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ABSTRACT: Mitochondrial pyruvate dehydrogenase kinase 2 (PDHK?2) phosphorylates the pyruvate
dehydrogenase multienzyme complex (PDC) and thereby controls the rate of oxidative decarboxylation
of pyruvate. The activity of PDHK?2 is regulated by a variety of metabolites such as pyruvate, NAD™,
NADH, CoA, and acetyl-CoA. The inhibitory effect of pyruvate occurs through the unique binding site,
which is specific for pyruvate and its synthetic analogue dichloroacetate (DCA). The effects of NAD™,
NADH, CoA, and acetyl-CoA are mediated by the binding site that recognizes the inner lipoyl-bearing
domain (L2) of the dihydrolipoyl transacetylase (E2). Both allosteric sites are separated from the active
site of PDHK2 by more than 20 A. Here we show that mutations of three amino acid residues located in
the vicinity of the active site of PDHK2 (R250, T302, and Y320) make the kinase resistant to the inhibitory
effect of DCA, thereby uncoupling the active site from the allosteric site. In addition, we provide evidence
that substitutions of R250 and T302 can partially or completely uncouple the L2-binding site. Based on
the available structural data, R250, T302, and Y320 stabilize the “open” and “closed” conformations of
the built-in lid that controls the access of a nucleotide into the nucleotide-binding cavity. This strongly
suggests that the mobility of ATP lid is central to the allosteric regulation of PDHK?2 activity serving as
a conformational switch required for communication between the active site and allosteric sites in the

kinase molecule.

Pyruvate dehydrogenase kinase (PDHK)' phosphorylates
the mitochondrial pyruvate dehydrogenase multienzyme
complex (PDC) and thereby downregulates the rate of aerobic
oxidation of carbohydrate fuels (/, 2). In mammals, there
are at least four genetically and biochemically distinct forms
of PDHK (PDHKI1, PDHK?2, PDHK3, and PDHK4) (3, 4).
Growing evidence strongly suggests that PDHK isozymes
play specialized roles in regulation of PDC (7, 2). Two
isozymes are implicated in the long-term control of PDC
under conditions of oxygen (5) or food (6) deprivation
(PDHK1 and PDHK4, respectively). The isozyme PDHK?2
is primarily involved in the short-term control of PDC
mediating the effects of different metabolites such as
pyruvate, NAD", NADH, CoA, and acetyl-CoA (7). The
physiological role of PDHK3 in the regulation of PDC
activity remains largely unknown.

It is generally believed that PDHK?2 operates as an integral
component of PDC attached to the inner lipoyl-bearing
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domain (L2) of dihydrolipoyl transacetylase (E2) (8, 9).
Binding to E2 greatly increases the ability of PDHK2 to
phosphorylate multiple copies of pyruvate dehydrogenase
(E1) attached to the E2 scaffold (8). At the same time,
association with E2 allows for the regulation of PDHK?2
activity by NAD', NADH, CoA, and acetyl-CoA (10). These
metabolites affect PDHK2 activity indirectly by changing
the oxidation and acetylation states of the lipoate prosthetic
groups of L2 domains (/7). Kinase activity is the lowest
when lipoate groups are fully oxidized (/7). Their NADH-
dependent reduction catalyzed by dihydrolipoyl dehydro-
gnase (E3) causes a significant increase in the rate of
phosphorylation. This rate can be increased even further
when the reduced lipoates are acetylated by E2 using acetyl-
CoA as a substrate (/7). All of these effects are L2 mediated
and, consequently, require an association of kinase with E2.
In contrast, the effect of pyruvate on PDHK2 activity can
be observed in the absence of E1 and E2, suggesting that
pyruvate inhibits kinase activity directly (/, 2).

The complexity of allosteric control of PDHK?2 activity
prompted a number of studies aimed at its structural
characterization (12, 13). These studies revealed that PDHK2
consist of two domains: the amino-terminal domain (R
domain) assembled as a four-helix bundle and the carboxy-
terminal domain (K domain) folded as a mixed o/f3 sandwich
(12). K domain carries the nucleotide-binding site, while the
El-binding site is likely to be located on the interface
between K and R domains (/2). The binding site for synthetic
analogue of pyruvate, dichloroacetate (DCA), has been
identified in the middle of R domain (/3). It is separated
from the active site by more than 20 A. The lipoate-binding
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site is located on the tip of R domain and is more than 30 A
away from the active site (/4).

Evidence presented by this and other laboratories suggests
that adenine nucleotides play an intimate role in the regula-
tion of PDHK2 activity (/5-17). For example, it has been
demonstrated that binding of ADP significantly increases
binding of DCA, while binding of DCA aids in binding of
ADP (15). In addition, a cross-talk has been observed
between the L2- and nucleotide-binding sites of PDHK2 (15, 17).
Adenine nucleotides have been shown to decrease the affinity
of PDHK?2 for the L2 domain (/5). Conversely, L2 binding
decreases PDHK?2 affinity for adenine nucleotides (15, 17).
These observations prompted Bao and colleagues to propose
that the strength of ADP binding is central to the allosteric
control of PDHK? activity (1, 18). According to the authors,
allosteric inhibitors, such as pyruvate and DCA, act by
decreasing the rate of dissociation of ADP (/8). On the other
hand, allosteric activators stimulate PDHK?2 activity by
increasing the rate of ADP dissociation (/7). Thus, the
adenine nucleotides indisputably play an important role in
the regulation of PDHK2 activity. However, the molecular
mechanisms responsible for the allosteric coupling between
the active site and allosteric sites in PDHK2 molecule remain
enigmatic. This study was undertaken in order to identify
the structural elements of PDHK?2 molecule that are essential
for the long-distance communications between the nucle-
otide-binding and allosteric sites of PDHK?2. Here, we present
evidence that the ATP lid, which is a flexible loop that
encloses the nucleotide in its binding cavity, plays a key role
in the allosteric coupling.

