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Abstract
Pyruvate dehydrogenase kinase 2 (PDK2) is a prototypical mitochondrial protein kinase that
regulates the activity of the pyruvate dehydrogenase complex. Recent structural studies have
established that PDK2 consists of a catalytic core built of the B and K domains and the relatively
long amino and carboxyl tails of unknown function. Here, we show that the carboxy-terminal
truncation variants of PDK2 display a greatly diminished capacity for phosphorylation of holo-PDC.
This effect is due largely to the inability of the transacetylase component of PDC to promote the
phosphorylation reaction catalyzed by the truncated PDK2 variants. Furthermore, the truncated forms
of PDK2 bind poorly to the lipoyl-bearing domain(s) provided by the transacetylase component.
Taken together, these data strongly suggest that the carboxyl tails of PDK isozymes contribute to the
lipoyl-bearing domain-binding site of the kinase molecule. We also show that the carboxyl tails
derived from isozymes PDK1, PDK3, and PDK4 are capable of supporting the kinase activity of the
kinase core derived from PDK2 as well as binding of the respective PDK2 chimeras to the lipoyl-
bearing domain. Furthermore, the chimera carrying the carboxyl tail of PDK3 displays a stronger
response to the addition of the transacetylase component along with a better binding to the lipoyl-
bearing domain, suggesting that, at least in part, the differences in the amino acid sequences of the
carboxyl tails account for the differences between PDK isozymes.

Mammalian mitochondria harbor four closely related protein kinases (isozymes PDK1–PDK4)
1 that regulate the activity of the pyruvate dehydrogenase complex (PDC) (1–3) and thereby
control the disposal rates of pyruvate and of other metabolically related three-carbon
compounds (4).

It is generally believed that at least three of the four isozymes (PDK1–PDK3) are the integral
components of a multienzyme complex (3,5). On average, PDC contains just two to three kinase
molecules per complex (6). A growing body of evidence strongly suggests that the kinase
molecule uses the so-called lipoyl-bearing domains (LBDs) as docking sites for the attachment
to the complex (7–9). In PDC, there are three types of LBDs (LBD1–LBD3) (10). Two of those
domains (LBD1 and LBD2) are provided by the acetyltransferase component of the complex
(E2) (11), and one (LBD3) is provided by the so-called E3-binding protein (E3BP) (12), which
is a structural component of PDC tightly integrated with E2 (E2–E3BP subcomplex) (10).
LBD2 is thought to be the primary binding site for the kinase molecule (13). Kinase activities
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of PDK1 and PDK2 are known to be regulated by NAD+/NADH and CoA/acetyl-CoA (2),
which indicates that the kinase can sense the oxidation/reduction and acetylation states of the
lipoic acid attached to the lipoyl-bearing domain (14,15). Although PDK isozymes are bound
to the acetyltransferase component, they phosphorylate the dehydrogenase components (E1)
of the multienzyme complex (16). In PDC, there are approximately 20–30 copies of pyruvate
dehydrogenase physically attached to the core made of 60 copies of E2 and 12 copies of E3BP
(10). Thus, to phosphorylate all E1s, the kinase must be able to physically move around the
E2–E3BP core without loosing its grip on the complex (13,17).

All PDK isozymes phosphorylate E1 strictly on serine residues (18,19). However, neither of
them displays an appreciable sequence similarity to the Ser/Thr-specific protein kinases
residing in other cellular compartments (1,2). Recent structural studies carried out on PDK2
revealed that the kinase domain of PDK2 displays a unique fold that is remarkably different
from the fold characteristic of Ser/Thr-and Tyr-specific protein kinases (20). PDK2 consists
of two domains almost equal in size, i.e., the amino-terminal domain (B domain) and the
carboxy-terminal domain (K domain). The B domain is folded as a four-helix bundle. The K
domain is assembled as a mixed α/β sandwich and carries the nucleotide-binding site (20).

Besides K and B domains that form the catalytic core, the kinase molecule also has long amino
and carboxyl tails (1,2). In contrast to K and B domains that are well-defined in PDK2 structure,
the tails appear to be largely disordered, which is indicative of their inherent flexibility (20).
The limited order of the amino- and carboxy-terminal tails in free kinase suggests that they
might readily change the conformation when kinase binds to the lipoyl-bearing domain(s) and
might directly contribute to the lipoyl-bearing domain-binding site of the kinase molecule. This
study, therefore, has been undertaken in an effort to examine a potential role of the amino- and
carboxy-terminal tails of PDK2 in the kinase activity and regulation.

