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Comparative homology modeling of pyruvate dehydrogenase
kinase isozymes from Xenopus tropicalis reveals
structural basis for their subfunctionalization
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Abstract Structural–functional divergence is responsible
for the preservation of highly homologous genes. Protein
functions affected by mutagenesis in divergent sequences
require investigation on an individual basis. In the present
study, comparative homology modeling and predictive
bioinformatics analysis were used to reveal for the first
time the subfunctionalization of two pyruvate dehydroge-
nase kinase (PDK) isozymes in the western clawed frog
Xenopus tropicalis. Three-dimensional structures of the two
proteins were built by homology modeling based on the
crystal structures of mammalian PDKs. A detailed compar-
ison of them revealed important structural differences that
modify the accessibility of the nucleotide binding site in the
two isozymes. Based on the generated models and
bioinformatics data analysis, the differences between the
two proteins in terms of kinetic parameters, metabolic
regulation, and tissue distribution are predicted. The results
obtained are consistent with the idea that one of the xtPDKs
is the major isozyme responsible for metabolic control of
PDC activity in X. tropicalis, whereas the other one has
more specialized functions. Hence, this study provides a
rationale for the existence of two closely related PDK

isozymes in X. tropicalis, thereby enhancing our under-
standing of the functional evolution of PDK family genes.

Keywords Homology modeling . Pyruvate dehydrogenase
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Introduction

Pyruvate dehydrogenase kinases (PDKs) inactivate the multi-
meric mitochondrial pyruvate dehydrogenase complex (PDC)
by phosphorylating three seryl residues in the pyruvate
decarboxylase subunit E1 [1, 2]. PDKs, together with the
related α-ketoacid dehydrogenase kinase (BCK), constitute a
distinct group of mitochondrial protein kinases (mPKs) that
lack the characteristic sequence motifs of eukaryotic protein
kinases [3–5]. Structural studies of PDKs and BCK have
revealed that the kinases of this group bear two distinct
functional domains [6, 7]. The C-terminal nucleotide-binding
domain has a mixed α/β structure characteristic of the
GHKL ATPase/kinase superfamily [8]. It contains four
conserved motifs (G1, G2, G3, and N boxes) and the ATP-
lid, which forms a unique ATP-binding fold. Nucleotide
binding has been shown to induce ordering of the lid region
[6, 7]. Significant differences have been observed in the
conformation of the active center in the C-terminal
nucleotide-binding domain of the apoenzyme, ADP-bound,
and ATP-bound forms of human PDK2 [9]. The N-terminal
domain of mPKs is dominated by a four-helix bundle
topology and contains the lipoyl-binding pocket [10]. The
important regulatory function of the PDK N-terminal domain
was highlighted by the identification of at least three distinct
binding sites for physiological and synthetic ligands [9].
PDKs and BCKs were demonstrated to form functional
“head-to-tail” dimers through the direct interaction of the
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nucleotide-binding domains of two protomers and their C-
terminal tails [6, 7, 11–13]. Dimer binding to the inner lipoyl
domain (L2) of the PDC E2 subunit is important for the
catalytic function of PDKs [14–17]. The reversible
association of the kinase with the L2 domains allows it
to move along the surface of the PDC E2 core and to
phosphorylate multiple copies of E1 molecules [15, 17,
18]. The oxidation and acetylation states of the lipoyl
group covalently attached to L2 affect the affinity of the
lipoyl domain for PDKs [12, 17].

Four genetically and biochemically distinct PDK family
isozymes (PDK1, 2, 3, and 4) have been identified in
mammals [19, 20]. The rationale for the existence of the
four different mammalian PDK genes is currently unknown.
One probable explanation is their subfunctionalization at the
protein level. It was shown that the four PDK proteins have
diverse substrate specificities, kinetic parameters, and tissue-
specific distributions [11–13]. However, the presence of four
members in the mammalian PDK family hinders compara-
tive structure–functional studies of them.

The western clawed frog Xenopus tropicalis is an
important model organism in developmental biology, and
a viable model for genetics. The complete genome of this
species has been sequenced and annotated [21]. Its relative
simplicity allows studies of gene evolution and the
mechanisms responsible for preserving divergent genes in
genomes. The complete family of expressed PDK genes in
the tissues of X. tropicalis consists of two members,
xtPDK3 and xtPDK4, which share high sequence identity
(68.4%; Fig. 1). Their 3D structures have not yet been
resolved. Although divergent homologous genes have been
suggested to specialize to perform complementary func-
tions [22, 23], no evidence has been presented for the
complementary function of these protein kinases. In the
study described in the present paper, a homology modeling
approach was combined with bioinformatics analysis to
reveal for the first time the subfunctionalization of PDK
proteins in X. tropicalis.