EXPERIMENTAL PROCEDURES

Vector Construction and Protein Expression. Bacterial
expression vectors for E1, E2/E3BP subcomplex, lipoyl-
protein ligase A, GST-L2 (amino acids Ser 127 to Ile 214),
Hise-L2 (amino acids Ser 127 to Ile 214), and PDHK2 were
constructed as described previously (7, /9-21). Mutations
in the sequence of rat PDHK?2 cDNA (22) were introduced
by site-directed mutagenesis (23) using pPDHK?2 expression
vector (7) and following oligonucleotide primers: GCG GCC
ACA GTG GAA AGC CA for R250 to A mutation, GCA
GCT CCT ACA CCC CAG CC for T302 to A mutation,
and CC CGC CTC TTC GCC AAG TAC TTC CA for Y320
to F mutation; altered bases are underlined. Reactions were
carried out using the ExSite site-directed mutagenesis kit
(Stratagene, La Jolla, CA) essentially as recommended by
the manufacturer. Mutations and fidelity of PDHK2 cDNA
were verified by sequencing (24). E1, E2/E3BP subcomplex,
GST-L2, Hise-L2, wild-type PDHK?2, and its mutants were
expressed and purified following the established proto-
cols (7, 19-21). The protein composition of each protein
preparation was evaluated by SDS/PAGE analysis. Gels were
stained with Coomassie R250. All preparations used in the
present study were more than 90% pure.

Kinase Activity Assay. PDHK2 activity was measured at
37 °C as the rate of [3>P]phosphate incorporation into the
E1 protein using [y->*P]ATP (7). A typical reaction mixture
(50 uL) contained 26 ug of El, 24 ug of E2/E3BP, 0.5 ug
of PDHK?2, and 0.5 mM [y-*P]ATP (specific activity of
100—200 cpm/pmol) in 20 mM Tris-HCI (pH 7.8), 5 mM
MgCl,, 50 mM KCI, 5 mM DTT, and 2.0% (v/v) ethylene
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glycol. The phosphorylation mixtures were preheated at 37
°C for 60 s. The reactions were initiated by the addition of
5 uL of ATP solution and terminated after 60 s incubation
by spotting 40 uL of the reaction mixture onto 2.1 cm
diameter disk of Whatman 3MM paper presoaked in a
solution of 20% (w/v) trichloroacetic acid, 0.2 M phosphoric
acid, 50 mM sodium pyrophosphate, and 50 mM ATP. After
extensive washing with 10% (w/v) trichloroacetic acid, the
protein-bound radioactivity was determined by liquid scintil-
lation counting. A negative control (minus PDHK?2) was used
to determine the nonspecific incorporation. All assays were
conducted in triplicates.

GST-L2 Pull-Down. The interaction of PDHK?2 with GST-
L2 was studied using pull-down assay as described previ-
ously (25). Briefly, binding experiments were performed at
room temperature in Spin-X microcentrifuge filter device
with a pore diameter of 0.22 um (Corning Inc., Corning,
NY). A typical binding mixture (400 L) contained 40 ug
of PDHK?2 and 25 uL (v/v) of settled glutathione—Sepharose
beads decorated with 100 ug of GST-L2 in 25 mM Tris-
HCI buffer (pH 8.0), 0.1 mM EDTA, 2.5 mM MgCl,, 0.1
M KCl, 5 mM dithiothreitol, 1% (v/v) glycerol, and 0.1 mg/
mL BSA. When required, ATP, ADP, DCA, or a combina-
tion of DCA and ATP or ADP was included at the indicated
concentrations. For experiments employing high concentra-
tion of ATP or ADP, the binding buffer was supplemented
with 13 mM MgCl,. The reaction was initiated by the
addition of 40 ug of PDHK2. After incubation for 10 min,
unbound PDHK?2 was removed by centrifugation for 1 min
at 6000g followed by three consecutive washes in 0.4 mL
of binding buffer. Bound PDHK2-GST-L2 complexes were
eluted in 0.1 mL of binding buffer supplemented with 10
mM reduced glutathione. Free and bound PDHK2 were
analyzed using SDS/PAGE. Gels were stained with Coo-
massie R250. Stained gels were analyzed by scanning
densitometry using UN-SCAN-IT automated digitizing sys-
tem (Silk Scientific, Inc., Orem, UT).

