table 1). Gleems to be
an essential buffer component for observing significant
stimulation by NADH and acetyl-CoA [see companion paper
(39)].

Under all conditions ADP was a competitive inhibitor
versus ATP. The results establish that kygefor ATP and
Ki for ADP of PDK2 decrease with a change in buffers from

Hiromasa and T. E. Roche, unpublished results). Also, with standard one with 13.5 mM potassium (buffer B) to one containing

levels of E2 and 0.4 PDK dimer per E2 60mer, reducing the

complement of bound E1 from 24 to 10 per E2 60mer does not cause

a significant decrease in the initial rate of phosphorylatiéfP (
incorporation/12 s) by PDK2 or PDK3 (X. Yan and T. E. Roche,
unpublished results).

114 mM Kt plus 60 mM Ct (buffer A). With the high
Vmax—Km PDK2, there was a somewhat larger decrease in
Ki (3.7-fold) thanK,, (1.8-fold) for the transition to buffer
A as compared to the low K no CI buffer B (experiment
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2, Table 1), whereas these parameters were closer (2.5- and -
3.4-fold changes, respectively) with the low¥ha—Km 10 1 3.9 UM E1
kinase (experiment 3). The inclusion of 60 mM Cbuffer 6.3 LM E1 o
A) caused a similar decrease in theof PDK2 for ADP 12:8 ﬁm E

and theK, for ATP (experiment 3, Table 1). Figure 2 shows

that AMP-PNP is a potent inhibitor of PDK2. The data are
fit by lines indicating that AMP-PNP is a linear competitive
inhibitor with a K; of 3.1 + 0.7 uM. As indicated below,
this is similar to the affinity of PDK2 for ATP. AMP-PNP
reduced ATP binding at the active site in the ATP-binding
assay used below (data not shown).

The large variation in kinetic parameters in buffer A is
primarily due to the E2 preparation selected and to some 7 5 100 150 200 50
extent its time of storage rather than being due to the PDK2
preparation selected. The high.ax and highKy, for ATP [ATP (V)]
were obtained using an E2 preparation with more lipoyl Ficure 3: Hanes-Woolf plot of changes in PDK2 rates with

o o . - variation in ATP at different fixed levels of E1. PDK2 assays were
groups initially reduced.The addition of proteins (preincu- 5 oo 4'in buffer A in the absence of E2, with @ghof PDK2

bated together for at least 1 h) to assay mixtures containingwith E1 using 3.91, 6.26, 8.38, and 11,851 with the indicated
2 mM dithiothreitol fa a 2 min treatment at 30C was levels of [-32P]ATP. Other conditions were as described under

expected to cause the difference in the proportion of reducedExperimental Procedures.

lipoyl groups to be small. Studies in the companion paper presence of E2, a similar affinity§) of PDK2 for ATP is

(39) have confirmed that to be correet80% of the lipoyl . . I )
groups are reduced), but those studies also demonstrate thaetSt'm‘r’lted in ATP bmc?mg studies pelow. A replot of the
Interceptd from the reciprocal plot gives K, of PDK2 of

the reduction of even a small portion of the lipoyl groups of ~26 1M for E1 and aVimy of ~170 nmotmin-tmg-* (ke

E2 during storage is important. .

Ko of PDK2 for E1. Under conditions of E2-aided = ~0- 26 S). The probable experimental error for all of
catalysis, thek, for E1 cannot be measured since the E1 these values_ is aboti25%. T_he large error range is due to
substrate is not free. Indeed, as will be described eIseWhere,Lheeloevatt?]eblf m?orC(I)Elllec'tl?hde &sw;grEEll ci(r)nnclir;tr?;::tr;sgégft are
the initial rates measured for PDK2 activity hold constant . m . m - IMPlIes . ?
within experimental error upon halving the E1 or diluting saturation with E1 would not be achieved unotll Elis present
E2-Elcomplexes to 5-fold lower concentrations. Therefore, at>2004M (30.6 mg/mL E1). However,>94§a saturation
E2 helps to provide access of a PDK to E1, and the is achlev_ed in the presence of E2 at pN E1.3 Therefore,
concentration dependence for E1 in the presence of E2 doesg]ned rggllﬂrzer;riné;arngtfggduced by100-fold when E1
not involve standard kinetics. Here, we have evaluated the Effects of Pyruate and Pyruate plus ADP on PDK2