Methods

Sequence alignments

Amino acid sequences of X. tropicalis PDKs (xtPDKs)
were retrieved from the UniProtKB/Swiss-Prot database
(http://ca.expasy.org/sprot/, accession numbers A9ULF7
and Q6DFQ9), and template sequences were downloaded
from the 1Y8P and 3CRL PDB entries. Sequence align-
ments were performed using the CLUSTALW (http://www.
ch.embnet.org/software/ClustalW.html) [24] and FFAS03
servers (http://ffas.ljcrf.edu/ffas-cgi/cgi/pair_aln.pl) [25]. A
PostScript alignment adorned with secondary structure

elements was prepared with the webESPript2.2 (http://
espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi) [26].

Homology modeling

Three-dimensional structures of two xtPDK isozymes were
built by homology modeling based on the crystal structures
of mammalian PDK proteins. The crystal structure of
human PDK3 at a resolution of 2.63Å was used as a
template structure to generate the 3D model of xtPDK3.
The coordinate file of the template was retrieved from the
Protein Data Bank (PDB: 1Y8P chain A). The crystal
structure of rat PDK2 at a resolution of 2.61Å (PDB: 3CRL
chain B) was used as the template structure for the 3D
model of xtPDK4. Both template proteins were crystallized
in the nucleotide-bound form. Homology modeling was
carried out using the protein structure homology-modeling
server SWISS-MODEL (http://swissmodel.expasy.org/)
[27–29]. Visualization of the xtPDK structures was done
with PYMOL [30] and DeepView/Swiss-Pdb Viewer [31].

Loop modeling

Extended loop regions are not resolved in the two PDB-
deposited X-ray structures used as templates. In 1Y8P chain
A, residues 311 to 319 are missing; in 3CRL chain B, residues
313 to 322 are not presented. They were initially generated in
the Automatic Modeling Mode and were further refined with
the Loop Builder of SWISS-MODEL.

Validation and analysis of the 3D models

The quality of the modeled xtPDK structures was evaluated
using the PROCHECK [32] and QMEAN analyses [33, 34].
3D protein structure superposition and calculations of the
root mean square deviation (RMSD) values were performed
using Swiss-PdbViewer by fitting carbon backbones of
analyzed protein molecules. Molecular surface areas and
contact volumes were calculated with the web-based tool
Voss Volume Voxelator (http://www.molmovdb.org/cgi-bin/
3v.cgi) [35]. B-factor profiles of the modeled proteins were
investigated using the web-based tool for the analysis of
protein flexibility FlexServ (http://mmb.pcb.ub.es/FlexServ/)
[36], with Normal Mode Analysis employed. This server
incorporates protocols for the coarse-grained determination
of protein dynamics using different algorithms.

Protein structure accession numbers

The homology models of xtPDK3 and xtPDK4 proteins
were submitted to the Protein Model Data Base (PMDB;
http://mi.caspur.it/PMDB/) and assigned the identifiers
PM0076368 and PM0076369, respectively.

2568 J Mol Model (2012) 18:2567–2576

http://ca.expasy.org/sprot/
http://www.ch.embnet.org/software/ClustalW.html
http://www.ch.embnet.org/software/ClustalW.html
http://ffas.ljcrf.edu/ffas-cgi/cgi/pair_aln.pl
http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi
http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi
http://swissmodel.expasy.org/
http://www.molmovdb.org/cgi-bin/3v.cgi
http://www.molmovdb.org/cgi-bin/3v.cgi
http://mmb.pcb.ub.es/FlexServ/
http://mi.caspur.it/PMDB/


Other methods

Energy computations were performed with the GRO-
MOS96 implementation of Swiss-PdbViewer. Secondary
structure predictions for the C-terminal regions of
xtPDKs were carried out using the protein structure
prediction server PSIPRED (http://bioinf.cs.ucl.ac.uk/
psipred/) [37, 38], the on-line proteomics server Jpred3
(http://www.compbio.dundee.ac.uk/www-jpred/) [39], and
the protein disorder prediction server DISOPRED2 (http://
bioinf.cs.ucl.ac.uk/disopred/) [40]. Gene expression pat-

terns of xtPDKs inferred from EST counts were retrieved
from the EST profile viewer of UniGene (http://www.ncbi.
nlm.nih.gov/unigene/).

Results and discussion

Homology modeling of xtPDK3 and xtPDK4

Several X-ray structures of mammalian PDK proteins are
currently deposited in the PDB. They can serve as alternative

Fig. 1 Sequence alignment of Xenopus PDKs and their templates.
Identical and similar amino acids are highlighted with a red
background and red font, respectively. The secondary structure of

xtPDK3 is annotated above the sequences. Its accessibility profile is
shown below the sequences in blue gradations
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templates for homology modeling. Template selection and
target–template alignment identified the best template struc-
tures with the highest homologies and sequence coverages for
model building (Tables 1, 2). The sequence identity between
xtPDK3 and its template (human PDK3; PDB: 1y8pA) was
85%, whereas the identity between xtPDK4 and its template
(rat PDK2; PDB: 3crlB) was 75%. These sequence identities
are considered to be high enough to make reliable homology
models. Sequence alignments of the two xtPDKs with
their template proteins are provided in Fig. 1. The
modeled 3D structures of the xtPDK3 and xtPDK4
proteins (Fig. 2) display structural features common to
all PDK family enzymes, such as C-terminal and N-
terminal catalytic domains, a long interdomain linker,
extensive interdomain interactions, a large intermolecular
cavity of the active site cleft, and an extensive loop region
at the nucleotide-binding site in the C-terminal catalytic
domain (the ATP lid).