ATP, ADP, and DCA Binding. Binding of ATP, ADP, or
DCA to PDHK2 was measured at 25 °C following the
quenching of PDHK?2 intrinsic tryptophan fluorescence as
described by Hiromasa and colleagues (/5). Binding reaction
of the initial volume of 2.0 mL containing 1 uM PDHK2 in
50 mM potassium phosphate buffer (pH 7.5), 0.5 mM EDTA,
and 2.0 mM MgCl, was carried out in standard (1 x 1 cm)
cuvettes. When required, ADP or DCA was included at the
indicated concentration. The appropriate ligands, i.e., ATP,
ADP, or DCA, were added in 2—5 uL increments with
constant stirring. Steady-state fluorescence of PDHK2 was
recorded using Cary Eclipse fluorescence spectrophotometer
(Varian Inc., Palo Alto, CA). Sample was excited at 290
nm (slit 5 nm), and emission was recorded at 350 nm (slit 5
nm). Titrations with AMP or acetic acid were performed as
controls and were used to correct the experimental data.
Background-corrected results were analyzed essentially as
described by Hiromasa et al. (/5). The concentrations of
ATP, ADP, and AMP were evaluated based on their
absorbance coefficient € = 1.54 x 10* M~! cm™! at 259 nm.

Isothermal Titration Calorimetry (ITC). The interaction
of PDHK2 with L2 was characterized by ITC (25). L2-
binding measurements were carried out at 30 °C in 20 mM
potassium phosphate buffer (pH 7.5), 50 mM KCI, 10 mM
MgCl,, 5 mM dithiothreitol, and 2% (v/v) ethylene glycol.
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The concentration of PDHK?2 in the calorimeter cell was 20
uM. The concentration of L2 in the injection syringe was
520 uM. Injections were made in 10 uL increments with
240 s spacing between the injections. For L2-binding
experiments in the presence of ATP, ATP was added to both
the cell and syringe to the final concentration of 10 mM.
The concentration of MgCl, in these experiments was
increased to 13 mM. Dissociation constants (K4) and enthalpy
changes (AH) were obtained using the Origin software
package (version 7.0) provided by the manufacturer (Orig-
inLab, Northampton, MA).

Statistical Analysis. The reported parameters represent the
means =+ standard deviation obtained for at least three
independent determinations. Statistical analysis was per-
formed by an unpaired Student’s t-test. P < 0.05 was
considered to be statistically significant.

Other Assays. SDS/PAGE was carried out according to
Laemmli (26). Protein concentrations were determined
according to Lowry (27) with bovine serum albumin as a
standard. The extent of L2 lipoylation was examined
following the procedure described by Quinn and colleagues
(28); the lipoate content of all L2 constructs was greater than
90%.

RESULTS AND DISCUSSION

Conformation of ATP Lid in PDHK2. Examination of
several PDHK?2 structures available through the RCSB
Protein Data Bank (PDB accession numbers 1jm6, 2bu2, and
2bu8) shows that ATP lid is the only structural element in
PDHK?2 that displays significant rearrangement upon the
nucleotide binding. The greatest differences are observed in
the proximal part of ATP lid that assumes either “open” or
“closed” conformation (Figure 1A). In its “open” conforma-
tion, the entire segment of ATP lid corresponding to the
amino acids 296—302 (coordinate file 2bu2) is more than
10 A apart from the nucleotide-binding cavity and is engaged
in extensive interactions with the R domain. In “closed”
conformation, this part of ATP lid (amino acids 296—304)
extends over the bound nucleotide, thereby enclosing it inside
the nucleotide-binding cavity (Figure 1A).

Quite remarkably, one amino acid residue of ATP lid, i.e.,
T302, appears to be involved in stabilization of both the
“open” and the “closed” conformations. In “closed” confor-
mation, it can form a number of hydrogen bonds with 2’-
and 3’-hydroxyls of the bound nucleotide, as well as with
R250 that extends from the opposite side of the nucleotide-
binding cavity (Figure 1B). R250, in turn, can also engage
the 3’-hydroxyl group of nucleotide, thus completing a highly
interlocked hydrogen-bonding network that keeps the ATP
lid attached to the nucleotide and to the rest of the nucleotide-
binding cavity. As illustrated in Figure 1C, T302 stabilizes
the “open” conformation through the hydrogen bonding to
Y320.

Considering that ATP lid is the only structural element
that significantly varies in conformation as a result of
nucleotide binding, it is feasible that ATP lid movement
triggers a sequence of signaling events that affect the
allosteric sites in PDHK?2 molecule. To test this hypothesis,
we created PDHK2 mutants carrying substitutions of T302,
R250, and Y320 and characterized their enzymatic activities
and regulation.
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FIGURE 1: “Open” and “closed” conformations of ATP lid in
PDHK?2 molecule. Panel A: Superimposition of the nucleotide-
binding sites of PDHK2-ADP (PDB code 1jm6) (/2) and PDHK2-
ATP-Nov3r (PDB code 2bu2) (/3) complexes. The elements of
the secondary structure of R and K domains are colored in green
and wheat, respectively. The amino acids of the proximal part of
ATP lid (residues 296—304 in 1jm6 and 296—302 in 2bu2) are
shown as stick models. The “open” conformation of ATP lid is
colored in ruby red, while the “closed” conformation is colored in
blue. Movement of ATP lid is indicated by blue and ruby red
arrows. Bound ATP (CPK, C gray) from PDHK2-ATP-Nov3r
structure is shown as stick model. The structures were superimposed
using the homology-modeling program DeepView Swiss-Pdb-
Viewer v3.7 (31). Panel B: The hydrogen-bonding network
described by Steussy and colleagues (/2) that stabilizes the “closed”
conformation of ATP lid in PDHK2-ADP structure. Coloring
scheme is the same as in panel A. The hydrogen bonds between
T302, R250, and 2’- and 3’-hydroxyl groups of ribose are shown
by dashed lines colored in cyan. Panel C: The hydrogen bond
between T302 and Y320 that stabilizes the “open” conformation
of ATP lid in PDHK2-ATP-Nov3r structure. The graphics were
generated using the PyMOL v0.98 program (DeLano Scientific
LLC, Palo Alto, CA).