EXPERIMENTAL PROCEDURES
Plasmids and Strains

Construction of the expression vectors for E1, the E2–E3BP subcomplex, lipoyl-protein ligase
A (LPL_A), the GST–LBD2 fusion protein (amino acids Ser 127–Ile 214), His6-LBD2 (amino
acids Ser 127–Ile 214), and PDK1–PDK4 was described elsewhere (2,9,12,18,21). The
fragments of E2 cDNA (11) encoding LBD1, bases 252 (Ser 1) to 573 (Gln 104), and of E3BP
cDNA (12) encoding LBD3, bases 168 (Gly 1) to 483 (Arg 107), were made by polymerase
chain reaction (PCR) with Pfu polymerase (Stratagene, La Jolla, CA) and appropriate cDNAs
as templates (11,12). Amplification primers carried the unique BamHI (upstream primer) and
EcoRI (downstream primer) restriction sites (GGA TCC AGT CTT CCC CCG CAT CAG
AAG and GAA TTC TTA TTG TGG GGT AGG TGC TGC TGA for LBD1, and GGA
TCC GGT GAT CCC ATT AAG ATA CTA ATG and GAA TTC TTA GCG AGG CTC TGA
AGG TTT TGA for LBD3; positions of BamHI and EcoRI sites are underlined). Downstream
primers also incorporated the translation termination codons. Respective cDNAs were
subcloned in pUC19 (New England Biolabs Inc., Beverly, MA) and sequenced (22). Sequence-
verified plasmids were cut with BamHI and EcoRI restrictases. The inserts were purified and
subcloned between BamHI and EcoRI sites of the pGEX-4T-1 vector (Amersham Biosciences
Corp., Piscataway, NJ), producing in-frame fusion with vector-encoded glutathione S-
transferase (GST). For expression experiments, vectors directing synthesis of GST–LBD1 and
GST–LBD3 fusion proteins were transformed into calcium-competent BL21(DE3) (Novagen)
cells along with the plasmid directing the expression of bacterial LPL_A (9). Double
transformants were selected on M9ZB agar supplemented with 200 μg/mL ampicillin and 40
μg/mL chloramphenicol.
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The cDNAs encoding truncated forms of PDK2 were obtained by PCR using Pfu polymerase
and PDK2 cDNA (23) as a template. Amplification primers carried the unique NdeI (upstream
primer) and XhoI (downstream primer) restriction sites. Downstream primers also incorporated
the translation termination codons. The cDNA fragments were as follows: PDK2ΔN16, bases
46–1224; PDK2ΔN25, bases 73–1224; PDK2ΔN33, bases 97–1224; PDK2ΔC395, bases 25–
1185; PDK2ΔC386, bases 25–1158; PDK2ΔC380, bases 25–1140; PDK2ΔC373, bases 25–1119;
and PDK2ΔC367, bases 25–1101. Amplified cDNAs were subcloned into the pUC19 vector
and sequenced. Sequence-verified plasmids were cut with NdeI and XhoI restrictases. The
cDNAs were subcloned between the NdeI and XhoI sites of pET-28a (Novagen Inc., Madison,
WI), producing in-frame fusion with a vector-encoded sequence of six consecutive histidine
residues (His6 tag). Resulting expression vectors were transformed into BL21(DE3) cells along
with the plasmid directing the synthesis of molecular chaperonins GroEL and GroES (this
vector was obtained as a generous gift from A. Gatenby at DuPont Central Research and
Development, Wilmington, DE). Double transformants were selected on M9ZB agar
supplemented with 40 μg/mL kanamycin and 40 μg/mL chloramphenicol.

PDK2 chimeras carrying the carboxy-terminal tails derived from PDK1, PDK3, and PDK4
were constructed as follows. The unique StuI restriction sites were introduced into PDK1–
PDK4 cDNAs at bases 1163, 1082, 1075, and 1093, respectively, using silent mutagenesis
(24). Mutagenesis was conducted on previously described pPDK1–pPDK4 vectors directing
the synthesis of PDKs carrying the amino-terminal His6 tags (2). The following primers were
used: ATC TAT ATT AAG GCC TTG TCA ACG GAG (PDK1), ATC TAT CTG AAG GCC
TTG TCC ACG GAC (PDK2), ATT TAT TTG AAG GCC TTG TCA AGT GAG TCA
(PDK3), and ATC TAC TTA AAG GCC TTA TCA TCT GAG (PDK4) (positions of the unique
StuI site are underlined). Reactions were set up using the ExSite site-directed mutagenesis kit
(Stratagene) essentially as recommended by the manufacturer. The presence of mutations and
the fidelity of the rest of the DNAs were confirmed by sequencing (22). Mutagenized plasmids
were cut with NdeI and StuI restrictases, and arms of pPDK1, pPDK3, and pPDK4 vectors and
an insert derived from the pPDK2 vector were isolated. The resulting PDK2 cDNA was ligated
into the arms of pPDK1, pPDK3, and pPDK4 vectors, producing plasmids encoding PDK2
chimeras. For expression experiments, these vectors were cotransformed with the pGroESL
vector into BL21-(DE3) cells.

Protein Expression and Purification
General conditions for the expression of wild-type PDC, E1, the E2–E3BP subcomplex, PDK2,
His6-LBD2, and the GST–LBD2 fusion protein were described previously (2,9,12,18,21).
PDK2 carrying various deletions and PDK2 chimeras were expressed following the established
protocol (2). Briefly, the respective expression clones were inoculated into 1 L of M9ZB
medium supplemented with 40 μg/mL kanamycin and 40 μg/mL chloramphenicol. Cultures
were grown at 37 °C with continuous shaking at 200 rpm until the OD at 600 nm reached
approximately 0.6. Cultures were cooled on ice and transferred into a shaker–incubator set at
200 rpm, at 16 °C. Expression was induced with isopropyl β-D-thiogalactopyranoside (IPTG)
at a final concentration of 0.4 mM for 18 h. Cells were harvested by centrifugation at 5000 rpm
(JA-10 rotor) for 30 min at 4 °C. GST–LBD1 and GST–LBD3 fusion proteins were expressed
in a similar fashion except that they were expressed in M9ZB medium supplemented with
ampicillin and chloramphenicol (each added to final concentrations of 100 and 40 μg/mL,
respectively), and cultures received lipoic acid (0.2 mM) prior to the induction with IPTG.

Purification of wild-type PDC, E1, the E2–E3BP sub-complex, PDK1–PDK4, His6-LBD2,
and the GST–LBD2 fusion protein was described elsewhere (2,9,12,18,21). Truncated variants
of PDK2 and PDK2 chimeras carrying the amino-terminal His6 tags were purified using
TALON metal affinity resin (Clontech Laboratories, Inc., Palo Alto, CA) essentially as
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described for His6-PDK2 (2). GST–LBD1 and GST–LBD3 constructs were isolated on
glutathione–Sepharose 4B beads (Amersham Biosciences, Piscataway, NJ) essentially as
described for the GST–LBD2 construct (21). The protein composition of each protein
preparation was evaluated by SDS–PAGE analysis. Gels were stained with Coomassie R250.
All preparations used in this study were more than 90% pure. The extent of lipoylation of
LBD1–LBD3 was examined following the procedure described by Quinn and colleagues
(25); their lipoate content was greater than 90%.

