
Elucidation of the Interaction Loci of the Human Pyruvate
Dehydrogenase Complex E2·E3BP Core with Pyruvate
Dehydrogenase Kinase 1 and Kinase 2 by H/D Exchange Mass
Spectrometry and Nuclear Magnetic Resonance
Junjie Wang,† Sowmini Kumaran,† Jieyu Zhou,† Natalia S. Nemeria,† Hu Tao,† Lazaros Kakalis,†

Yun-Hee Park,‡ Barbara Birkaya,‡ Mulchand S. Patel,‡ and Frank Jordan*,†

†Department of Chemistry, Rutgers, the State University of New Jersey, Newark, New Jersey 07102, United States
‡Department of Biochemistry, School of Medicine and Biomedical Sciences, University at Buffalo, the State University of New York,
Buffalo, New York 14214, United States

*S Supporting Information

ABSTRACT: The human pyruvate dehydrogenase complex
(PDC) comprises three principal catalytic components for its
mission: E1, E2, and E3. The core of the complex is a strong
subcomplex between E2 and an E3-binding protein (E3BP).
The PDC is subject to regulation at E1 by serine
phosphorylation by four kinases (PDK1−4), an inactivation
reversed by the action of two phosphatases (PDP1 and -2).
We report H/D exchange mass spectrometric (HDX-MS) and
nuclear magnetic resonance (NMR) studies in the first attempt
to define the interaction loci between PDK1 and PDK2 with
the intact E2·E3BP core and their C-terminally truncated proteins. While the three lipoyl domains (L1 and L2 on E2 and L3 on
E3BP) lend themselves to NMR studies and determination of interaction maps with PDK1 and PDK2 at the individual residue
level, HDX-MS allowed studies of interaction loci on both partners in the complexes, PDKs, and other regions of the E2·E3BP
core, as well, at the peptide level. HDX-MS suggested that the intact E2·E3BP core enhances the binding specificity of L2 for
PDK2 over PDK1, while NMR studies detected lipoyl domain residues unique to interaction with PDK1 and PDK2. The E2·
E3BP core induced more changes on PDKs than any C-terminally truncated protein, with clear evidence of greater plasticity of
PDK1 than of PDK2. The effect of L1L2S paralleled HDX-MS results obtained with the intact E2·E3BP core; hence, L1L2S is an
excellent candidate with which to define interaction loci with these two PDKs. Surprisingly, L3S′ induced moderate interaction
with both PDKs according to both methods.

The human pyruvate dehydrogenase complex (PDC)
catalyzes the oxidative decarboxylation of pyruvate with

formation of acetyl-CoA, CO2, and NADH (H+) and occupies a
key position at the intersection of glycolysis and the citric acid
cycle.1−3 In mammals, PDC plays a gatekeeper’s role in the
metabolism of pyruvate to maintain glucose homeostasis during
the fed and fasting states. The highly evolved 9.5 MDa PDC
comprises multiple copies of a minimum of six proteins: 20−30
copies of thiamin diphosphate (ThDP)-dependent pyruvate
dehydrogenase (E1, α2β2 heterotetramer), 48 copies of
dihydrolipoamide transacetylase (E2), 12 copies of dihydroli-
poamide dehydrogenase (E3), 12 copies of unique E3-binding
protein (E3BP), and two regulatory enzymes, pyruvate
dehydrogenase kinase (PDK, four human isoforms)3−8 and
pyruvate dehydrogenase phosphatase (PDP, two human iso-
forms).9−11 The 48 copies of E2 and 12 copies of E3BP form the
core of the PDC according to a “substitution” model, to which
the peripheral components E1 and E3, PDKs, and PDPs are
bound noncovalently.5,12 The entire complex exhibits icosahe-
dral symmetry. E2 has a multidomain structure, comprising

(from the N-terminal end) two lipoyl domains, the outer (L1)
and the inner lipoyl domain (L2) approximately 9 kDa each, a
peripheral subunit-binding domain (PSBD or S, 4 kDa), and the
acetyltransferase or core domain (C) (28 kDa), separated by 25−
30-amino acid flexible linkers (Scheme 1). Human E3BP is
composed of three linker-connected domains similar to E2 (L3
and S′ in Scheme 1), but with a transacetylation-incompetent
core domain (C′). The structures of some individual
components of PDC have been determined by X-ray.13−18 The
structures of the E2 catalytic domain,19 reconstituted full-length
E2·E3BP core, and a full-length E2·E3BP-E3 core were
determined by cryoelectron microscopy.20 The flux of pyruvate
through PDC is tightly regulated in different tissues under
different metabolic conditions by the reversible phosphorylation
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of E1, involving dedicated PDKs and PDPs.3,9,21,22 Three sites in
E1 are phosphorylated in vivo at different rates and with different
specificities by four PDKs.23−25 Site 1 is preferentially
phosphorylated, and sites 2 and 3 are sequentially phosphory-
lated.25,26 Starvation and diabetes induce PDK2 and PDK4
activity in different tissues, inducing phosphorylation and
inactivation of PDC.27−30 PDC is also implicated to play a role
in neurodegenerative diseases, obesity, and other diseases.31−33

More recently, a large body of evidence has been published
indicating that PDC is a target for regulating glucose oxidation in
cancer cells leading to the Warburg effect (aerobic glycoly-
sis),34−42 where the pyruvate is converted to lactate, partially
because of upregulation of gene expression of PDK1,43−45

PDK2,46 and PDK3.47,48 Recent studies also revealed that
targeting of PDK could serve as a novel therapeutic approach in
oncology. Dichloroacetate (an analogue of pyruvate), a well-
known inhibitor for PDKs, shifts cancer metabolism from aerobic
glycolysis to oxidative phosphorylation, leading to inhibition of
tumor growth.49−51 However, dichloroacetate is a nonspecific
inhibitor that binds to the allosteric site in theN-terminal domain
of PDKs.52,53 Among known inhibitors of PDKs, the glucose-
lowering compound AZD7545 (AstraZeneca), a mimic of
dihydrolipoamide, exhibited efficient inhibition of PDK2 and
PDK1 activities, but not of PDK4.54−56 Also, the secondary
amides SDZ048−619 and their substituted analogues displayed
efficient inhibition of PDKs, but these compounds did not lower
glucose levels in diabetic animal models.57

The structures of human PDK1 and PDK3 with AZD7545,
dichloroacetate, and radicicol (antitumor compound) revealed
that AZD7545 binds to the lipoyl-binding pocket in the N-
terminal region of PDK1 and prevents PDK1 from binding to the
E2·E3BP core,52 while radicicol binds to the nucleotide-binding
site of PDK3 and inhibits its activity by competing with ATP for
the nucleotide-binding site.52 A structure-based approach
demonstrated that PDK inhibitors could be created by targeting
the lipoyl-binding pocket of PDK2 and PDK3 (but were not
effective)53,54 and the ATP-binding pocket of PDK2 and
PDK4.58