Km for E1 of PDK2 in the absence of E2. For these studies, L . ) i

ET was added in a constant volume of potassium phosphatéA‘Ct.'U.'ty' Studies evaluatmg pyruvate inhibition Of. PDK2
leading to 30 mM K and 16 mM phosphate in all assays. activity were conducted using E1 that hgd been rigorously
Figure 3 shows results from an experiment in which both preparedl ree of TR as pr(_awously descritieg).(Substrate
ATP and E1 were varied. The data establish that the PDK2 Eilnensc;t;g]: dtgyaﬁhkfénggg_dggygﬂ?gE?:\,anf;?y%e\fail’
reaction is a sequential reaction (not a ping-pong reacuon).from being used as a substrate by E1 to acetylate lipoyl

In a double reciprocal plot the crossover point for the lines A

within experimental error intercepted on theaxis at~255 groups of E2. In buffer B, pyruvate inhibition was very weak

4M~2; this result implies th&, = Kq for ATP = ~4 uM (data not shown). In buffer A, with 0.5, 1.0, 3.0, 5.0, and
' v d : 10.0 mM pyruvate, respectively, and 0.1 mM ATP, the kinase

Because that intercept is so far to the left of ihaxis in a g -

double reciprocal plgt the data are presented in a moreaCt'VIty r?]malnlnglj was 35'50/%' 22.3%, 10'?%’ 8.8%, and
' . 5.55%. These values curve off in a Dixon plot in a manner

compact Haneswoolf plot. On the basis of the common characteristic of a partial inhibitor (data not showHpw-

intersection of lines on the axis at [ATP]= ~3.9uM, the ever, a Dixon plot for inhibition by<0.3 mM pyruvate

same estimates foK,, and Ky of ~4 uM for ATP are : AR
obtained when cataln;/sis is r;jot aidedﬂby E2 Even in the (Figure 4A) does not show the expected (partial inhibitor)
’ pattern of less than linear increase in inhibition with

increasing pyruvate. The same data are presented in recipro-

44080

[ATP (uM))/(nmol/min-mg)
)

4The gel filtration step in the preparation of E2 included 10 mM
mercaptoethanol rather than 1 mM mercaptoethanol. In each case that
step is followed by pelleting (centrifugation at 35000 rpm in a 50.2 Ti 5For an order bisubstrate reaction in which ATP binds before E1
angle rotor for 4 h) and resuspending E2 in a buffer (50 mM phosphate, [supported by the data in this and the companion papé),(the
pH 7.2, 0.5 mM EDTA) lacking any thiol. This approach leaves a small standard rate equation is= Vma/((KaaKme/[A]l[B]) + (Kma/[A]) +
portion (<15%) as compared to a very smak§%) portion of the (Kms/[B]) + 1)) which in the reciprocal form 2/= 1/ Vimax+ (1/ Vinay)-
lipoyl groups in the reduced form. These are estimated by acetylation ((KeaKma/[A][B]) + (Kma/[A]) + (Kmg/[B])). When [A] is varied at
of dihydrolipoyl groups using [#4Clacetyl-CoA and CoA removal by different fixed levels of [B], the common intercept (independent of
the a-ketoglutarate dehydrogenase compl@®)( All of the assays [B]) occurs where 1/[A]J= —1/Kq4a, and for either substrate varied at
involved adding protein components that had been incubated for at different fixed levels of the other, &/= (1 — (K4a/Kma))/Vmax at the
leag 1 h as aconcentrate in the presence of 64 mM dithiothreitol common intercept. For the Hane®/oolf equation this rearranges to
(oxidation state unknown), which was introduced with E1 that was [A]/v = ([Al/ Vma)(1 + Kmg/[B]) + (Kma/Vma)(1 + KaaKme/Kma[B]),
prepared in a buffer containing 1 mM dithiothreitol. For each assay and at the common intercept, [AF Kqa and if this is on thex axis
the proteins were added to assay mixtures containing 2.0 mM also equal&ma. Other kinetic constants must be obtained from replots
dithiothreitol for 2 min at 3¢°C. of slopes and intercepts versus 1/[B].
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0.006 . = 0.12/0.12 mM ADP/ATP
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£
0.001 < 00011 -0.1 0.0 0.1 0.2 0.3
0,000  — pyruvate (mM)
°© 0 R Ficure 5: Dixon plot of pyruvate inhibition in the presence of
0.000 — T T T T T 1 0.120 mM ADP at three levels of ATP. Assays were conducted
0.00 0.10 0.20 0.30 with the level of components indicated in Figure 4 at the indicated
pyruvate (mM) levels of pyruvate and 0.120 mM ADP with 0.60, 0.120, or 0.240
0.007 mM [y-*P]ATP.
| B
The uncompetitive inhibition pattern indicates that pyru-
0.006 “\!\‘\ vate does not bind to free PDK2. A similar inhibition pattern,
¢ but with weaker inhibition, was observed with dichloroacetate
0005 | (data not shown). The patterns for pyruvate and dichloro-
NP acetate inhibition are consistent with inhibitor binding to
g’ PDK2-ATP and PDK2ADP. As predicted by that possibility
c 0oo4 * * * and observed previously with bovine PDK&0), addition
E of a fixed level of ADP changed the pattern of inhibition to
© 0.003 _/,,/v/"/ noncompetitive. The Dixon plot in Figure 5 shows a pattern
E /‘/4// of noncompetitive inhibition by pyruvate when PDK2 activity
= was measured at three levels of ATP and a fixed level of
0.002 7 ® nopyvate ADP. This reveals that a PDKARDP-pyruvate dead-end
B 0.04 mM pyruvate complex was formed. Since the lines in the Dixon plot
0.001 - A 0.08 mM pyruvate (Figure 5) extrapolate in a linear manner to the points in the
V¥ 0.12 mM pyruvate L . .
@ 0.18 mM pyruvate absence of added pyruvate, this indicates that there is no
0.000 ® 0.3 mM pyruvate change in the relative ratio of thg for ADP to K, for ATP
. T T T T I I I 1 I T 1