PDK2 Activity Assay
The PDK2 activity assay was described previously (2). Reactions were set up at 37 °C in a
final volume of 50 μL containing 20 mM Tris-HCl (pH 7.8), 5 mM MgCl2, 50 mM KCl, 5 mM
DTT, 0.54 mg/mL E1, 0.46 mg/mL E2–E3BP, 0.5 unit/mL E3, 20 μg/mL kinase, and 0.2 mM
[γ -32P]ATP (specific radioactivity of 100–200 cpm/pmol). Phosphorylation was initiated by
the addition of ATP in a volume of 1/10 of the total reaction volume. After incubation for 30
s, 40 μL aliquots were quenched on Whatman 3MM filters presoaked in a solution of 20% (w/
v) trichloroacetic acid, 50 mM sodium pyrophosphate, and 50 mM ATP. After extensive
washing, the protein-bound radioactivity was determined by liquid scintillation counting. A
negative control (without PDK2) was used to determine the level of nonspecific incorporation.
All assays were conducted in triplicate. Activities are reported as means ±the standard deviation
for three to five independent determinations.

PDC Binding Assay
Binding of PDK2 to PDC was assayed essentially as described previously (26). Briefly, binding
reactions (100 μL) were set up in 20 mM Tris-HCl (pH 7.8), 5 mM MgCl2, 50 mM KCl, and
5 mM DTT. PDC was used at a final concentration of 1.0 mg/mL. The concentration of PDK2
in the binding mixture varied from 0.2 to 2.0 μM. Samples were incubated for 15 min at room
temperature and then loaded onto a 1 mL Sephacryl S-300 column (Amersham Biosciences
Corp.) equilibrated in 20 mM Tris-HCl (pH 7.8), 5 mM MgCl2, 50 mM KCl, 1 mM DTT, and
0.1% (w/v) Tween 20. Prior to the experiment, columns were centrifuged at 900g for 3 min in
an IEC Centra CL2 centrifuge (International Equipment Co., Needham Heights, MA) equipped
with a bucket rotor. Immediately after being loaded, the columns were centrifuged again at
900g for 3 min. The flow-through containing the complex-bound kinase was analyzed for
PDK2 content using Western blot analysis with anti-His6 tag antibodies. PDK2 incubated alone
and treated like other samples was included in all the experiments as a control.

PDK2 Pull-Down Experiment with the GST–LBD2 Construct
Pull-down experiments were carried out as follows: 50 μL of a 50% (v/v) slurry of glutathione–
Sepharose beads in phosphate-buffered saline (PBS) was placed in a Spin-X microcentrifuge
filter device with a pore diameter of 0.22 μm (Corning Inc., Corning, NY). Excess PBS was
removed by centrifugation at 6000g for 1 min. Beads were washed three times with 0.5 mL of
buffer A [25 mM Tris-HCl (pH 8.0), 0.1 mM EDTA, 2.5 mM MgCl2, 0.1 M KCl, 5 mM DTT,
and 1% (v/v) glycerol]. Equilibrated beads were incubated with 0.4 mL of the GST–LBD2
construct (0.5 mg/mL) in buffer A for 10 min at room temperature. Decorated beads were
washed three times with 0.5 mL of buffer A and mixed with 0.4 mL of PDK2 (0.1 mg/mL)
made in buffer A. Binding was allowed to proceed for 5–10 min at room temperature. Unbound
PDK2 was removed by centrifugation at 6000g for 1 min followed by three consecutive washes
in buffer A (0.5 mL per wash). To elute bound proteins, 0.4 mL of buffer A containing 10 mM
reduced glutathione was added to the beads for 10 min at room temperature followed by
centrifugation at 6000g for 1 min. Free and bound PDK2 were analyzed using SDS–PAGE.
Gels were stained with Coomassie R250. Stained gels were analyzed by scanning densitometry.
Scans were quantified using the UN-SCAN-IT automated digitizing system (Silk Scientific,
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Inc., Orem, UT). After normalization for the amount of GST–LBD2 construct, data were
expressed as a percent of control. Pull-down of PDK2 on GST–LBD1 and GST–LBD3
constructs, as well as pull-down of PDK2CPDK1, PDK2CPDK3, and PDK2CPDK4 on GST–
LBD2 constructs, was carried out and analyzed in a similar fashion.

Isothermal Titration Calorimetry
Calorimetric measurements of the PDK2–LBD2 interaction were performed on a MicroCal
VP-ITC microcalorimeter (MicroCal Inc., Northamptom, MA) (21). Prior to the binding
experiment, freshly made preparations of PDK2 and His6-LBD2 were desalted on a PD-10
column (Amersham Biosciences Corp.) equilibrated in buffer B [20 mM potassium phosphate
buffer (pH 7.5), 50 mM KCl, 10 mM MgCl2, 5 mM dithiothreitol, and 2% (v/v) ethylene
glycol]. Desalted proteins were passed through a 0.2 μm filter and degassed by being stirred
under vacuum before use. Experiments were performed at 30 ±0.2 °C. The sample cell was
filled with a PDK2 solution (14–20 μM), and while being stirred at 250 rpm, the system was
allowed to equilibrate to an rms noise value of 0.008 J s−1 before the start of the titration. The
injection syringe was filled with His6-LBD2 solution (420–580 μM), and repeated 10 μL
injections were made. The calorimeter was calibrated using standard electrical pulses generated
by the provided software. Calorimetric data were analyzed by integration of resultant peaks
(ORIGIN software; MicroCal Software, Inc.). The heat change accompanying the addition of
buffer to PDK2 and the heat of dilution of the ligand were subtracted from the raw data after
correction for the injection signal of buffer into buffer. Binding parameters were obtained by
nonlinear regression fitting to the isotherm. One set of sites, two sets of sites, and sequential
binding site models were used to analyze the data.