The goals of our study are to examine PDK1 and PDK2 in
parallel using two different approaches, H/D exchange mass
spectroscopy (HDX-MS) and NMR: (i) to uncover loci of
interaction between PDK1 and PDK2 (as important representa-
tives of the four) with the E2·E3BP core and their C-terminally
truncated proteins and (ii) to reveal differential binding loci

between the particular PDK and E2·E3BP core as a first step in
the design of kinase-specific inhibitors. While crystal structures of
PDK1,52 the PDK2−L2 complex,58−60 the PDK3−L2 com-
plex,61,62 and PDK463 have been reported, the premise of earlier
structural work was that interactions between PDC and the
PDKs are dominated by interactions with L2. The HDX-MS and
NMR studies presented in this paper on loci of interactions
clearly revealed that the interactions are multipoint, demonstrat-
ing that studies with intact components are valuable for
understanding these important issues in the absence of a high-
resolution structure on intact PDC.
Themost important conclusion from these studies is that there

are differences in the binding loci of the two kinases with the E2·
E3BP core. Mapping of binding-induced changes between the
E2·E3BP core and PDK1 and PDK2 creates a rich source of
starting points to better define critical regions that could serve as
targets for future drug design.

■ EXPERIMENTAL PROCEDURES
Bacterial Strains, Plasmids, Overexpression, and

Purification. The following recombinant C-terminally trun-
cated proteins of the E2·E3BP core were studied (Scheme 1): (i)
L1, containing the outer lipoyl domain and linker (residues 1−
98), (ii) the L2S didomain containing the inner lipoyl domain L2,
second hinge region, peripheral subunit-binding domain (PSBD
or S), and third hinge region (residues 128−330), (iii) the L1L2S
tridomain, which comprises L1, L2, both hinge regions, and the
subunit-binding domain (S, residues 1−330),15,21,22 and (iv) the
L3S′ didomain of E3BP (residues 1−230). The E2·E3BP core
was expressed and purified as reported previously.5,24 Recombi-
nant rat PDK1 and rat PDK2 were used for the studies. The
sequences of mammalian PDK isozymes are highly conserved for
each of the four isoforms (>94% identical between human and
rat).67 The PDKs were overexpressed and purified to 90−95%
purity according to a literature protocol64 with some
modifications.21

Expression and Purification of 15N- and 13C-Labeled C-
Terminally Truncated E2·E3BP Proteins. For the production
of the doubly labeled proteins, overnight cultures were grown in
LB supplemented with kanamycin (50 μg mL−1) at 37 °C. Cells
were then diluted (1:100) inM9minimal medium supplemented
with 1 g/L (w/v) 15NH4Cl and 4 g/L (w/v) [U-13C]glucose as
the sole sources of nitrogen and carbon, respectively, kanamycin
(50 μg mL −1), and 0.3 mM D,L-lipoic acid to achieve lipoylation
of L1−L3. Cells were grown at 37 °C to anOD600 of 0.6−0.8, and
protein expression was induced by 1 mM IPTG for 20 h at 25 °C.
The proteins were purified using sequentially Ni affinity, anion
exchange, and size exclusion chromatography.

HDX-MS Studies. HDX-MS analysis was conducted as
described using a 7T Bruker Daltonics FT-MS instrument.68,69

The E2·E3BP core, L1, L2S, L1L2S, and L3S′, PDK1, and PDK2
were analyzed individually and in their binary complexes. For
sample preparation, all proteins were exchanged into 10 mM
KH2PO4 (pH 7.5) containing 50 mM KCl. Prior to deuterium
labeling, individual protein samples were prepared in aqueous
buffer, including five individual proteins derived from the E2·
E3BP core (80 μM), PDK1, and PDK2 (80 μM), in the absence
and presence of 400 μM ATP. Samples of the complexes were
prepared from the E2·E3BP core and its C-terminally truncated
proteins with PDK1 or PDK2 (80 μM each, in the absence and
presence of 400 μM ATP). Subunit concentrations are given.
Hence, 40 μM PDK (homodimer) and 1.33 μM E248·E3BP12
were used for each protein sample. The samples were allowed to

Scheme 1. Structure of the Domains of the Pyruvate
Dehydrogenase E2·E3BP Core and Their C-Terminally
Truncated Proteins
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equilibrate for 1 h at 25 °C. The deuterium labeling reaction was
initiated by diluting 2 μL of the sample into 38 μL of labeling
buffer [10 mM KH2PO4 (pD 7.5) containing 50 mM KCl and
99.8% D2O], followed by incubation at 25 °C, yielding a final
concentration of 94.8% D2O. ATP (400 μM) was added to the
labeling buffer as needed. After incubation for 3 min, a 30 μL
aliquot from each labeling reactionmixture was rapidly quenched
into 30 μL of ice-cold quench buffer [0.2 M KH2PO4 and 4 M
guanidine hydrochloride (pH 2.0)], achieving a final pH of 2.5 to
minimize the rate of H/D exchange. The samples were
immediately frozen in liquid nitrogen and stored at −80 °C for
no more than 2 weeks before being analyzed. Nondeuterated
samples were generated following the same procedure except
that protein samples were diluted into aqueous buffer instead of
labeling buffer. The frozen deuterated sample was rapidly thawed
and loaded with an ice-cold syringe into a 20 μL sample loop
inside the refrigeration system. The sample analysis was similar to
that reported previously68,69 using Bruker Daltonics Data-
Analysis 4.0 for spectrum analysis and data treatment. Peptides
were identified from nondeuterated samples by a customized
program DXgest.70 H/D exchange data for each individual
peptide at various time points were processed using HX-
Express.71 No back exchange correction was needed for the
purpose of comparative analysis. The number of exchangeable
backbone amides (maxD) of a peptide was calculated as the total
number of residues excluding proline residues and two fast
exchangeable N-terminal residues.72,73 The percentage of
deuterium incorporation (without back exchange correction)
of each peptide was calculated from the equation ΔD% = ΔD/
(maxD × 1.0063 × 0.948) × 100%, where 1.0063 is the atomic
mass difference between deuterium and hydrogen and 0.948
represents the fractional D2O content of the labeling reaction
mixture. Butterfly and difference plots were produced with
Microsoft Excel. Bar graphs were created with Origin (Origin-
Lab, Northampton, MA).

NMR Spectroscopy. NMR spectra were recorded using a
0.5−0.8 mM solution of uniformly 13C- and 15N-labeled L1, L2S,
L1L2S, and L3S′, in 20 mM KH2PO4 (pH 6.5−7.0) with 150
mM NaCl. All NMR samples contained 10% D2O for a lock
signal. All NMR data for backbone resonance assignments were
recorded at 15−37 °C on a Varian INOVA 600 MHz
spectrometer equipped with a 5 mm HCN triple-resonance
room-temperature probe. Sequence-specific resonance assign-
ments for all labeled proteins were determined using triple-
resonance NMR experiments74 from the Varian standard bio
pack pulse sequence library. Spectra were processed with NMR
Pipe 2.11275 and transferred to CARA 3.10676 for further
analysis. 1H chemical shifts were referenced to the water line at
4.7 ppm, and nitrogen chemical shifts were referenced indirectly
to liquid NH3.