due to pyruvate. Thus, these results support pyruvate also

binding to PDK2ATP. In combination with the finding that
[ATP (mM)] -1 ADP is a compeyitive inhibitpr of ATP, the resu_lts ingicate

FiGURe 4: Change in PDK2 activity with variation in the level of an ord?rEd r.eacuon mechanism in which ATP binds first and

pyruvate at different ATP levels analyzed in a Dixon plot (panel ADP dissociates last (see overall analysis below).

A) and double reciprocal plot (panel B). PDK2 activity was PDK2 activity was synergistically inhibited by subsatu-

measured in buffer A Using E1l Completely free of TPP, with the ratlng ADP and pyruvate For |nstance, with ZIAM ATP,

same level of components as used in Figure 2 and the indicated 0 iniiti
concentrations of pyruvate ang-f?P]JATP. The inset shows a 1202M ADP only caused 32% inhibition and 40 and 50

double reciprocal plot for a study with a wide range of ATP #M pyruvate gave 22% and 39% inhibition. Assuming
concentrations with no and 25 pyruvate. additive inhibition, the combination of ADP and these levels

of pyruvate are predicted to give 47% and 58.5% inhibition;
cal plots in Figure 4B; an uncompetitive inhibition pattern however, 67.5% and 74% inhibition were observed. This
is exhibited at low levels of pyruvate, but there is little or again fits the accumulation of a PDK&DP-pyruvate dead-
no increase in kinase activity with increasing ATP concen- end complex. Similar results were previously observed with
tration at high pyruvate. This indicates that the higher bovine kidney PDKs Z0); however, PDK2 differs in that
pyruvate levels induce substrate inhibition by ATP. When a pyruvate inhibition is more potent than with dichloroacetate
greater number ATP concentrations were used, the patterninhibition (16) and in undergoing ATP-induced substrate
at a high pyruvate level fit uncompetitive inhibition at the inhibition at high pyruvate.
lower levels of ATP; however, at higher ATP levels, 0.25  Binding of ATP and Retention of ATP and ADP during
mM pyruvate appeared to induce substrate inhibition by ATP the PDK2 ReactionCold trapping allows bound adenine
(inset, Figure 4A). From a replot of the intercepts from the nucleotide to be captured on PDK2 and to wash away free
lower levels of pyruvate in Figure 4B, l§ for pyruvate is nucleotide. Using 0.1 mMo[-*?P]ATP, binding of ATP was
estimated to be-95 uM. directly proportional to the level of PDK2 (inset to Figure