ATP, DCA, and L2 Binding by PDHK?2 Mutants. In order
to disrupt the hydrogen-bonding networks stabilizing ATP
lid of PDHK2 in “open” and “closed” conformations, we
used site-directed mutagenesis to substitute Y320 for F, T320
for A, and R250 for A. Based on structural considerations,
the substitution of Y320 for F removes the hydrogen bond
that stabilizes the “open” conformation. The substitution of
R250 for A removes the hydrogen bond between R250 and
T302 that forms when ATP lid is “closed”. Finally, mutation
of T302 to A affects both “open” and “closed” conforma-
tions. The resulting mutant PDHK?2 proteins were expressed
in bacteria along with wild-type PDHK2 and purified
essentially as described previously (7).

Highly purified PDHK?2 mutants were characterized for
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Table 1: ATP, ADP, and DCA Binding Parameters Determined for the
Wild-Type and Mutant PDHK?2 Proteins

PDHK?2 variants ligand K" (uM) ny® Omax” (%)
PDHK2-wt ATP 25+04 1.9+0.1 37+ 1
ADP 10.6 £0.5 1.5+0.2 31+1

DCA 226 +7
PDHK2-R250A ATP 80 + 1
ADP NM”
DCA 312425
PDHK2-T302A ATP 60 + 1
ADP NM”
DCA 320 4 20
PDHK2-Y320F ATP 1.7+0.1

1.2+£0.1 21+1
1.0£0.1 29+ 1

1.0£0.1 19+£1
1.5+0.1 23+1

09+0.1 20+ 1
24+£0.1 32+1
ADP 8.9 +£0.1 14+0.1 24+ 1
DCA 292 £10 1.1 £0.1 18+ 1

“ ATP, ADP, and DCA binding was measured following the
quenching of intrinsic tryptophan fluorescence as described under
Experimental Procedures. Binding parameters were obtained by
nonlinear least-squares fitting of experimental data using a cooperative
ligand-binding model of the GraFit 3.09b software package (Erithacus
Software Ltd., East Grinstead, West Sussex, U.K.), where K, is the
binding constant, ny is the Hill coefficient, and Qmax is the extrapolated
maximal quenching. Standard deviations were calculated from three to
six independent determinations. » NM, not measurable.

o o 04
c c
= = I
S ©
c c
o o
S S
o o
[] []
o o
c c
[T @
o o
] ]
2 2
o o
E E
i o
= L L 0 L Il L L L Il L L L | .
0 20 40 60 80 100 0 200 400 600 800 1000
ATP (uM) ATP (M)

s 8 0§ 3

B QI I 12} &

& 2 NG

GST-L2 — | e w— — ——

FIGURE 2: Binding of nucleotide and L2 to the wild-type and mutant
PDHK?2 proteins. Panel A: Binding of ATP to wild-type PDHK?2
(open circles), PDHK2-R250A (closed squares), PDHK2-T302A
(open squares), or PDHK2-Y320F (closed circles). Measurements
were made following the nucleotide-induced intrinsic fluorescence
quenching of PDHK?2 as described under Experimental Procedures.
ATP concentration in the binding mixture was varied from 0 to
100 uM (left) or from O to 1000 uM (right). Panel B: Binding of
the wild-type and mutant PDHK?2 proteins to GST-L2. SDS/PAGE
analysis of GST-L2 pull-down experiment carried out as described
under Experimental Procedures. Gel was stained with Coomassie
R250.

their ability to bind adenine nucleotides, DCA, and L2
domain (Table 1 and Figure 2). In agreement with the
structural data showing that Y320 does not contribute to
nucleotide binding, the substitution of Y320 for F had little,
if any, effect on the binding of either ATP or ADP (Ky of
2.5 uM versus 1.7 uM and 10.6 uM versus 8.9 uM for ATP
and ADP, respectively). In contrast, the mutation of T302
or R250 had a marked effect on the affinity of PDHK2 for
adenine nucleotides. As illustrated in Figure 2A, the affinities
of PDHK2-T302A and PDHK2-R250A for ATP decreased
more than 20-fold and 30-fold, respectively, relative to that
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FIGURE 3: Kinase activity of wild-type and mutant PDHK?2 proteins.
Panel A: The rates of phosphorylation of PDC by wild-type
PDHK?2, PDHK2-R250A, PDHK2-T302A, or PDHK2-Y320F
determined under standard conditions. Panel B: Stoichiometries of
PDC phosphorylation by wild-type PDHK2, PDHK2-R250A, or
PDHK2-T302A. Phosphorylation reactions were carried under
conditions of standard phosphorylation assay for 10 min (open bars)
or 60 min (gray bar).
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of wild-type PDHK?2. Similar or even greater effects were
exerted by these mutations on PDHK?2 affinity for ADP.
However, the inner filter effect precluded accurate determi-
nation of ADP-binding constants for either PDHK2-T302A
or PDHK2-R250A.