77 For measurements of interactions by the
chemical shift mapping methodology, 0.3 mM C-terminally
truncated labeled E2·E3BP protein was mixed with 0.1 mM
unlabeled PDK1 or PDK2 (based on a monomer mass of ∼45
kDa) in 20 mMKH2PO4 (pH 7.0) containing 150 mMNaCl, 5%
glycerol, and 10% D2O. The

15N−1H HSQC TROSY spectra
were recorded in the absence and presence of unlabeled PDK1
and PDK2. Chemical shift deviations of peak positions were
extracted from the 15N−1H HSQC TROSY spectra.

Isothermal Titration Calorimetry (ITC). The heats of
interaction of L2S, L1L2S, and L3S′with PDK2were determined
using a VPmicrocalorimeter (MicroCal, Northampton, MA). All
proteins were dialyzed exhaustively against a buffer containing 20
mMKH2PO4 (pH 7.4), 150mMNaCl, 2.0% ethylene glycol, and
2.5 mMdithiothreitol (DTT). The concentration of each protein
was determined by the Bradford assay. For each titration, 0.4 mM
L2S, L1L2S, or L3S′ in the syringe was injected in 10 μL
increments (28 injections at 3min intervals) into the reaction cell
containing 1.4 mL of 0.02 mM PDK2 at 30 °C. The binding
isotherm was calculated by integration of the thermogram using a
single-site binding model (Origin version 7.0) to derive the three
nonlinear parameters for the interactions: the association

Figure 1. Comparative HDX-MS analysis of the interaction of the E2·E3BP core with PDK1 and PDK2. (A) Relative deuterium incorporation
percentage (ΔD%, y axis, deuterons exchanged/maximal exchangeable amides × 100%) of peptic peptides from the E2·E3BP core (x axis, listed peptic
peptides from the N- to C-terminus, from E2 followed by peptic peptides from E3BP) in its free form (black) and in complexes with PDKs (with or
without ATP, in various colors). The domain organization of the human E2·E3BP core is shown in Scheme 1. The termini of the domains were drawn
according to the peptic peptides on the x axis. (B) Difference plot showing the changes in deuterium incorporation (ΔΔD, y axis, deuterons exchanged
in the presence of PDKminus deuterons exchanged in the absence of PDK) of peptic peptides from the E2·E3BP core upon its complexation with PDK1
and PDK2. Each data point represents the mean ± the standard deviation from three independent experiments. Arrows show statistically significant
changes.
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constant (Ka), the molar ratio (n), and the enthalpy change
(ΔH).

■ RESULTS AND DISCUSSION

Identification of Loci of Interaction between the E2·
E3BP core and PDK1 and PDK2 by HDX-MS. General
Information about Deuterium Incorporation. To the best of
our knowledge, this is the first instance that the interaction of the
entire E2·E3BP core with PDK1 and PDK2 was analyzed at
peptide resolution by comparative HDX-MS. A total of 153
peptides were selected (Tables S1−S4 of the Supporting
Information), including 31 peptides from E2, 31 from E3BP,
46 from PDK1, and 45 from PDK2, for HDX-MS analysis with
sequence coverages of 97, 95, 99, and 98%, respectively,
generated by MS Tools.78 The following information was
revealed upon digestion of the E2·E3BP core. (1) From among
the lipoyl domains, two peptides, 42VETDKATVGF51 and
169IETDKATIGF178, from E2 (L1 and L2, respectively, in
Table S1 of the Supporting Information) and one peptide,
44KAVVTL49, from E3BP (L3 in Table S2 of the Supporting
Information), all three containing the sequence for ligation of
lipoic acid to lipoyllysine, were identified. L1−L3 displayed
moderate deuterium uptake at 25−47%. In control experiments,
full lipoylation of all three lipoyl domains was confirmed by FT-
MS. (2) The subunit-binding domains (S in E2 and S′ in E3BP)
and the hinges between domains [H1−H5 (Figure 1A)]
experienced the highest percentage of deuterium uptake (67−
81% in 3 min of exchange at 25 °C, without back exchange
correction), reflecting the highly flexible and unstructured
behavior of these regions. (3) From the two core domains (C
from E2 and C′ from E3BP), the deuterium uptake patterns were
largely divided, with certain regions showing ΔD% values of
>70%, while some were less than 5% or nearly zero. The
“hindered regions” in the E2 core domain are peptides Met351−
Asp365, Phe393−Leu400, Val416−Asp424, Ile436−Phe441, Phe485−
Leu502, and Phe549−Thr560 (Figure 1) that contain highly
conserved residues in prokaryotic and eukaryotic E2’s as deduced
from sequence alignments (Figure S1 of the Supporting
Information). The “hindered regions” in E3BP are peptides
Phe278−Ala284, Phe370−Glu374, and Val416−Leu429 from E3BP
(Table S2 of the Supporting Information). The “exposed
regions” in the E2 core domain (ΔD% > 40%) are peptides
Thr335−Leu350, Leu373−Asp392, Val425−Leu435, and Val455−
Phe484 and in the E3BP core peptides Thr223−Asn229, Lys261−
Asp277, Val312−Glu369, and Lys397−Thr415. Peptide Leu373−
Asp392 from the E2 core exhibited a decreased level of deuterium
uptake of 0.5 Da induced by the presence of ATP, which may be
due to the binding of ATP in the CoA-binding pocket.
Changes in Deuterium Uptake Observed in the E2·E3BP

Core upon Addition of PDK1 and PDK2. Changes in
Deuterium Uptake Observed in L2. It is believed that L2 of
the E2·E3BP core is a docking site for association of PDK2 with
PDC that activates kinase and provides regulation.52,53,61 Upon
incubation of the E2·E3BP core with PDK2, the most significant
HDX-MS changes were observed in the N-terminal region of L2
for peptide Gln134−Leu165, which experienced a ΔΔD of ∼1.0
Da. Upon comparison of the deuterium incorporation (ΔD) by
this peptide of 8.62 ± 0.16 Da in the absence of PDKs, with 8.23
± 0.0 Da in the presence of PDK1 (ATP present) and 7.65 ±
0.02 Da in the presence of PDK2 (ATP also present), it has
become evident that PDK2 has an interaction with the N-
terminal region of L2 stronger than that of PDK1 (Figure 2),

indicating a stronger binding between PDK2 and L2 (please note
that, throughout, stronger retardation of deuterium exchange is
indicative of stronger interaction). In contrast, the same Gln134−
Leu165 peptide in L2S and L1L2S displayed very similar
deuterium uptake changes upon interaction with PDK1 and
PDK2; again, deuterium uptake was decreased in the presence of
ATP (Figure 2). The comparison of deuterium uptake described
above suggests that the intact E2·E3BP core enhances the
specificity of L2 for PDK2 over PDK1, while addition of ATP has
a more pronounced effect for binding to both PDK1 and PDK2.
The C-terminal region of L2, i.e., peptides Glu179−Leu186 and
Ala187−Cys205, experienced ΔΔD values of ∼0.3 and ∼0.5 Da,
respectively (Figure 1B). These values were not affected by the
C-terminal truncation of E2, by PDK1 or PDK2, or by ATP
activation, indicating global changes induced upon their binding.