As a control, we also carried out the titration experiments with ADP, which followed the same
outline as that for His6-LBD2. The injection syringe was filled with ADP (0.84 mM) solution
made in buffer B. The ADP concentration was determined spectrophotometrically using the
molar absorption coefficient at 260 nm (ε260) of 15 400 M −1 cm−1.

Other Procedures
The activity of PDC was determined as described previously (12). SDS–PAGE was carried
out according to the method of Laemmli (27). Protein concentrations were determined
according to the Lowry method with bovine serum albumin as the standard (28). Concentrations
of His6-LBD2 were measured by the absorption at 280 nm using an absorption coefficient of
0.6994. Western blot analysis was performed as described previously using anti-His6 tag
antibodies (working dilution of 1:2000) purchased from Novagen (24). Immunoreactive bands
were visualized following an ECL immunodetection procedure (Amersham Biosciences
Corp.).

RESULTS
Expression, Purification, and Activities of the Truncated Variants of PDK2

To investigate the role of amino- and carboxy-terminal tails of PDK2 in kinase function, series
of deletions were introduced into the cDNA encoding the mature form of PDK2. As shown in
Figure 1A, translation products of these cDNAs were lacking either 7 (PDK2ΔN16), 16
(PDK2ΔN25), or 24 (PDK2ΔN33) amino acids at the amino terminus or 12 (PDK2ΔC395), 21
(PDK2ΔC386), 27 (PDK2ΔC380), 34 (PDK2ΔC373), or 40 (PDK2ΔC367) amino acids at the
carboxyl terminus. The cDNAs were expressed in bacteria under the control of the T7 promoter.
Analysis of the whole-cell extracts by Western blotting showed that all PDK2 variants were
highly expressed in this system (data not shown). However, cellular fractionation revealed that
PDK2ΔN25, PDK2ΔN33, and PDK2ΔC367 proteins were largely present in the inclusion bodies.
Their coexpression with molecular chaperonins, which greatly improved the yield of wild-type
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PDK2 (23), did not have an appreciable impact on the yields of soluble PDK2ΔN25,
PDK2ΔN33, and PDK2ΔC367. As described in Experimental Procedures, wild-type PDK2 and
its variants were purified by metal affinity chromatography. On the basis of SDS–PAGE
analysis, all purified proteins were of predicted size and did not undergo any proteolytic
degradation (data not shown). The yields of all purified proteins except PDK2ΔN25,
PDK2ΔN33, and PDK2ΔC367 were comparable to that of wild-type PDK2. The yields of
PDK2ΔN25, PDK2ΔN33, and PDK2ΔC367 were considerably lower, which is in agreement with
their poor expression in soluble form. However, we were able to obtain a sufficient amount of
each kinase for the initial characterization.

Analysis of PDK2 variants in the standard assay that utilizes the entire complex as a substrate
revealed that truncation of either the amino- or carboxy-terminal tail greatly affects the kinase
activity (Figure 1B). Sequential removal of the amino acids that form the carboxy-terminal tail
was accompanied by a progressive decrease in activity. The activity of the most active variant,
i.e., PDK2ΔC395, was approximately 60% of that of the wild-type enzyme. The least active
variant (PDK2ΔC367) displayed only 1–2% of the activity of wild-type PDK2. Deletion of eight
amino acids from the amino terminus of PDK2 (PDK2ΔN16) caused just a slight decrease in
kinase activity (approximately 15–18%). However, further truncations were associated with a
great decrease in activity. As shown in Figure 1B, PDK2ΔN25 and PDK2ΔN33 variants displayed
less than 1% of the activity of wild-type PDK2.

The activity of PDK strongly depends on protein–protein interactions (4). In particular, binding
to E2 causes a more than 10-fold enhancement in the rate of phosphorylation (9). Thus, a
decrease in the rates of phosphorylation observed in experiments described in Figure 1B could
be due to either a decrease in kinase activity, impairment in the interaction with E2, or both.
To examine these possibilities, we compared the rate of phosphorylation of E1 alone with the
rates of phosphorylation of E1 in the presence of E2. It was found that truncation of the carboxyl
tail of PDK2 was associated with a significant decrease in the ability of E2 to stimulate kinase
activity. As shown in Figure 2A, E2-dependent enhancement of the phosphorylation rate
decreased from approximately 10-fold for the wild-type PDK2 to less than 50% for
PDK2ΔC367. There was also a decrease in the phosphorylation rate of E1 alone, but it was less
significant than that observed in the presence of E2. Among the variants carrying the
truncations at the carboxyl terminus, PDK2ΔC367 was the only kinase grossly deficient in its
ability to phosphorylate free E1. Among the amino-terminal truncations, PDK2ΔN16 exhibited
just a slight decrease in E2-stimulated activity, indicating that the amino acid residues coming
from the far amino terminus play little if any role in the E2-depenedent regulation of PDK2.
By contrast, both PDK2ΔN25 and PDK2ΔN33 exhibited a large decrease in the rate of
phosphorylation regardless of whether free or E2-bound E1 was used as a substrate (data not
shown). In conjunction with their poor solubility, these data suggest that these variants might
have grossly altered conformations.