As discussed under the introduction, the DCA- and L2-
binding sites of PDHK?2 are located on R domain and are
separated from the nucleotide-binding site, which is located
on K domain, by 20 and 30 A, respectively (I3, 14). In
PDHK?2 structure, neither of these sites is positioned in the
vicinity of R250, T302, or Y320. In accord with the structural
data, we found that mutant PDHK?2 proteins bind DCA and
L2 domain similarly to wild-type PDHK2 (Table 1 and
Figure 2B), suggesting that both sites are properly folded
and functional.

Thus, as it would be expected based on structural
considerations, the substitution of Y320 had no appreciable
effect on the binding of adenine nucleotides, DCA, or L2
by mutant PDHK?2, while the mutation of R250 or T302
residues did not affect the DCA- and L2-binding sites of
the kinase. At the same time, mutations of R250 and T302
exerted significant effect on PDHK?2 affinity for adenine
nucleotides, which is consistent with the structural data
showing that R250 and T302 interact with the hydroxyl
groups of ribosyl moiety of the bound nucleotide.

Enzymatic Activities of PDHK2 Mutants. To evaluate the
functional consequences of substitution of R250, T302, and
Y320 residues, the corresponding kinases were examined
using standard phosphorylation assay. As shown in Figure
3A, the activity of PDHK2-Y320F was slightly lower than
that of wild-type PDHK2. The activity of PDHK2-R250A
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was about 30% of the wild-type kinase, whereas the activity
of PDHK2-T302A was significantly lower (approximately
10% of that of wild-type kinase).

Normally, the complex-bound PDHK?2 readily phospho-
rylates 25—30 copies of El attached to E2 scaffold to the
stoichiometry of 1.2 to 1.6 mol of phosphate incorporated/
mol of E1 (19, 29). Under the current assay conditions, wild-
type PDHK2 phosphorylated El to the stoichio-
metry of 1.3:1, while PDHK?2-R250A phosphorylated E1 to
the stoichiometry of 1.1:1 (Figure 3B). In contrast, the
stoichiometry of E1 phosphorylation by PDHK2-T302A was
just 0.4:1. It did not exceed that of 0.5:1 even when
phosphorylation reaction was allowed to proceed for more
that 60 min (Figure 3B).

Taken together, these data suggest that PDHK2-T302A
and to a lesser extent PDHK2-R250A are defective in their
ability to phosphorylate PDC. This defect does not stem from
the lower affinity for nucleotide substrate displayed by these
kinases. The low phosphorylation stoichiometry observed for
PDHK2-T302A suggests that this kinase cannot phospho-
rylate all copies of E1 attached to the E2 scaffold, indicating
that PDHK?2-T302A encounters problems in accessing
multiple copies of the protein substrate.

Communication between the Nucleotide- and DCA-Binding
Sites in PDHK2 Mutants. Recently, Hiromasa and colleagues
(15) have established that communication between the DCA-
and nucleotide-binding sites of PDHK?2 causes a significant
increase in kinase affinity for one ligand when measurements
are conducted in the presence of another ligand, i.e., ADP
increases PDHK2 affinity for DCA, while DCA increases
PDHK?2 affinity for ADP. In this study, we used an assay
based on the internal fluorescence quenching (/5) in order
to assess the effect of PDHK2 mutations on the cross-talk
between DCA- and nucleotide-binding sites in kinase
molecule. As illustrated in Figure 4A, under the conditions
employed here, ADP caused a 19-fold increase in the affinity
of wild-type PDHK?2 for DCA. The affinity of wild-type
PDHK?2 for ADP was approximately 5 times greater in the
presence of DCA (Figure 4B). The substitution of Y320 for
F was associated with a small, but significant decrease in
the effectiveness of the cross-talk between DCA- and
nucleotide-binding sites (Table 2). The affinity of PDHK2-
Y320F for DCA was just 9-fold greater in the presence of
ADP, while DCA increased the affinity for ADP by a factor
of 3.5. Importantly, far greater effects were observed for
PDHK2-R250A and PDHK2-T302A mutants (Table 2).
Under the standard conditions, i.e., in the presence of 50
uM ADP, the affinity of PDHK2-R250A for DCA increased
only 2-fold, while the affinity of PDHK2-T302A for DCA
was just 1.3-fold greater. Measurements conducted using
greatly elevated concentrations of ADP (500 uM) gave a 5-
and 3-fold increase in the affinity for DCA for PDHK?2-
R250A and PDHK2-T302A, respectively. Finally, both
mutant kinases showed some DCA-induced increase in ADP
binding (data not shown). However, due to inherently low
affinity for ADP displayed by these kinases, it was difficult
to evaluate this effect quantitatively.