Changes Observed in the E2 Core Domain. A small
reduction in ΔD (∼0.3) was also apparent in the E2 core
domain, particularly for peptide Ala503−Met525, located on an
internal hairpin loop of the E2 core domain according to cryo-
electron microscopy.19

Changes Observed in E3BP. Two peptides, one from the N-
terminal region of L3 and one from the linker region connecting
L3 and the E3-binding domain in E3BP, displayed deuterium
uptake changes upon interaction with PDK1 and PDK2. For N-
terminal peptide Gly1−Leu37, a decrease in deuterium uptake of
∼0.27 Da on binding to PDK1 and of ∼0.47 Da on binding of
PDK2 was detected. For peptide Trp85−Phe129 from the linker
region, these values were 0.30 Da for PDK1 and 0.25 Da for
PDK2. The presence of ATP did not affect the results. While
previous studies were focused on structural insight into
interactions of E3 and the E3-binding domain with L2,15,16 the
HDX-MS studies presented here not only detected peptides
originated from L3 but also revealed changes in deuterium
uptake by L3 peptides upon interaction with PDK1 and PDK2, a
change more pronounced with PDK2 than with PDK1.
The HDX-MS results described above are in good agreement

with the X-ray structure of L2 bound to PDK2.60 According to
the X-ray structure, residues of L2 that form extensive contacts
with PDK2 (one PDK2 dimer binds two L2’s) are Ala139−Pro142,
Glu153, Glu162−Leu165, Glu170−Thr175, Glu179, and Arg196, in good
agreement with an essential peptide (Gln134−Leu165) identified
by HDX-MS upon interaction of the E2·E3BP core with PDK2.
Among L2 residues identified by X-ray, Leu140, Lys173, Ile176, and,
to a lesser extent, Glu179, Asp164, Asp172, and Ala174 were all

Figure 2. Comparison of the changes in deuterium uptake by peptide
Gln134−Leu165 in C-terminally truncated E2·E3BP core-derived proteins
upon complexation with PDK1 and PDK2.
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suggested to be essential for recognition of PDK2 according to
site-directed mutagenesis studies.55 In the X-ray structure of the
PDK2−L2 complex, residues Leu137−Thr145 are positioned on
the L2 recognition loop located between strands β1 and β2,60

and Glu162 forms an ionic bond to Lys376 on PDK2. Although
Lys376 is conserved in all PDKs, there is no ionic bond apparent in
the crystal structure of the PDK3−L2 complexes.61,62

Changes Observed on PDK1 and PDK2 in the Presence
of the E2·E3BP Core and Their C-Terminally Truncated
Proteins. Among four PDK isozymes, PDK2 is the most
abundant64,65 and the most studied isoform. Crystal structures
for mammalian PDK1 and PDK2 are known, including rat
PDK2,59 the rat PDK2−L2 complex,60 human PDK2 in free
form and in complexes with ATP, ADP, inhibitors in the N-
terminal (R) domain,66 and inhibitors in the ATP-binding
pocket.58 Published crystal structures of PDK1 include the apo
and holo forms bearing lipoate or pyruvate analogues.52

Because residues from both the N-terminal (R) and C-
terminal (K) domains of PDKs are involved in interaction with

L2 according to the X-ray structure, we present a detailed analysis
of changes in deuterium uptake in both domains of PDKs upon
interaction with the E2·E3BP core and their C-terminally derived
proteins. The descriptive names of the structural elements of
PDKs used in this paper are from their published structures.

Changes in the N-Terminal (regulatory) Domain of PDK1
and PDK2 upon Addition of the E2·E3BP Core and Its C-
Terminally Truncated Proteins. The following N-terminal
regions of both PDKs are affected by interaction with the E2·
E3BP core.
(i) In rat PDK1, the deuterium uptake in peptide Asp29−Phe48,

and especially in peptide Arg51−Met59 (the hinge between
helices α1 and α2), was significantly affected (ΔΔD values of
∼0.65 and∼1.34 Da, respectively) (Figure 3). Because theΔΔD
from peptide Val42−Phe48 was negligible, most of the observed
ΔΔD changes were due to peptide Asp29−Gly41. For peptide
Arg51−Met59 the decreasing order of effectiveness of interaction
was in the following order: E2·E3BP (∼1.34 Da) > L1L2S
(∼1.23 Da) > L2S (∼0.62 Da) > L3S′ (∼0.17 Da) ∼ L1 (∼0.16

Figure 3. Comparative HDX-MS analysis of the interaction between PDK1 and the E2·E3BP core. (A) Butterfly plot representing relative deuterium
incorporation percentage (ΔD%, y axis, deuterons exchanged/maximal exchangeable amides × 100%) of peptic peptides from rat PDK1 (x axis, listed
peptic peptides from the N- to C-terminus) in its free form (black) and in complex with human C-terminally truncated E2·E3BP core-derived proteins
(in various colors), and in the absence (top) and presence of ATP (bottom). Overlapping peptides were capped. (B) Butterfly plot showing the changes
in deuterium incorporation (ΔΔD, y axis, deuterons exchanged in the presence of each C-terminally truncated E2·E3BP core-derived protein minus
deuterons exchanged in its absence) of peptic peptides from rat PDK1 upon its complexation with C-terminally truncated E2·E3BP core-derived
proteins (in various colors) in the absence (top) and presence of ATP (bottom). (C) Difference plot showing the changes in deuterium incorporation
(ΔΔD, y axis, deuterons exchanged in the presence of ATPminus deuterons exchanged in the absence of ATP) of peptic peptides from rat PDK1 [in its
free form (black) and complexed with C-terminally truncated E2·E3BP core-derived proteins (in various colors)] in the presence of ATP. Each data
point represents the mean ± the standard deviation from three independent experiments. Arrows show statistically significant changes.
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Da) (Figures 3 and 4). In human PDK1, the N-terminal peptide
Ser29−Arg40 (corresponding residues in rat PDK1 are Asp29−
Ser40) was not seen in the crystal structures, and this region was
thus considered to be disordered.52 However, according to
HDX-MS, peptide Asp29−Gly41 displayed a moderate ΔD% of
37% after exchange for 3 min, indicating that this N-terminal
region may be partially folded, but its function in PDK remains
unknown. It is noteworthy that these residues are unique to
PDK1 among the four PDK isozymes.
As for PDK2, peptides Lys9−Leu13 and His22−Met33 from the