In general, E2 has a twofold effect on PDK. (a) It stimulates the kinase activity, and (b) it
mediates the effects of NADH/NAD+ and acetyl-CoA/CoA (4). The results presented in Figure
2A indicate that the carboxy-terminal tail of PDK2 is critical for the increase in phosphorylation
rate caused by the addition of E2. Moreover, the C-terminal tail also appears to be essential
for the effects of NADH and acetyl-CoA as evidenced by the results in Figure 2B, showing
that the shortening of the carboxyl terminus of PDK2 is associated with a progressive decrease
in the effect of NADH and acetyl-CoA on kinase activity. Taken together, these data strongly
suggest that the amino and carboxyl termini of PDK2 are important for the kinase activity. The
amino terminus is required for the overall ability of PDK2 to phosphorylate PDC, and clearly
contribute to the proper folding of the kinase molecule. The carboxyl terminus appears to have
a specialized role, being essential for the E2-dependent regulation of the phosphorylation
reaction.
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Interaction of Wild-Type PDK2 and Its Variants with Lipoyl-Bearing Domain(s) and PDC
As discussed in the introductory section, PDK is an integral part of PDC. Evidence presented
by a number of laboratories strongly suggests that PDK is bound tightly to the transacetylase
component of the complex with the lipoyl-bearing domain-(s) being the primary docking sites
for the kinase molecule (4). The transacetylase subcomplex has three types of lipoyl-bearing
domains provided by E2 (LBD1 and LBD2) and by E3BP components (LBD3). To investigate
the interactions between PDK2 and individual lipoyl-bearing domains, LBD1–LBD3 were
expressed in bacteria as glutathione S-transferase fusions. The resulting constructs were used
as bait to pull down the wild-type PDK2. As shown in Figure 3A, all three LBDs could bind
PDK2 in the pull-down assay. The amount of PDK2 recovered in LBD-bound form decreased
in the following order: LBD2 > LBD1 > LBD3 [the GST–LBD3 construct has just 5% of bound
PDK2 relative to the GST–LBD2 construct (Table 1)]. This outcome is consistent with the data
recently published by Hiromasa and Roche (29) and strongly suggests that LBD2 serves as the
primary docking site for wild-type PDK2.

To obtain a quantitative measure of the strength of the interaction between PDK2 and LBD2,
we employed isothermal titration calorimetry (ITC). Representative results of an isothermal
titration calorimetric run in which PDK2 was titrated with LBD2 are shown in Figure 3B. The
top portion of the figure shows the raw heat data from the run. The interaction was exothermic
as evidenced by the negative peaks. The heat of LBD2 dilution was measured by titration of
LBD2 into buffer alone and was subtracted from each binding titration curve. The integrated
heats for each injection versus the molar ratio of LBD2 to PDK2 after subtraction of the heat
of dilution of the ligand are illustrated in Figure 3B (bottom panel). Somewhat unexpectedly,
our attempts to curve fit these data to a one-site model produced a rather poor fit (dashed line
in the bottom panel of Figure 3B). This could indicate that either PDK2 follows a more complex
LBD2 binding mechanism or a considerable percent of PDK2 in our preparations binds LBD2
poorly. Thus, for control purposes, we conducted ITC experiments in which ADP was titrated
into wild-type PDK2 (Figure 3C). The heat released during the titration of ADP into a PDK2
solution exhibited good agreement with an ideal binding characterized by the presence of a
single type of binding site and the lack of cooperativity in the interaction. On average, the fit
of the ADP binding data resulted in a value for n (stoichiometry) of 2.0 per PDK2 dimer, a
dissociation constant KD of 18.2 μM, and an enthalpy change ΔH° of −11.8 kcal/mol (Table
2). This suggests that all kinase molecules in PDK2 preparations used in these experiments
were properly folded and could effectively bind nucleotide ligand, which, in turn, implies that
LBD2 binding follows a mechanism more complex than a single-site model. Indeed, curve
fitting of LBD2 binding data to the model of two sequential binding sites produced a very good
fit (solid line in the bottom panel of Figure 3B). For five preparations of PDK2 that were
analyzed in this study, the average dissociation constants were 8.3 ±2.3 μM (KD1) and 93.3
±21.6 μM (KD2) (Table 3). This outcome indicates that there might be an interaction between
the LBD-binding sites in the PDK2 dimer.

It is feasible that the defects in E2-dependent regulation of PDK2 activity (Figures 1 and 2)
associated with the truncation of its carboxyl terminus could come about as a result of the
impaired LBD2 binding. To investigate this hypothesis, truncated variants were subjected to
a GST–LBD2 pull-down assay. As shown in Figure 4A, all PDK2 variants truncated at the
carboxyl terminus exhibited a greatly reduced affinity for LBD2, judging from the amount of
kinase protein recovered in the LBD2-bound form. In agreement with this conclusion,
PDK2ΔC395 and other PDK2 variants with truncations at the carboxyl terminus showed little
if any interaction with LBD2 in ITC experiments (data not shown). Taken together, these data
suggest that the carboxyl tail of PDK2 directly contributes to the LBD2-binding site of the
kinase molecule.
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Interestingly, it appeared that the deletion of the carboxyl terminus had a far greater impact on
the interaction of PDK2 with LBD2 than on the kinase activity determined in the presence of
E2 (Figure 2A). To explore this observation further, we characterized the binding of the
respective PDK2 variants to the E2–E3BP subcomplex using gel-filtration chromatography.
Figure 4B illustrates the amounts of each kinase recovered in the E2–E3BP-bound form
obtained from the runs in which different amounts of kinase were chromatographed with the
same amount of E2–E3BP subcomplex. It was found that the progressive deletion of the amino
acids from the carboxyl terminus of PDK2 was accompanied by a decrease in the amount of
kinase recovered in the complex-bound form and, qualitatively, was in a good agreement with
the activity measurements.