0 4 8 12 16 20
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conditions of maximum catalysis (no ADP added), about
72% of the bound adenine nucleotide was ADP, based on
the difference between the levels bound wherJP]ATP

and [-*?P]ATP were used (Figure 7). Inclusion of DCA
during turnover increased the portion of adenine nucleo-
tides bound as ADP t6-94% (Figure 7). Therefore, there

is a transition from~2.6 to ~16 times as much ADP as
ATP bound. This agrees with the kinetic studies (see over-
all analysis below) and establishes that under conditions
of turnover the PDK2ADP-DCA complex accumulates.
At —3 °C, PDK2 does not catalyze one round of turnover
A S in the time required to complete the washing away of free
0.0 . ‘ PO med ATP.

° % 10 _1150 20 0 CoA Inhibition Modest CoA inhibition of bovine PDK
(ATP (mM)] has been observed in the phosphorylation of E1 in the
FIGURE 6: KlthbF)'Ot of bfinding of g-ﬁr]ATP by PDK%J” th‘ff absence of E236). Near-maximal CoA inhibition (3
D o S Sl o Sacoclale BN O ATP 25 of E2-activted PDK2 aciiviy was achieved wih
conditions and workup described under Experimental Procedures, COA. Half-maximal inhibition was observed with about 2
The inset shows binding by 1.0, 1.5, 2.0, andZy®f PDK2 using uM CoA. CoA inhibition was not due to disulfide formation.
18 ug of E2 and 0.1 mM ¢-32P]ATP. The CoA concentrates were prepared in the presence of 0.5
mM DTT and 5 mM cysteine and were diluted 10-fold in
the final assay mixtures; this condition was repeated in the
control assay. COA inhibition was also observed in the
absence of E2. The observed inhibition suggests that there
is an independent binding site for CoA on PDK2. It seems
surprising that such a high-affinity site would exist for
supporting such a modest inhibition. Studies testing for a
synergistic inhibition by CoA and either pyruvate and ADP
or the combination failed to detect such an effect.

Analysis of Kinetic Resultdnclusion of Kf, CI-, and
phosphate at nearly physiological levels led to decreased
affinities of ATP and ADP for PDK2. At the same time,
elevation of these ions is critical for observing strong
inhibition by pyruvate of PDK2 as well as effective stimula-

Ficure 7: Effect of catalytic turnover on the level of bound adenine tion of this kinase by NADH and acetyl-CoA [compf’;mion
nucleotides in the presence and absence of dichloroacetate. ThdaPer 89). These obsgrvatlons suggested t,ha_t regulatlon may
level of [y-*2P]ATP anda-32P-labeled ATP and ADP retained by ~ operate through altering a common rate-limiting step.
PDK2 was determined with 2g of PDK2, 39ug of E2, and 39 In the presence of E2, we cannot vary E1 and derive
1S L afler 25 5 of PO catlyie L 2. Bindng W8S nommal kinetic information. n the absence of E2, a sequentia
mechanism is supported; however, kinetic parameters that

6). Figure 6 shows a Klotz plot for binding studies in which might be expected to be similar are very different. In the
the concentration of ATP was varied in the presence or absence of E2, thKy for ATP is much lower and close to
absence of dichloroacetate.K of 5.5+ 3 uM and ann = the values estimated for th&y for ATP binding as
~1.85 was estimated in the absence of dichloroacetate. Withdetermined both in that kinetic study and in “cold-trap”
0.5 mM dichloroacetate included, the results were within binding studies with E2-bound PDK2. With E2-activated
experimental error unchanged, but slightly higher values were PDK2, an increasé., was invariably accompanied by an
estimated Kg = 7.7 + 3 uM and n = ~2). We have increase in thé&,, of PDK2 for ATP, and the ratio tends to
performed several such binding studies and typically have remain relatively constant. This trend is further supported
observed somewhat lower values fyandn [e.g., control in the companion paper under conditions of product stimula-
curve in Figure 7 of the companion pap86), Ky=4+ 1 tion. These observations are most easily explained and fit
uM and n = 1.6]. The estimates dfy agree closely with by PDK2 catalyzing an ordered reaction mechanism in which
the Kq of PDK2 for ATP derived from the kinetic studies in ~ ATP binds first becausk, = kea/k: for the first substrate.
the absence of E2 (above). The extent of binding indicates The constancy of th&./Kn ratio as theK,, for ATP and
that both binding sites on a PDK2 dimer can simultaneously k. values increase additionally indicates that kinetic rate
bind ATP. constants other thak, contribute to the change in these