N-terminus were detected by HDX-MS (Figure S2 of the
Supporting Information). However, neither peptide displayed a
statistically significant ΔΔD upon complexation with the E2·
E3BP core, even in the presence of ATP. This is in accord with X-
ray structural data. Peptide His22−Met33 containing half of helix
α1 and the hinge region between helices α1 and α2 displayed
only a weak change according to HDX-MS (ΔΔD ∼ 0.18)
(Figure S2 of the Supporting Information), unlike the hinge in
PDK1, where a ΔΔD of ∼1.34 Da was determined for the
corresponding peptide Arg51−Met59.
Helix α2. In PDK2, peptide Phe36−Glu46, containing part of

helix α2, showed aΔΔD of≤0.6 Da (Figure S2 of the Supporting
Information). Peptide Lys47−Phe50 was also affected (ΔΔD ∼
0.3 Da); the decreasing order of effectiveness of interaction was
as follows: E2·E3BP > L1L2S ∼ L2S > L3S′. L1 had no effect
(Figure S2 of the Supporting Information). In PDK1, peptide
Phe62−Ser67 also showed aΔΔD of 0.5 Da, which was affected by
complexation with L1L2S and the E2·E3BP core only (Figure 3).
Hinge between Helices α5 and α6 and the N-Terminus of

Helix α6. Peptide Phe124−Glu137 in PDK1 (ΔΔD∼ 0.55 Da) and

the corresponding Asp100−Gln111 peptide in PDK2 (ΔΔD ∼
0.3) were modestly affected by complexation with the E2·E3BP
core (Figure 4).

Gate Helix near the ATP Lid. Part of the gate helix, peptide
Ala157−Glu162 (ΔΔD = 0.66 Da) in PDK1, and peptide Ala131−
Glu136 (ΔΔD = 0.62 Da) in PDK2 were modestly affected by
binding to the E2·E3BP core (Figure 4). These peptides from
PDK1 and PDK2 exhibit distinct behavior in the presence of
ATP: peptide Ala157−Glu162 in PDK1 showed an increased ΔD
up to 0.67 Da (Figure 3C), while peptide Ala131−Glu136 in PDK2
displayed a reduced ΔD up to 0.86 Da (Figure S2C of the
Supporting Information). The relative effects in decreasing order
in PDK1were as follows: E2·E3BP∼ L1L2S > L2S > L3S′ = L1 =
0. In PDK2, without ATP present, they were as follows: E2·E3BP
> L2S > L1L2S∼ L3S′ > L1 = 0. With ATP present, they were as
follows: E2·E3BP > L1L2S > L2S > L1 > L3S′ (Figure 4).

Changes in the E-Loop of PDK1 and PDK2. According to X-
ray structural data, the E-loop in PDK2 (Gly178−Pro185)
undergoes a disorder-to-order transition upon complexation
with L2.60 In the PDK2 structure, this loop connects helices α7
and α8 and forms the back wall of the E1-binding cavity. It was
suggested that ordering of the E-loop in PDK2 upon L2 binding
is responsible for the greater affinity for E1p.59,60 On complex-
ation with the E2·E3BP core, the E-loop of PDK1 peptide
Asn196−Leu201 (ΔΔD of∼0.72 Da in the presence and∼0.80 Da
in the absence of ATP) and peptide Gly204−Asp222 (ΔΔD of
∼0.53 Da in the presence and ∼0.47 Da in the absence of ATP)
revealed reduced ΔD values upon complexation. On complex-
ation with L1L2S, similar changes were observed, but not on
complexation with L1, L2S, and L3S′ (Figure 4). The

Figure 4. Changes in deuterium uptake for peptic peptides in PDK1 and PDK2 upon complexation with various C-terminally truncated E2·E3BP core-
derived proteins. The exchange-active residues represent the results from subtraction of ΔΔD of overlapped peptides in Figure 3 and Figure S2 of the
Supporting Information excluding two fast exchangeable N-terminal residues.
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corresponding E-loop peptide Asn170−Asp199 in PDK2 behaved
similarly (ΔΔD of∼0.65 Da in the presence and∼0.63 Da in the
absence of ATP). With this PDK2 peptide, all C-terminally
truncated E2·E3BP core-derived proteins, with the exception of
L1, behaved like the E2·E3BP core.
Changes in the C-Terminal Nucleotide-Binding Domain of

PDK1 and PDK2. Changes in the C-Tail of PDK1 and PDK2.
The C-terminal regions in PDK1 (peptides Ile385−Ser394 and
Ile395−Asp417) and corresponding C-terminal regions in PDK2
(peptide Leu363−Asp390) were affected by binding to the E2·
E3BP core. Complexation of PDK1 with the E2·E3BP core
causes a reduction ofΔD of up to 0.3 Da in peptide Ile385−Ser394
and a major reduction in ΔΔD of ∼2.0 Da in peptide Ile395−
Asp417, with the relative effect decreasing in the following order:
E2·E3BP (1.94 Da) > L1L2S (1.74 Da) > L2S (1.13 Da) > L3S′
(0.41 Da) = L1 (0.42 Da) (Figure 4). Data also indicate that the
major reduction in deuterium uptake originates from L1L2S in
the E2·E3BP core. Upon complexation of the E2·E3BP core with
the corresponding peptide Leu363−Asp390 in PDK2, a moderate
change in ΔΔD of only ∼0.9 Da was detected, compared with a
ΔΔD of 2.28 Da for PDK1 for the corresponding peptide. The
HDX-MS results suggest significant ordering of the carboxyl-
terminal region of the K domain of PDK1 upon complexation
with the E2·E3BP core. According to the X-ray structure of
PDK3, the C-terminal part of the K domain was suggested to be
involved in forming the L2-binding site.52,61

Changes in the Conserved G1-Box Motif Involved in
Binding the Adenine Moiety of Nucleotide. In PDK1, a 0.3−
0.6 Da decrease in ΔD was found in peptide 313KMSDRGGG-
VPLRKIDRLFN331 containing the conserved G1-box motif
(DXGXG) upon ATP binding (residues from the G1-box are
underlined) (Figure 3). A 0.2 Da decrease in ΔD was found in

the corresponding 287KMSDRGGGVPLRKIERL303 peptide in
PDK2 (Figure S2 of the Supporting Information).

Changes in the G2-Box Characteristic Motif Involved in
Stabilization of Phosphate Groups of the Nucleotide. The
central Gly residues of the G2-box motif (GXGXG, correspond-
ing to residues GFGYG in PDK) are Gly354 in PDK1 and Gly327

in PDK2 and displayed reduced ΔD values of ≤0.5 Da in the
presence of C-terminally truncated E2·E3BP proteins. As shown
in Figure 4, Gly354 in PDK1 was affected in a statistically
significant manner by most of the C-terminally truncated E2·
E3BP proteins (L2S, L1L2S, L3S′, and E2·E3BP) in the absence
of ATP, while in PDK2, Gly327 was affected by all C-terminally
truncated E2·E3BP proteins (L1, L2S, L1L2S, L3S′, and intact
E2·E3BP) regardless of the presence or absence of ATP. A single
L1 lipoyl domain was sufficient to induce a statistically significant
ΔΔD on Gly327 of PDK2, but not on Gly354 of PDK1.