Activities and Interactions with LBD2 of PDK2 Chimeras
Mammals have four isozymes of PDK that differ with respect to their tissue distribution,
enzymatic activity, and regulation. At least three of these isozymes (PDK1–PDK3) were
directly shown to exist in a complex-bound state (3,5). All PDK isozymes have characteristic
carboxyl tails that are markedly different in their amino acid composition (1,2). This brings
about an intriguing possibility that the unique properties of PDK isozymes are due at least in
part to the differences in the sequences of their carboxyl tails. To investigate this hypothesis,
we created chimeras in which the carboxyl tails derived from PDK1, PDK2, and PDK4 were
attached to the kinase core derived from PDK2 (PDK2CPDK1, PDK2CPDK3, and
PDK2CPDK4, respectively). As described in Experimental Procedures, unique StuI sites were
introduced by silent mutagenesis in the cDNAs encoding PDK1–PDK4. This created an
exchange site for the swapping of carboxyl termini in the sequence corresponding to the
invariant -Lys-Ala-Leu-Ser- consensus (see also Figure 7). The resulting mutagenized cDNAs
for PDK1, PDK3, and PDK4 were used as a source of sequences encoding the carboxyl tails.
The mutagenized cDNA of PDK2 was used as a source of sequence encoding the kinase core.
Chimeric cDNAs were expressed in bacteria under the control of the T7 promoter. Recombinant
kinases were purified to near homogeneity by metal affinity chromatography. All chimeric
kinases were expressed at the levels similar to that of wild-type PDK2 and did not display
proteolytic degradation in SDS–PAGE analysis (data not shown).

The abilities of PDK2CPDK1, PDK2CPDK3, and PDK2CPDK4 to interact with LBD2 were first
evaluated using a GST–LBD2 pull-down assay. As shown in Figure 5, it was found that all
three chimeras could bind LBD2. On the basis of scanning densitometry, there was
approximately 2 times more of PDK2CPDK3 chimera and approximately 30% less of
PDK2CPDK4 chimera recovered in the LBD2-bound form (Table 4). The recovery of the
PDK2CPDK1 chimera was similar to that of the control PDK2. In ITC experiments, the
PDK2CPDK1 chimera bound LBD2 in a manner similar to that of the PDK2 control (Table 5).
The PDK2CPDK3 chimera exhibited an approximately 3-fold greater affinity than the control,
while the affinity of the PDK2CPDK4 chimera was slightly decreased, which is in an agreement
with the outcome of pull-down experiments. Analysis of the respective kinases in
phosphorylation assay revealed that PDK2CPDK3 displayed an approximately 2-fold greater
activation in response to the addition of the E2–E3BP subcomplex (Figure 6A). By contrast,
all chimeras exhibited a comparable response to NADH with acetyl-CoA (Figure 6B). Taken
together, these data are consistent with the interpretation that the carboxyl tail derived from
any isozyme of PDK is sufficient for the support of LBD2 binding, activation by the E2–E3BP
subcomplex, and the regulation of kinase activity by NADH and acetyl-CoA, although some
of these responses appear to be isozyme-specific. The latter is particularly true for the carboxy-
terminal tail of PDK3 that clearly confers a stronger binding to LBD2 and a greater response
to the E2–E3BP subcomlex.
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DISCUSSION
Besides the catalytic core that consists of K and B domains, the PDK molecule has relatively
long amino and carboxyl tails (2,20). To explore their role in kinase activity, we created a
number of PDK2 variants truncated at the amino and carboxyl termini. Analysis of these
variants revealed that the deletion of the first eight amino acids at the amino terminus had a
weak effect on PDK2 activity and regulation, indicating that these amino acids are dispensable
for kinase function. However, further deletions at the amino terminus were associated with a
dramatic decrease in kinase activity accompanied by a loss of solubility. Even chaperonin-
assisted folding failed to rescue these variants of PDK2, which is indicative of a gross change
in kinase conformation. By contrast, truncations at the carboxyl terminus had a relatively small
effect on kinase activity toward the free E1 component, suggesting that the overall fold of the
kinase domain was largely intact. The differences between these variants were apparent when
their activities were assayed in the presence of the E2–E3BP subcomplex. In this assay, a
progressive truncation of the carboxyl terminus was accompanied by a progressive decrease
in the rate of phosphorylation, which is consistent with the interpretation that the carboxyl
terminus of PDK2 is essential for the kinase activity in a complex-bound state. In agreement
with this interpretation, the truncated forms of PDK2 exhibited a significantly reduced response
toward NADH and acetyl-CoA, which is thought to be characteristic of a complex-bound
kinase (14,15).

It is generally believed that PDK2 is attached to PDC through the lipoyl-bearing domain(s)
provided by the E2–E3BP subcomplex (LBD1–LBD3, respectively) (4). Although PDK2 can
bind all three lipoyl-bearing domains, our data along with the results presented by others (3)
strongly suggest that LBD2 is the most effective interactor. In ITC experiments, the PDK2
dimer displayed two LBD-binding sites differing with respect to their affinity for the lipoyl-
bearing domain. On the basis of the available structural information, PDK2 in solution is a
symmetric dimer (20). Consequently, there is no reason to assume that LBD-binding sites in
the PDK2 molecule are nonidentical at the start. Therefore, it seems reasonable to propose that
the LBD-binding sites in the PDK2 dimer are likely to be interacting. Furthermore, from the
relationship between the dissociation constants (i.e., KD1 < KD2), it appears that the binding of
the first LBD2 hinders the binding of the second LBD2, yielding a negative cooperativity. It
remains to be established whether this hindering effect exists in a complex-bound state.
Importantly, we have found that the truncation of the carboxy-terminal tail of PDK2 is
associated with a great decrease in the kinase’s affinity for LBD2. This strongly suggests that
the carboxyl terminus directly contributes to the structure of the LBD-binding site. This
interpretation is also in agreement with the earlier data showing that the carboxyl-terminal
fragment of PDK generated by trypsin treatment remains bound to PDC, whereas the amino-
terminal fragment(s) is released into the medium (30).