DCA was shown to be a nonlinear, partial inhibitor of
PDHK?2 activity (/8). Here, the effect of DCA on the activity
of wild-type PDHK?2 and its mutants was characterized in
the standard phosphorylation assay. As illustrated in Figure
5, DCA effectively inhibited the activity of wild-type
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FIGURE 4: Cross-talk between the nucleotide- and DCA-binding sites
of PDHK2. Panel A: ADP-induced increase in DCA binding by
PDHK?2. Measurements were made following the DCA-induced
intrinsic fluorescence quenching of PDHK?2 in the absence (open
circles) or in the presence (closed circles) of 50 uM ADP. DCA
concentration in the binding mixture was varied from 0 to 2 mM.
Panel B: DCA-induced increase in ADP binding by PDHK2
characterized using the intrinsic fluorescence quenching assay.
Experiments were conducted in the absence (open circles) or in
the presence (closed circles) of 0.5 mM DCA. ADP concentration
in the binding mixture was varied from 0 to 100 uM.

PDHK?2. This effect developed in a concentration-dependent
manner with the ICsy of approximately 0.69 mM. Control
experiments carried over a wide range of sodium acetate
concentrations revealed a slight decrease in PDHK?2 activity
that exhibited a linear relationship with the concentration of
sodium acetate used in the assay. Quite remarkably, when
similar experiments were conducted with PDHK2-R250A,
PDHK2-T302A, and PDHK?2-Y320F, neither of the mutant
kinases displayed an effect of DCA that would significantly
exceed that of sodium acetate (Figure 5).

Thus, all PDHK?2 mutants examined here demonstrated a
deficiency in communication between the DCA- and nucle-
otide-binding sites, indicating that ATP lid is important for
the allosteric coupling. Judging from the DCA- and ADP-
binding experiments, the severity of the defect appeared to
be the greatest for PDHK2-R250A and PDHK2-T302A.
These mutant kinases also had a reduced affinity for ADP.
This brings about a possibility that the lack of the effect of
DCA on the activity of these mutant kinases stems exclu-
sively from the weak ADP binding. However, this explana-
tion contradicts our observations on PDHK?2-Y320F protein.
In ADP-binding assay this kinase behaved similarly to the
wild-type enzyme (Ky 8.9 uM versus 10.6 uM for PDHK?2-
Y320F and wild-type PDHK2, respectively). Its affinity for
ADP determined in the presence of DCA was also compa-
rable to that of the wild type (2.5 uM versus 2.0 uM).
However, DCA did not display an appreciable inhibitory
effect on the activity of PDHK2-Y320F. Together, these
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Table 2: Cross-Talk between the Nucleotide- and DCA-Binding Sites in the Wild-Type and Mutant PDHK?2 Proteins

PDHK?2 variants fixed ligand varied ligand Kq (uM)* ny® Qmax"-” (%)
PDHK2-wt DCA (0.5 mM) ADP 20+0.1 2.240.1 39+1
ADP (50 uM) DCA 120+ 04 1.3+0.1 26+ 1
PDHK2-R250A DCA (0.5 mM) ADP NM¢
ADP (50 uM) DCA 161 £4 1.2+0.1 38+ 1
ADP (500 uM) DCA 59+1 1.9+ 0.1 45+ 1
PDHK2-T302A DCA (0.5 mM) ADP NM¢
ADP (50 uM) DCA 249 +9 1.1 £0.1 23+1
ADP (500 uM) DCA 103 +1 1.3 £0.1 38+ 1
PDHK2-Y320F DCA (0.5 mM) ADP 25402 1.9 £0.1 3741
ADP (50 uM) DCA 33+£1 1.2 £0.1 29+1

“ Binding experiments were conducted essentially as described in the legend to Table 1. Standard deviations were calculated from three to six
independent determinations. ® Qu.x represents fluorescence quenching caused by the varied ligand (fluorescence quenching caused by the fixed ligand
was treated as 0% quenching and was not included in Omax). © NM, not measurable.
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FIGURE 5: Effect of DCA on kinase activity of the wild-type and
mutant PDHK?2 proteins. Concentration-dependent effect of DCA
on kinase activity of wild-type PDHK?2 (closed circles), PDHK?2-
R250A (closed squares), PDHK2-T302A (closed triangles), or
PDHK2-Y320F (open squares). Measurements were made under
the conditions of standard phosphorylation assay. Concentration-
dependent effect of sodium acetate on kinase activity of wild-type
PDHK?2 is shown by open circles.

observations strongly suggest that the increase in the strength
of ADP binding is insufficient for the allosteric inhibition
of PDHK?2 activity by DCA.