Changes in the ATP Lid. No changes in ΔD were found in
peptide Thr336−Leu362 of PDK1 upon ATP binding, while the
corresponding Thr310−Leu335 peptide of PDK2 revealed a small
decrease in ΔD in the presence of ATP. According to the crystal
structures (Figure 5), the ATP lid is ordered in PDK1 but
disordered in other PDKs.52,60−63,66 This fact may have
contributed to the observed difference in HDX-MS.

Additional Changes Observed. In PDK2, peptides 213DKY215

(0.4 Da reduction with both the E2·E3BP core and its C-
terminally truncated proteins), Ala218−Glu223 (0.3 Da reduction
with any E2 protein), and Asn255−Ser267 (0.3−0.4 Da reduction
with L3S′ and L1L2S) showed decreased ΔD values upon ATP
binding. However, the corresponding peptides Val223−Leu240,
Tyr241−Leu250, and Phe279−Leu310 in PDK1 did not show any
changes in ΔD (Figure 3).

Figure 5. Peptic peptides of PDK1 and PDK2 whose deuterium uptake responds to complexation with E2·E3BP/ATP are highlighted on the crystal
structures of the rat PDK2−L2 complex (Protein Data Bank entry 3crl)60 and human PDK1 (Protein Data Bank entry 2q8g).52 The figures were
produced by PyMOL.
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All peptic peptides of PDK1 and PDK2 identified byHDX-MS

as responding to changes in deuterium uptake upon complex-

ation with the E2·E3BP core are highlighted on the X-ray

structures of human PDK1 and rat PDK2 in Figure 5.

Identification of Loci of Interaction between C-
Terminally Truncated E2·E3BP Proteins and PDK1 and
PDK2 by NMR. Backbone Resonance Assignment of C-
Terminally Truncated E2·E3BP Proteins. Complete backbone
resonance assignment was only possible for the single outer

Table 1. Summary of the NMRData upon Interaction of C-Terminally Truncated E2·E3BPCore-Derived Proteins with PDK1 and
PDK2

protein

domain
or

region peaks that disappeared upon complexation with PDK1 peaks that disappeared upon complexation with PDK2

L1 L1 +
linker

S14, T16, Q18, D45, K46, A47, N92 T16, Q18, D45, A47, N92

L2S L2 +
linker

M133, T143, M146, T148, Q150, L166, T171, D172, A174, F178,
V180, A187, I189, D197, G201, L204, I206

T143, T148, L166, T171, D172, F178, V180, L204

S +
linker

Y220, V232 Y220, V232

L1L2S L1 +
linker

T16, E41, T44, A60, I62, L63, A99 E41, T44, A99

L2 +
linker

V135, L137, L140, T143, M146, G147, Q150, W152, S161, G163,
I169, E170, T171, I176, F178, E179, G184, Y185, A187, I189, E193,
G201, T202, V208

V135, L136, L137, L140, T143, G147, Q150, W152, G157, S161, G163,
I169, E170, T171, I176, G177, F178, E179, G184, A187, I189, E193,
G201, I207, V208

S +
linker

I214, S215, F217, Y220, A279, I303 I214, S215, Y220, A279, I303

L3S′ L3 +
linker

I4, T14, E16, G18, V21, L24, G28, G34, I40, T42, D43, V47, L49, I56,
A58, I60, L71, G72, I75, G76, G82, W85

I4, T14, E16, L24, T42, D43, V47, A58, I60, L71, G72, I75, G76, E80,
G82, W85

S +
linker

G149, I157, G173 G149, I157, G173

Figure 6. Overlaid two-dimensional 15N−1H HSQC TROSY spectra of the C-terminally truncated E2-derived proteins L1, L2S, and L1L2S in the
absence (red peaks) and presence of PDK1 (blue peaks) and PDK2 (green peaks). The C-terminally truncated E2-derived protein (0.3 mM) was mixed
with unlabeled PDK1 (0.1 mM based on monomer) or PDK2 in 20 mM KH2PO4 (pH 7.0) containing 150 mMNaCl, 5% glycerol, and 10% D2O, and
spectra were recorded at 25 °C. Spectra A−C represent interaction of L1, L2S, and L1L2S with PDK1, respectively, and spectra D−F represent
interaction of L1, L2S, and L1L2S with PDK2, respectively. Assigned peaks are indicated with the one-letter amino acid code and residue number.
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lipoyl domain (L1). Partial assignments of the backbone
resonances were made for the larger L2S, L1L2S, and L3S′
proteins, all of which contain a subunit-binding domain. The
PSBD is the smallest globular protein domain known without
disulfide bridges, metal ions, or prosthetic groups. Its surface is
characterized by the presence of a large number of positively
charged residues, and they exhibit varying degrees of ionic
strength-dependent characteristics.79,80 We have only limited
assignment details available for the S and S′ domains. All four
proteins, L1, L2S, L1L2S, and L3S′, displayed reasonable signal
dispersion in the proton−nitrogen correlation map at 600 MHz.
Peak positions were adjusted on the basis of HNCO strips.
HN(CO)CACB and HNCACB spectra were used to link
sequential amide groups via matching pairs of Cα/Cβ peaks, and
sequence-specific backbone (1HN, 15N, 1Hα, 13Cα, 1Hβ, 13Cβ, and
13C′) resonance assignments were obtained. Even though there is
high degree of sequence similarity between the lipoyl domains,
the residues from the L1 and L2 domains do not overlap, and
their resonances could be assigned using doubly 15N- and 13C-
labeled L1L2S proteins. A brief summary of assigned peaks is
presented in Table S5 of the Supporting Information, while the
sequence-specific resonance assignments for L1, L2S, L1L2S,
and L3S′ are presented in Tables S6−S9 of the Supporting
Information.
Interaction of C-Terminally Truncated E2·E3BP Proteins

with PDK1 and PDK2 by NMR. With the available sequence-
specific resonance assignments to the four C-terminally
truncated E2·E3BP core-derived proteins, L1, L2S, L1L2S, and
L3S′, we undertook studies of interaction of these proteins with
PDK1 and PDK2 to provide more insight into the role of the
individual domains and the combination of domains in their
interactions. This study would help to identify some differences
in the ways these proteins recognize each other and how they
interact. On the basis of our studies using chemical shift mapping,
it was indicated that both PDK1 and PDK2 interact with several
residues in all four truncated E2·E3BP core-derived proteins.
However, differences in sensitivity were observed between the
different proteins. There were some residues that contribute to
the specific recognition. A summary of the interaction of the four
C-terminally truncated E2·E3BP core-derived proteins with
PDK1 and PDK2 is presented in Table 1. Whether these
interactions are strong enough to help bind the PDKs to the
phosphorylation site of E1 is not answered by these studies.
Interaction of the Outer Lipoyl Domain L1 with PDK1 and

PDK2. The 15N−1H HSQC TROSY spectra (Figure 6A,D) of L1
recorded in the presence of PDK1 and PDK2 cause the
disappearance of a few L1 residues because of overbroadening
(Table 1). The two spectra gave essentially identical results. The
residues at the dominant interaction site are in the surface loop
region close in space to the lipoyllysine β-turn and in the
lipoyllysine β-turn itself.81 The chemical shift changes are not
very specific, many of the peaks arising from the entire lipoyl
domain that underwent a change in chemical shift (>0.01 ppm).
However, the chemical shift changes observed with the L1−
PDK1 complex were larger than those observed with PDK2
(Figure 8). Residue Ser14, which disappeared in the L1−PDK1
interaction, showed a significant change of 0.07 ppm with PDK2,
implying its interaction with PDK2, as well. Also, residues Ile39

and Asp96 showed chemical shift changes of >0.05 ppmwith both
PDKs. Residues Thr48 and Leu54 show unique chemical shift
changes of >0.05 ppm with PDK1.
Interaction of the L2S Didomain with PDK1 and PDK2.