By all criteria, the carboxyl tail of PDK2 appears to be indispensable for the interaction with
the lipoyl-bearing domain(s). In mammals, there are four PDK isozymes, all of which have the
characteristic carboxyl tails that are somewhat different in the amino acid sequences (2).
Several lines of evidence suggest that PDK isozymes are markedly different with respect to
their ability to interact with the lipoyl-bearing domain(s) (3,9). Here, we investigated the ability
of the carboxyl tails derived from PDK1, PDK3, and PDK4 to support PDK2 activity and
LBD2 binding. The results of the swapping experiment suggest that the carboxyl tail derived
from any isozyme of PDK confers LBD2 binding. The chimeras carrying the carboxyl terminus
of PDK3 displayed better LBD2 binding than wild-type PDK2, whereas the chimeras carrying
the carboxyl terminus of PDK4 bound LBD2 slightly worse than the control kinase. This
indicates that, at least in part, the differences in the amino acid sequences of the carboxyl tails
account for the differences among PDK isozymes. However, it should be pointed out that the
carboxyl tails derived from all isozymes are competent in supporting the interaction with
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LBD2, suggesting that the gross differences among PDK isozymes reflect the unique, yet to
be identified features of each PDK core rather than the carboxyl tail.

While this paper was being reviewed, Kato and colleagues (31) published the first three-
dimensional structure of isozyme PDK3 in a complex with LBD2. This structure revealed that
the extended carboxyl tail from one PDK3 subunit crosses over to another subunit where it
interacts with the bound LBD2 and accounts for almost 50% of the interface between LBD2
and PDK3. Furthermore, different parts of the carboxyl tail appear to make different
contributions to the LBD-binding site (Figure 7). Amino acids from region A form an extensive
hydrogen bond network with conserved amino acids coming from the neighboring PDK3
subunit, and amino acids from region B recognize the residues from LBD2 flanking the
lipoyllysine. Amino acids from region C are integrated into the lipoyl-binding pocket, and
finally, amino acids from region D contribute to the second interface with LBD2 in another
PDK3 subunit. In agreement with these structural assignments, we have found that progressive
truncation of the carboxyl tail causes a gradual loss of E2-dependent functions. This likely
reflects different stages in degradation of the LBD-binding site caused by deletions, such as a
loss of the side chains contributing to the lipoyl-binding pocket, a loss of the interactions with
the amino acids flanking lipoyllysine, etc. (Figure 7). Interestingly, we have found that the
deletion of the carboxyl terminus had a far greater impact on the interaction with LBD2 than
on the interaction with the E2–E3BP subcomplex or on kinase activity determined in the
presence of the E2–E3BP subcomplex. The rationale for this phenomenon is currently
unknown. One possibility is that it reflects an unusual structure of the E2–E3BP subcomplex
which presents the kinase molecule with numerous lipoyl-bearing domains [local concentration
of up to 2–3 mM (4)]. This high local concentration of lipoyl-bearing domains on the surface
of the E2–E3BP subcomplex might be great enough for the productive binding even if the
affinity of PDK2 for LBD2 decreases more than 1 order of magnitude as a result of the deletion.

Despite the fact that the carboxyl tail accounts for the majority of sequence-specific interactions
between PDK and the lipoyl-bearing domain (31), our swapping experiments clearly show that
the specificity of interaction between kinase and LBD2 largely depends on the structural
elements of the PDK core. In this respect, the amino acid residues of the B domain are of
particular interest because, according to the structural data, the B domain of PDK3 contributes
to the second binding interface with LBD2 (31). In this study, we attempted to investigate the
role of the B domain in LBD2 binding by introducing several deletions into the amino terminus
of PDK2. On the basis of the structural information (31), the largest of the deletions
characterized in this study (PDK2ΔN33) removed a significant portion of the second interface,
including some of the amino acid residues lining the lipoyllysine-binding pocket.
Unfortunately, this approach proved to be less informative because of the considerable
problems associated with the folding of the majority of PDK2 variants carrying the amino-
terminal truncations. Thus, although the B domain clearly provides a structural determinant
contributing to LBD2 binding, its functional significance remains enigmatic. The functional
role of the B domain in LBD2 binding will be undoubtedly addressed in future studies relying
on structure-guided mutagenesis, which became possible after the structure of the PDK3–
LBD2 complex had been determined (31).
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Figure 1.
Enzymatic activities of truncated variants of PDK2. (A) Schematic illustrating the relationships
between the truncated variants of PDK2. (B) Enzymatic activities of the truncated variants of
PDK2 toward holo-PDC as a substrate. Data are expressed as the percent activity of wild-type
PDK2.
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Figure 2.
Effects of the E2–E3BP subcomplex and of NADH with acetyl-CoA on enzymatic activities
of truncated variants of PDK2. (A) Regulation of kinase activities of PDK2 truncated variants
by the E2–E3BP subcomplex. Activities toward the free E1 component are shown with white
bars. Activities determined in the presence of the E2–E3BP subcomplex are shown with gray
bars. Data are expressed as the percent activity of wild-type PDK2 toward the free E1
component. (B) Regulation of kinase activities of PDK2 variants by NADH with acetyl-CoA.
NAD+ controls were made with the addition of a mixture of NAD+ and NADH (molar ratio of
200:1) to a final concentration of 0.8 mM (white bars). The effects of NADH and acetyl-CoA
were determined with the addition of NADH and NAD+ in a mixture to final concentrations

Klyuyeva et al. Page 14

Biochemistry. Author manuscript; available in PMC 2007 December 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of 0.6 and 0.2 mM, respectively, and of acetyl-CoA to 50 μM (gray bars). Effectors were added
30 s prior to ATP to allow for equilibration of the reactions catalyzed by E2 and E3 components.
Data are expressed as the percent activity determined for NAD+ controls.
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Figure 3.
Binding of lipoyl-bearing domain(s) and of ADP by wild-type PDK2. (A) SDS–PAGE analysis
of wild-type PDK2 pulled down using GST-based constructs of LBD1–LBD3. (B) Isothermal
titration calorimetry of binding of LBD2 to wild-type PDK2. The top panel shows the
calorimetric response as successive injections of LBD2 are added to the reaction cell containing
PDK2. The bottom panel depicts the binding isotherm of the calorimetric titration shown in
the top panel. The dashed line represents the best fit of the binding isotherm using a one-site
model (n = 2, KA = 8.74 × 104, ΔH = −7.9 kcal/mol). The solid line depicts the least-squares
fit of the binding isotherm using a sequential binding sites model when n = 2. (C) Isothermal
titration calorimetry of binding of ADP to wild-type PDK2. The top panel shows the