In the absence of E1, there was equivalent binding by kinetic parameters. Only an ordered reaction with ATP
PDK2 of [a-*?P]ATP and [-*2P]JATP, and treatment of the  binding first can easily fit the combination of a constlaf
washed membrane with 2.5 mL of 5% formic acid fully Ky, ADP being a competitive inhibitor of ATP and addition
released the kinase-bound ATP. To maintain initial velocity of ADP transforming pyruvate inhibition from being an
conditions at 22C with 2 ug of PDK2, E1 and E2 were  uncompetitive inhibitor versus ATP to a noncompetitive
each increased to 38) and a reaction time ot 25 s. Under versus ATP.

1.2 e minus DCA
o plus DCA

1.0 4
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g 3
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i:lﬂ}lgz A X ~EAI during turnover (Figur_e 7) as well as the capaf:ity to stimqlate
B=El V Y\k PDK2 activity 39). With the ordered mechanism and using
k K the typical values from experiments 3 and 4 in Tabl&.%/,
~ Ew\k /(EAB “EPQ) Km = ki = 2.3 x 10* M~1 571 the rate constant for a rate-
PQLIZEL k QEQ(\“‘) EQI limiting dissociation of ADPk;, must be> ko = 0.91+
I=Pyr K 0.08 s (keat = k; whenks > k;) andk; cannot exceed 1.14

FIGURE 8: Reaction scheme for an ordered reaction with binding st if ks = 4 x k;. With the above value fok andKq = 5
of the inhibitor (I) to the EA and EQ reaction intermediates. The M, we can estimate th&s = ~0.12 s so that dissociation
kinetic rate constants for the forward and reverse steps are indicatedqf ATP is predicted to be much slower thiag; = 0.91 s'*.

Inhibition constants for equilibrium binding of the inhibitor to form . e
the lcJJI(}.;ecl)d—((e:cn)dsctc{;‘rnt[s)Iexesc,1 EAl and EQI, a?e also indicated; however,However' the rate of the Q'SSOC'at'On step dqes not affect
our kinetic studies yield inhibition constants;(in the text) that  the forward reaction rate in an ordered reaction. The low
reflect inhibitor binding to both EA and EQ. value of k, predicts that some mechanism hinders ATP
dissociation. This is consistent with the capacity to measure
For E2-activated PDK2, alternative sequential mechanismsATP binding by cold trapping. Structural studies on PDK2
can be eliminated. An ordered mechanism in which E1 would indicate that Phe318/Gly319 move into a position that hinders
bind first does not fit ADP being a competitive inhibitor dissociation of adenine nucleotideisl( 38); this may be the
versus ATP. Analytical ultracentrifugation studies detected stabilized carbonyl group of Gly319 interacting with a bound
a very small equilibrium binding effect for stronger binding K+, as found with the branched chain kinade)(
of PDK2 to E2E1 than to E2 28). If a rapid-equilibrium Induced substrate inhibition by high levels of pyruvate
random mechanism was operating, a large difference in (Figure 4) may result from the PDK&TP-pyr using E1 as
PDK2 binding to E2 and EE1 would be expected since a substrate followed by dissociation of phosphorylated E1
there rapid encounters between PDK2 and E1 should occurproducing PDK2ADP-pyr from which free kinase is gener-
with both components being bound on neighboring mobile ated slowly. The latter complex would regenerate free PDK2
domains at the E2 surface. Indeed, E1 is saturating for E1-slowly. Particularly at high ATP and high pyruvate, this
aided PDK2 catalysis at the levels used in the present Study. alternative reaction pathway may be favored. Given the large
Several observations support ADP dissociation being rate number of kinetic variables that this alternative reaction
limiting in E2-activated PDK2 catalysis. Binding studies pathway introduces, a simulation of such a mechanism could
detected a major portion of bound ADP under conditions of be performed, but almost certainly multiple solutions will
turnover in the absence of added ADP. Uncompetitive fit the data so little insight would be gained.
pyruvate inhibition in the absence of added ADP fits binding  Structural studiesi(l, 38) reveal that major conformational
to PDK2ADP (and PDK2ATP). The capacity for syner-  changes occur in PDK2 upon binding of ATP or ADP. It
gistic inhibition by ADP plus pyruvate and the transition seems likely that these prominent adjustments around the
upon adding ADP to pyruvate acting as a noncompetitive active site convert PDK2 to a conformation with an increased
inhibitor definitively support formation of appreciable levels capacity to productively interact with the E1 substrate. AMP-
of the PDK2ADP-pyruvate complex. Under conditions of PNP was shown to be a strong competitive inhibitor of ATP
turnover, the substantial increase in the level of bound ADP with aK; that is very close to th&y determined for ATP in
due to the addition of dichloroacetate fits the dissociation the cold-trap binding studies and kinetic studies in the
of ADP being further forestalled by formation of the PDK2  absence of E2. It seems likely that AMP-PNP induces a
ADP-dichloroacetate dead-end complex. The finding that similar conformational change in PDK2 as ATP. In AUC
product stimulation reduces bound nucleotides [companion studies, the addition of AMP-PNP reduced somewhat PDK2
paper 89)] is also consistent with an increase in a rate- binding to E2E1 (28). A productive interaction after binding
limiting dissociation of ADP. of ATP or AMP-PNP need not involve a tight affinity of
For the following analysis, we will use the Cleland format PDK2 for E1. In the crystal structure of E1, the first site of
for defining rate constantS87) in which the rate constants  phosphorylation (essentially the only site undergoing phos-
for the forward reaction steps have odd-numbered subscriptsphorylation in our initial velocity studies here) is not exposed
and those for the reverse reaction steps have even-numberedt the surface of E13d). Similarly they-phosphate of ATP
subscripts (rather than negative). Figure 8 presents a simplewvould not appear to be well exposed in the PDK2 structure
reaction scheme for an ordered reaction with pyruvate (38). These structures suggest that, prior to phosphorylation
binding to PDK2ATP or PDK2ADP. Besides the relatively  of site 1, binding energy will be needed to force conforma-