Chemical shift mapping studies of uncomplexed L2S and L2S

bound to PDK1 or PDK2 signaled overbroadening of several L2
domain peaks that can no longer be detected in the 15N−1H
HSQC TROSY spectrum in the complex (Figure 6B,E). On
interaction with PDK1, several resonances corresponding to
amino acid residuesMet133, Thr143, Met146, Thr148, Gln150, Leu166,
Thr171, Asp172, Ala174, Phe178, Val180, Ala187, Ile189, Asp197, Gly201,
Leu204, Ile206, Tyr220, Val232 disappeared. Among these residues
Met133, Met146, Gln150, Ala174, Ile189, Asp197, Gly201, Ile206 were
overbroadened only upon complexation with PDK1, but not
with PDK2. The remaining residues were affected equally on
interaction with PDK1 and PDK2 (Table 1). In case of the outer
lipoyl domain L1, the interacting residues are mostly limited to
surface loop and lipoyl β-turn region, while those in the inner L2
domain were widely distributed over the entire lipoyl domain,
especially over the loop regions. Most of these residues are
hydrophobic, while some are acidic.

Interaction of L1L2S tridomain with PDK1 and PDK2. The
largest E2 protein studied was L1L2S, and its interactions with
the two kinases led to the chemical shift perturbation maps
presented in Figure 6C and 6F. Both PDKs interact with L1L2S
at a number of residues, but most importantly, there are clear
differences: interaction of two residues (Glu35 and Val198) with
PDK1, and two residues (Glu153 and Glu209) with PDK2 are
unique. These provide clear “hotspots” to test further and
perhaps to design inhibitors against (Figure 8). Apart from these
chemical shift changes, the interaction also caused disappearance
of a few residues in the L1 region and several residues in the L2
region in the [15N, 1H] - HSQC TROSY spectra (Figure 6C,F
and Table 1). Also, this L1L2S tridomain reveals a larger number
of interacting residues in the L2 region with the kinases than the
same region in the L2S didomain does (Table 1).

Interaction of L3S′ with PDK1 and PDK2. Upon interaction
of the two PDKs with the L3S′ didomain, the apparent chemical
shift differences are not as clear, although interaction with PDK1
is strongly implied, suggesting some hot spots, as well (Figure 8).
The overlaid 15N−1H HSQC TROSY spectra of L3S′ in the
absence and presence of PDKs are presented in Figure 7. In these

Figure 7.Overlaid two-dimensional 15N−1H HSQC TROSY spectra of
the C-terminally truncated E3BP-derived protein L3S′ in the absence
(red peaks) and presence of PDK1 (blue peaks) and PDK2 (green
peaks). L3S′ (0.3 mM) was mixed with unlabeled PDK1 or PDK2 (0.10
mM based on monomer) in 20 mM KH2PO4 (pH 7.0) containing 150
mM NaCl, 5% glycerol, and 10% D2O, and spectra were recorded at 25
°C. Assigned peaks are indicated with the one-letter amino acid code
and residue number: (left) interaction of L3S′ with PDK1 and (right)
interaction of L3S′ with PDK2.
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interactions, resonances corresponding to several residues of L3
over both halves of the antiparallel β-sheet disappeared upon
complexation with PDKs. However, with L3S′, more resonances
disappeared (overbroadened and corresponding to residues
located on the β-sheet encompassing the lipoylated Lys residue)
upon interaction with PDK1 than with PDK2, further implying
its stronger interaction with PDK1. Resonances corresponding
to L3S′ residues that are too broad to be detected upon
complexation with PDKs are listed in Table 1.
Isothermal Titration Calorimetric Determination of

Association Constants of the C-Terminally Truncated E2·
E3BP Core with PDK2. Isothermal titration calorimetry (ITC)
was performed to dissect interactions between PDK2 and L2S,
L1L2S, and L3S′. The binding isotherms derived from heat
changes were used to calculate the standard free energy of
binding (ΔG°) according to the equationΔG° = RT lnKa, where
R is the gas constant, T the absolute temperature, and Ka the
association constant. For L2S, the binding event was calculated
to have an association constant Ka of 1.45 × 105 M−1 and a
stoichiometry of 2.0; for L1L2S, a Ka of 1.32 × 105 M−1 with a
stoichiometry of 0.83 was found, while the absence of
quantifiable heat changes with L3S′ suggests an only modest

strength of binding of L3S′ to PDK2. Nevertheless, the chemical
shift mapping studies of L3S′ that showed the disappearance of
several peaks throughout the entire lipoyl domain upon binding
with PDK1 or PDK2 (Table 1 and Figures 7 and 8) affirm
interaction between L3S′ and the two PDKs.

■ SUMMARY

Deductions from HDX-MS Studies. (1) Given that there
has been no high-resolution study of any of the 2-oxo acid
dehydrogenase complexes, the HDX-MS studies accomplish a
remarkable feat: they produce peptide-level resolution on both
components of a complex, one partner of which, PDK1 or PDK2,
has a dimermass of 90 kDa, while the other partner, the intact E2·
E3BP core of PDC, has a mass exceeding 3 MDa (as many as 60
subunits).
(2) The intact human E2·E3BP core can be effectively digested

and analyzed by HDX-MS. The three different lipoyl moieties
can be identified and analyzed simultaneously.
(3) Where comparable data exist from X-ray structures and

kinetic and ITC studies, HDX-MS findings are in good
agreement, thereby providing validation to the approach.