Communication between the Nucleotide- and L2-Binding
Sites in PDHK?2 Mutants. Previously, we demonstrated that
the amount of PDHK?2 that could be recovered in the GST-
L2 bound form was greatly decreased when pull-down
experiments were conducted in the presence of ATP or ADP,
suggesting that adenine nucleotides can regulate the interac-
tion between PDHK?2 and L2 (/6). Here, we used this assay
to screen PDHK?2 mutants for their ability to bind L2 in a
nucleotide-dependent manner. Initial experiments were con-
ducted under the conditions that were established in the
earlier study (/6) that employed ATP and ADP at the final
concentration of 0.5 mM each. As shown in Figure 6A, under
these conditions, PDHK?2-Y320F behaved similarly to the
wild-type kinase; i.e., both ATP and ADP caused a significant
decrease in the amount of PDHK2-Y320F bound to L2 with
ATP being somewhat more potent than ADP. DCA added
alone had little, if any, influence on L2 binding. However,
when used in combination with ATP or ADP, DCA potenti-
ated the effects of adenine nucleotides, which was especially
apparent for DCA and ADP mixtures. In marked contrast,
under these conditions adenine nucleotides had no ap-
preciable effect on L2 binding to either PDHK?2-R250A or
PDHK2-T302A (Figure 6A). The failure of ATP and ADP
to control L2 binding by PDHK2-R250A and PDHK2-
T302A could be due in part to insufficient concentration of
nucleotides in the assay mixture, because these kinases

A. PDHK2-wt Y320F

PDHK2 —> | e v e

CST-L2—> (w0 e e > w» o

ATP - + - - + = - + - - + = ATP
ADP - - + - - + - - + - - + ADP
DCA - - - + + + - - - + + + DCA

PDHK2 —> | vy e e wp w=

GST-L2 —> | " s w w» e o

R250A T302A
B. PDHK2-wt N247Q
PDHK2 — | v — — —— — —

GST-L2 —> | S ww ww S

ATP - + - - + = -+ - - o+ - ATP

ADP - - + - - + - - + - = + ADP

DCA - — — + + + - - -+ o+ + DCA
PDHK2 —> | v = e — D — e — ——

GST-L2— | e e s e - - — —— — — —

R250A T302A

FIGURE 6: Cross-talk between the nucleotide- and L2-binding sites
of the wild-type and mutant PDHK?2 proteins. Panel A: The effect
of adenine nucleotides and DCA on the binding of wild-type and
mutant PDHK?2 proteins to GST-L2. SDS/PAGE analysis of GST-
L2 pull-down experiment. The concentrations of adenine nucleotides
and DCA in the binding mixtures were 0.5 and 1 mM, respectively.
The concentration of MgCl, was 2.5 mM. Gel was stained with
Coomassie R250. Panel B: SDS/PAGE analysis of GST-L2 pull-
down experiment carried out with increased concentrations of
adenine nucleotides (10 mM each). The concentration of MgCl,
was 13 mM. Shown are the gels representative of at least three
experiments.

displayed a significantly reduced affinity for adenine nucle-
otides. To investigate this possibility, we conducted pull-
down experiments using a high concentration of adenine
nucleotides (10 mM each). As a control for nonspecific
effects of ATP and ADP, we employed PDHK?2-N247Q that
cannot bind nucleotides (30). As illustrated in Figure 6B,
PDHK?2-N247Q did not display any nucleotide-dependent
L2 binding, indicating that the elevated concentration of
either ATP or ADP did not exert any nonspecific effects.
Importantly, under these conditions, PDHK2-T302A also did
not exhibit any appreciable effect of adenine nucleotides on
L2 binding, suggesting that the nucleotide- and L2-binding
sites in PDHK2-T302A were uncoupled (Figure 6B). In
contrast, PDHK2-R250A demonstrated some nucleotide-
dependent L2 binding, indicating, that, at least in part, the
low affinity for adenine nucleotides accounts for the poor
communication between the nucleotide- and L2-binding sites
in PDHK2-R250A. However, the effects of adenine nucle-
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FIGURE 7: Binding of L2 domain to the wild-type and mutant
PDHK2. Panel A: Binding isotherms of L2 and wild-type PDHK?2
(open circles) or PDHK2-T302A (closed squares). ITC measure-
ments were performed as described under Experimental Procedures.
The molar ratio represents the ratio of L2 monomer to PDHK?2
dimer. Solid lines depict the least-squares fitting curves obtained
using a single-site L2-binding model. Panel B: Effect of 10 mM
ATP on L2 binding by wild-type PDHK2 (open circles) or PDHK2-
T302A (closed squares).

otides on PDHK2-R250A were significantly weaker than on
wild-type PDHK?2, suggesting that the mutation of R250
partially uncouples the nucleotide- and L2-binding sites as
well.

Recently, isothermal titration calorimetry (ITC) was suc-
cessfully used to characterize the interactions between PDHK
isozymes and L2 (/7, 25). In this study, we employed ITC
to quantify the interactions between PDHK2-T302A and L2.
Titration experiments in which L2 domain in the syringe was
titrated into the reaction cell containing wild-type PDHK?2
or PDHK?2-T302A protein gave characteristic exothermic
interactions (Figure 7A). For wild-type PDHK?2, the fit of
L2-binding data yielded dissociation constant (K4) of 9.7 uM
and enthalpy change (AH) of —14.5 kcal-mol~!, which is
in a good agreement with the results published earlier (25).
Binding of L2 to PDHK?2-T302A protein gave a somewhat
greater enthalpy change of —21.7 kcal-mol~! and dissocia-
tion constant of 6.3 uM. To examine the effect of adenine
nucleotides on L2 binding, we performed experiments in
which both cell and syringe solutions contained 10 mM ATP
(Figure 7B). Under these conditions, a very small amount
of molecular heat was released when wild-type PDHK2 was
titrated with L2 domain, which is indicative of a weak
binding. In contrast, titration of PDHK2-T302A with L2
domain generated good binding isotherms (Figure 7B). On
average, this binding event was characterized by the dis-
sociation constant of 6.5 uM and enthalpy change of —16.6
kcal-mol ™!, indicating that ATP has little, if any, effect on
L2 binding by PDHK2-T302A.