Klyuyeva et al. Page 16

Biochemistry. Author manuscript; available in PMC 2007 December 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



calorimetric response as successive injections of LBD2 are added to the reaction cell containing
PDK2. The bottom panel depicts the binding isotherm of the calorimetric titration shown in
the top panel.
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Figure 4.
Binding of PDK2 and of its truncated variants to LBD2 and the E2–E3BP subcomplex. (A)
SDS–PAGE analysis of wild-type PDK2 and its variants pulled down on the GST–LBD2
construct. (B) Binding of wild-type PDK2 and its variants to the E2–E3BP subcomplex. Bound
kinase was visualized using Western blot analysis with monoclonal anti-His6 tag antibodies.
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Figure 5.
SDS–PAGE analysis of PDK2 chimeras pulled down using the GST–LBD2 construct.

Klyuyeva et al. Page 19

Biochemistry. Author manuscript; available in PMC 2007 December 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Effects of the E2–E3BP subcomplex and of NADH with acetyl-CoA on enzymatic activities
of PDK2 chimeras. (A) Regulation of kinase activities of PDK2 chimeras by the E2–E3BP
subcomplex. Activities toward the free E1 component are shown with white bars. Activities
determined in the presence of the E2–E3BP subcomplex are shown with gray bars. Data are
expressed as the percent activity toward the free E1 component. (B) Regulation of kinase
activities of PDK2 chimeras by NADH with acetyl-CoA. NAD+ controls were made with the
addition of a mixture of NAD+ and NADH (molar ratio of 200:1) to a final concentration of
0.8 mM (white bars). The effects of NADH and acetyl-CoA were determined with the addition
of NADH and NAD+ in a mixture to final concentrations of 0.6 and 0.2 mM, respectively, and
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of acetyl-CoA to 50 μM (gray bars). Effectors were added 30 s prior to ATP to allow for
equilibration of the reactions catalyzed by E2 and E3 components. Data are expressed as the
percent activity determined for the NAD+ control.
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Figure 7.
Sequence alignment of the carboxyl tails of rat PDKs. Four regions implicated in LBD2 binding
(31), i.e., A–D, are indicated by black lines at the bottom of the alignment. Conserved amino
acid residues are shown with inverted text. The elements of the secondary structure of PDK3
(31) are indicated by blocks (α-helices) and by block arrows (β strands) at the bottom of the
alignment. Positions at which truncations were introduced into the sequence of rat PDK2 are
shown at the top of the alignment. The position of the amino acid corresponding to the StuI
exchange site that was used in carboxyl tail swapping experiments is indicated by an arrow at
the top of the alignment.
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Table 1
Amounts of Wild-Type PDK2 Recovered in the LBD-Bound Form Using a GST-Based Pull-Down Assaya

construct bound kinase (percent of control)b

GST–LBD1 25 ±4%
GST–LBD2 (control) 100 ±9%
GST–LBD3 5 ±1%

a
Pull-down experiments were carried out as described in Experimental Procedures. Coomassie R250-stained gels were analyzed and quantified using

scanning densitometry.

b
Data are expressed as a percent of PDK2 bound to the GST–LBD2 construct. Results are means ±the standard deviation of six experiments.
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Table 2
Dissociation Constants and Enthalpy Changes for Binding of ADP to Wild-Type PDK2a

parameter valueb

n (stoichiometry) 2.0 ± 0.1
KD (μM) 18.2 ± 1.4
ΔH (kcal/mol) −11.8 ± 0.7

a
Dissociation constants and enthalpy changes for the binding of Mg-ADP to wild-type PDK2 were measured by isothermal titration calorimetry.

b
Results are expressed as means ± the standard deviation of four experiments conducted with freshly isolated preparations of wild-type PDK2.
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Table 3
Dissociation Constants and Enthalpy Changes for Binding of LBD2 to Wild-Type PDK2a

Parameter valueb parameter valueb

K1 (μM) 8.3 ±2.3 K2 (μM) 93.3 ±26.1
ΔH1 (kcal/mol) −9.6 ±0.6 ΔH2 (kcal/mol) −31.6 ±8.4

a
Dissociation constants and enthalpy changes for the binding of His6-LBD2 to wild-type PDK2 were measured by isothermal titration calorimetry.

b
Results are expressed as means ±the standard deviation of five experiments conducted with freshly isolated preparations of wild-type PDK2.
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Table 4
Amounts of Various PDK2 Chimeras Recovered in the LBD2-Bound Form Using a GST-Based Pull-Down
Assaya

kinase bound kinase (percent of control)b

PDK2CPDK1 89 ±5
PDK2CPDK2 (control) 100 ±9
PDK2CPDK3 185 ±17
PDK2CPDK4 72 ±8

a
Pull-down experiments were carried out as described in Experimental Procedures. Coomassie R250-stained gels were analyzed and quantified using

scanning densitometry.

b
Data are expressed as a percent of PDK2CPDK2 bound to GST–LBD2 construct. Results are means ±the standard deviation of four to six experiments.
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Table 5
Dissociation Constants for Binding of LBD2 to Various PDK2 Chimerasa

PDK2CPDK1 PDK2CPDK3 PDK2CPDK4
b

K1 (μM) 9.6 ±1.7 3.4 ±0.1 13.2 ±2.5
K2 (μM) 81.7 ±3.1 36.7 ±10.9 94.7 ±23.9

a
Dissociation constants of His6-LBD2 with PDK2 chimeras were measured by isothermal titration calorimetry.

b
Results are expressed as means ±the standard deviation of three to six determinations.
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