Figure 8. Chemical shift differences of the 1H and 15N nuclei upon complexation of L1, L1L2S, and L3S′ with PDK1 and PDK2. Chemical shift
deviations of peak positions were extracted from the 15N−1H HSQC TROSY spectra. The chemical shift differences were calculated using the formula
Δδ = {Δ(1H)2 + [αN Δ(15N)]2}1/2 with a scaling factor (αN) of 0.2.
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(4) In the complex of PDK1 and PDK2 with the E2·E3BP
core, the most significant changes were detected on the N-
terminal region of the L2 inner lipoyl domain; this region was
more sensitive to interaction with PDK2 than with PDK1, in
agreement with data in the literature.
(5) Statistically significant changes were detected in the N-

terminal region of L3 (in L3S′) of E3BP upon interaction with
PDK2, and to a lesser extent with PDK1. The presence of ATP
enhanced the interactions for both (findings in points 4 and 5).
(6) A significant difference was observed in the behavior of

binding of the E2·E3BP core to PDK1 versus PDK2.
(i) Peptide Arg51−Met59 in the N-terminal region of PDK1

revealed protection from exchange much greater than that of the
corresponding peptide in PDK2. This is a major difference
reported for the first time; none of the analyzed N-terminal
peptides of PDK2 showed statistically significant ΔΔD values.
(ii) The HDX-MS results suggest greater ordering of the

carboxyl-terminal region of the K domain in PDK1 than in PDK2
upon complexation with the E2·E3BP core (ΔΔD of∼2.0 Da for
PDK1 peptide Ile395−Asp417). According to X-ray structural data
of PDK3, the C-terminal part of the K domain was suggested to
be involved in the formation of the L2-binding site.
(7) The E2·E3BP core induced more changes on PDKs than

any of their C-terminally truncated proteins. The effect of L1L2S
on deuterium uptake by peptides from PDK1 and PDK2 was
nearly as strong as that of the intact E2·E3BP core. Hence, L1L2S
is an excellent candidate with which to define interaction loci
with these two PDKs.
(8) Surprisingly, L3S′ induced moderate changes in many

peptic peptides of PDKs, indicating that E3BP may also play an
important role in PDK’s binding, activation, and regulation.
Deductions from the NMR Findings. (1) Evidence from

our analysis of the interaction of the C-terminally truncated E2·
E3BP proteins with PDK1 and PDK2 suggests that both L2 and
L3 interact strongly with PDK1 and PDK2 (Table 1). There were
fewer interaction sites with L1 than with L2 and L3. Given that
the overall fold of all lipoyl domains is identical, the source of
specificity of the kinases for the lipoyl domains is not obvious.
(2) Sequence comparisons of the lipoyl domains were

conducted to ascertain whether amino acid differences could
account for the observations (Figure S3 of the Supporting
Information). The residues whose resonances disappeared in
chemical shift mapping studies (upon interaction with PDK1 or
PDK2) in all three lipoyl domains were correlated with the
sequence. Resonances, which were too broad to be detected
upon complexation, pertained to conserved or highly similar
residues in the L1−L3 sequences (Figure S3 of the Supporting
Information), even though the affected residues participated in
different interactions. Noticeable differences were seen in the
corresponding residues Gln6, Met133, and Ile4 in the L1, L2, and
L3 sequences. The highly similar hydrophobic residues Met133

and Ile4 in L2 and L3 show interaction with PDK1, but residue
Gln6 in L1 did not show any interaction with PDKs. Also, Ile4

(L3S′) interacts with both PDK1 and PDK2, whereas Met133

(L2S) is affected by only PDK1.
(3) A few residues in L2 and L3 exhibited unique interactions

with PDKs. (a) L2 residues Leu166, Asp197, Gly201, and Leu204

interact with PDKs, whereas the corresponding residues in L3
and L1 were unaffected in the NMR studies. (b) L3 residues
Leu24, Gly28, and Gly34 also display unique interaction behavior
with PDKs compared with that of L1 and L2.
(4) Complexation with PDK1 or PDK2 led to more

interactions with the L1L2S tridomain than with the L2S

didomain. The differences in the amino acid composition of the
linker residues might also play a critical role in the differential
PDK regulation by the lipoyl domains. Our sequence-specific
assignments identified L2 residues Ile214, Ser215, and Tyr220 to
show interaction with both PDKs and residue Phe217, which was
affected upon its interaction with PDK1, but not with PDK2.
More complete assignments in the linker and PSBD regions
might shed light on their role in the differential behavior of the
lipoyl domains toward PDKs.
(5) The chemical shift perturbation maps revealed that there

were some resonances corresponding to residues in each protein
participating in specific interaction with PDKs. In L1L2S, two
residues, Glu35 and Val198, interacting with PDK1 and two
residues, Glu153 and Glu209, interacting with PDK2 displayed
specificity.
(6) Analysis of the NMR data and structural information

showed that the surface loop residues were consistently affected
in all four lipoyl domain-containing proteins. This infers that
these intrinsically flexible active site loops play multiple roles in
catalysis, as well as being critical in interactions with PDKs, and
further suggest that both L2 and L3 may be critical in defining
PDC interactions with PDKs.
(7) Even though the ITC studies of L3S′ with PDK2 did not

reveal quantifiable interaction, the NMR studies suggest that
apart from L2S, the L3S′ also serves as a docking site for PDKs.
(8) The residues affected in the NMR study are mainly

hydrophobic and acidic in both L2S and L3S′ proteins, in
agreement with previous crystallographic studies that showed
that the interfaces between the N-terminal domain of PDK3 and
L2 consist of hydrophobic interactions in the lipoyl-binding
pocket and its surrounding regions, as well as electrostatic
interactions of the lower portion of theN-terminal domain. From
our interaction studies, the “hot spots” identified in Results and
Discussion and highlighted in Table 1 could serve as potential
guides in a search for specific inhibition of PDK isoforms.

Advantages and Limitations of the Two Approaches.
The C-terminally truncated proteins derived from the E2·E3BP
core of the PDC all confirm interactions with both PDK1 and
PDK2. There are also distinct hot spots suggested by the
chemical shift perturbation maps, which provide suggestions for
further research to be undertaken prior to inhibitor design,
synthesis, and testing. Site-directed mutagenesis at the hot spots
needs to be conducted, followed by NMR and ITC studies of the
protein variants to rule in or out the importance of the hot spots
in the interactions with the kinases. Because of the size of the
PDKs (dimer of 45 kDa monomers), the NMR results inform
only the interaction hot spots on the partner derived from the E2·
E3BP core. The HDX-MS studies of the same C-terminally
truncated proteins derived from the E2·E3BP core, and of the
entire E2·E3BP core with the same two kinases, while lower in
resolution than the residue-specific NMR method, add
information regarding the loci of interactions on the two kinases
themselves, adding to the unique capabilities of the HDX-MS
method.
From these studies, it became clear that even though the L2

domain plays a major role in PDK interactions, there are other
regions on E2 that interact with PDKs. According to both
methods used, the larger C-terminally truncated L1L2S shows
stronger, and more points of, interaction with PDKs than the
didomain L2S. Because there are no X-ray structural data about
these tridomain and didomain proteins, it is difficult to interpret
the role of long-range interactions due to domain−domain
interactions based on the chemical shift mapping studies. At the
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same time, it cannot be overemphasized that the HDX-MS
method could use the intact E2·E3BP core (60 subunits) and
provide detailed information about the effects of its interaction
and/or specificity with PDK1 and PDK2. The two comple-
mentary approaches consistently suggest that the L3 domain
from E3BP also interacts with PDKs. Also, chemical shift
mapping identified several residues interacting uniquely with
PDK1 or PDK2.
This study of E2·E3BP core−PDK1 and −PDK2 interactions

could serve as a stepping stone for further research to be
undertaken prior to inhibitor design for the development of
isozyme-specific (and tissue-specific) inhibitors for the treatment
of diabetes and cancer.
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