Thus, PDHK?2-T302A did not display an appreciable effect
of adenine nucleotides on L2 binding. This indicates that
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FIGURE 8: “Active” and “inactive” conformations of PDHK?2. Panel
A: Superimposition of the dimer structure of PDHK2-ADP (green,
PDB code 1jm6) onto the structure of PDHK2-ATP-Nov3r (wheat,
PDB code 2bu2). Green and wheat arrows indicate the directions
of interdomain hinge movement accompanied by some degree of
twist. Panel B: The nucleotide-binding sites of PDHK2-ATP-Nov3r
(wheat, PDB code 2bu2), PDHK3-ATP-L2 (wheat, PDB code
1y8p), and PDHK2-ADP (green, PDB code 1jm6) complexes (left,
middle, and right panels, respectively). ATP, ADP, Y151 (Y155
in PDHK3), T302 (T307 in PDHK3), and Y320 (Y326 in PDHK3)
are shown as stick models. The hydrogen bonds between T302 and
Y320 (left panel) and between Y155 and Y326 (middle panel) are
shown by dashed lines colored in cyan. The graphics were generated
using the PyMOL v0.98 program.

substitution of T302 for A can uncouple the nucleotide- and
L2-binding sites in PDHK2 molecule, thereby providing
evidence that the conformation of ATP lid is essential for
the cross-talk between these sites.

CONCLUDING REMARKS

In this study, we created single amino acid substitutions
that destabilize the “open” and “closed” conformations of
ATP lid in PDHK?2 (PDHK2- R250A, PDHK2-T302A, and
PDHK2-Y320F). Biochemical analysis of the respective
mutant kinases strongly suggests that ATP lid indeed plays
a critical role in allosteric control of PDHK?2 activity, which
is evidenced by the data showing that all three mutations
disrupt the allosteric regulation of PDHK2 by DCA, while
two mutations (R250 to A and T302 to A) partially or
completely uncouple the nucleotide- and L2-binding sites.

Previously, the allosteric regulation of kinase activity was
rationalized in terms of control over the rate of dissociation
of ADP (11, 18). According to this hypothesis, allosteric
inhibitors, such as DCA, inhibit kinase activity by reducing
the rate of dissociation of ADP (/8), whereas the allosteric
activators, such as reduced and acetylated L2 domain,
stimulate kinase activity by promoting dissociation of ADP
(11). However, the behavior of PDHK2-Y320F contradicts
this hypothesis. This enzyme binds ADP and DCA similarly
to the wild-type kinase. DCA causes a significant increase
in its affinity for ADP. Nevertheless, DCA has no appreciable
effect on PDHK2-Y320F kinase activity. These observations
strongly suggest that other mechanisms besides the control
over the strength of ADP binding play a role in the regulation
of kinase activity.
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Some of these mechanisms can be inferred from the
available structural data (/2, 13). The majority of PDHK?2
structures containing bound nucleotides were obtained by
soaking crystals of apo-PDHK?2 in its “active” conformation
(13). Consequently, they do not show any significant
conformational changes caused by nucleotide binding. How-
ever, in one of the earlier studies the crystals of PDHK2-
ADP complex were made de novo by cocrystallization of
PDHK2 with an inhibitor (/2). Thus, it is likely that this
structure shows an “inactive” conformation of PDHK2.
Comparison of the “active” and “inactive” conformations of
PDHK?2 reveals significant differences (Figure 8A). The
“inactive” conformation of PDHK2 shows an interdomain
hinge movement that closes up the cleft between K and R
domains and causes a significant rearrangement in the
structure of the active site. In the “active” conformation of
PDHK?2, Y320 is engaged with T302 when ATP lid is “open”
(Figure 8B, left panel). To date, there is no structure of
“active” PDHK2-ATP complex with ATP lid closed. How-
ever, Kato and colleagues (/4) reported the structure of
related PDHK3 isozyme in its “active” conformation with
ATP lid closed. As illustrated in Figure 8B, middle panel,
lid closing breaks bonding between T307 and Y326 (T302
and Y320 in PDHK?2) and allows Y326 to engage Y155
(Y151 in PDHK2). In marked contrast, in the “inactive”
conformation of PDHK2-ADP complex, Y320 shifts away
from Y151 as a result of interdomain hinge movement. This
disrupts the existing bonding network and allows Y320 to
turn by almost 90° and occupy the access channel for protein
substrate that under normal circumstances leads to the
y-phosphate of bound ATP (Figure 8B, right panel). This
creates a conformation that is deficient with respect to its
ability to support phosphorylation reaction. Taken together,
these structural and biochemical data indicate the existence
of highly integrated regulatory mechanism whereby the ADP-
induced movement of ATP lid accompanied by the inter-
domain hinge movement is coupled with the rotation of Y320
that allows Y320 to block the access channel for protein
substrate.
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