constantk;, only ks andk; appear irkeat = ksk7/(ks + k7) or tional changes that produce an open interface between the
Km = kski/ki(ks + k7). An increase in the rate of ADP  y-phosphate of ATP and site 1 on E1. Such an expense in
dissociation K7 step) would lead to an increase in b&thax binding energy would not contribute to equilibrium binding

and K, based on the above equations if the reaction and of PDK2 to E1. Further studies will be needed to evaluate
dissociation of phosphorylated Elks(step) is several-fold  this suggestion that the interaction of ATP alters PDK2
faster than ADP dissociation. This is in accord with the nearly structure in a way that favors rapid catalysis but with a cost

equivalent changes in these parameters. in binding affinity as indicated by comparing binding of
With the transition from buffer B to buffer A, along with  PDK2 and PDK2 (AMP-PNP) to EE1 (28).
the decrease iWmax Ki for ADP, andK, for ATP (Table In the absence of E2 even if PDKETP is tightly held

1), there is a gain in capacity to stimulate PDK2 activity and poised to react, PDK2 has a high of 26 uM for E1,
(39). In an ordered mechanism, these can arise from slowerand E1 availability limits PDK2 activity at the levels of E1
dissociation of ADP, buks must be at least 4-fold faster (<2 mg/mL) that we have used. However, we have found
thank; to explain the higher level of bound ADP than ATP that E2 reduces the requirement for E1 by at least 400-fold
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and removes this limitation leading to ADP dissociation
being a slow step. Our results and studies on effects of
adenine nucleotides on binding of PDK2 to EB)indicate

that there are reversible avenues of communication between
the active site and effector sites. ADP binding must change
the pyruvate/dichloroacetate site to enhance inhibitor binding.
Binding of these effectors apparently then alters or stabilizes
a conformational state at the active site that hinders ADP
dissociation.

Overall, our results support E2-activated catalysis in the
presence of physiological salts being limited by ADP
dissociation which favors the development of pyruvate
inhibition by binding to this intermediate. When a low-energy
state elevates intramitochondrial ADP, this mechanism favors
potent inhibition of PDK2 by pyruvate acting in combination
with ADP. This regulation then supports the desired outcome
of elevating the level of active PDC under conditions of low
energy and good substrate availability.
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