The generated models of the xtPDKs were validated using
PROCHECK and QMEAN analyses. Ramachandran plots of
the modeled xtPDK3 and xtPDK4 structures and their
statistics generated by PROCHECK are presented in the
“Electronic supplementary material” (ESM) Figs. S1, S2.
Calculated G factors and stereochemical parameters of the
main and side chains of the models were inside the ranges of
deviation in the mean values determined for the well-refined
protein structures at a resolution of 2.5Å (data not shown).
Furthermore, the QMEAN scores of the models, which range
between 0 and 1, with higher values indicating better quality,
were calculated to be 0.805 for xtPDK3 and 0.737 for
xtPDK4, indicating good overall quality of the generated
models. Comparison of these scores with the normalized
QMEAN scores for the available nonredundant set of PDB
structures of a similar size revealed that the xtPDK models
were of close-to-average quality (|Z score|<1; Figs. S3, S4).
The residues with the highest estimated errors were found to
be located mainly in the loop regions of the computational
models (Fig. S5). These regions were further scrutinized

using coarse-grained molecular dynamics (see below).
Together, both PROCHECK and QMEAN validated the
folding integrities of the generated 3D models and confirmed
their reliability.

Overall comparison of the xtPDK structures

The alignment of amino acid sequences of xtPDK3 and
xtPDK4 adorned with secondary structure elements is shown
in Fig. 1. The sequence identity between the xtPDKs is
68.4%, which indicates quite high similarity between the two
proteins. Their N-terminal regulatory domains contain eight
α-helices (α1–α8), four of which (α3, α5, α6/α7, and α8)
form a four-helix bundle. The C-terminal nucleotide-binding
domains consist of a five-stranded β sheet (β2, and β4–7)
and three α-helices (α9, α10, and α12, or α13 in xtPDK4)
on one side of the β-sheet facing the N-terminal domain
(Figs. 1, 3a). The N- and C-terminal domains interact with
each other through a number of highly conserved hydropho-
bic residues in the α8 and α11 (α12 in xtPDK4) helices.
These two helices are located at the bottom of a large
cleft between the two domains. The long helices (α7
and α9) from each domain form the outer edges of the
cleft (Fig. 3a). Since the nucleotide-binding site occupies
one side of this cleft, it is considered to be the active site
where the substrate binding and subsequent phosphoryla-
tion event take place [10]. The bottom part of the active
site cleft is occupied by the α8/β1 loop connecting the N-
and C-terminal domains.

The structures of the two xtPDK isozymes show good
overall structural alignment (RMSD 1.98Å over 368 Cα
atoms), except for several mismatched loops. These include
the short α2/α3 loop (residues 42–44 in xtPDK4), the N-
terminal part of the interdomain linker (residues 178–182),
the α10/β4 loop (residues 265–269), and a large part of the
ATP lid (residues 307–327) (Fig. 3a). The misalignment of
the ATP lids is especially severe. The RMSD value
calculated for the superimposed xtPDK ATP lids is very

Table 1 Structural templates for the homology modeling of xtPDK3.
The templates with the top five scores are listed

Templates BLAST score Identity (%) Coverage (%)

1Y8P
(human PDK3)

715 85 98

2Q8F
(human PDK1)

593 68 97

3CRL (rat PDK2) 585 67 98

2BTZ
(human PDK2)

582 68 97

2ZKJ
(human PDK4)

549 63 96

Table 2 Structural templates for the homology modeling of xtPDK4.
The templates with the top five scores are listed

Templates BLAST score Identity (%) Coverage (%)

3CRL (rat PDK2) 657 75 99

2BTZ
(human PDK2)

640 75 96

2ZKJ
(human PDK4)

622 73 96

2E0A
(human PDK4)

618 73 96

2Q8F
(human PDK1)

600 69 97
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high (5.52Å over 27 Cα atoms, Fig. 3b). Correspondingly,
the RMSD value for the superimposed xtPDK proteins
without the most misaligned regions (residues 307–323 and
326 in xtPDK4) is significantly lower than the RMSD value
for the full-length proteins. It is 0.83Å over 345 Cα atoms,
indicating that the effect of the different spatial arrangements
of the several mismatched loops (beyond the ATP lid) on the
overall folding of the xtPDK molecule is negligible. Indeed,
despite the major misalignment of the interdomain linker,
which can potentially affect the relative positions of the N-
terminal and C-terminal domains, the active site clefts in
xtPDK3 and xtPDK4 are equally wide, as can be judged by
comparing the distance between the α7 and α9 helices.
Similarly, the relative arrangements of the secondary structure
elements (α-helices and β-sheet strands) in the N- and C-
terminal domains are not affected by misalignments in the
connecting α2/α3 and α10/β4 loops.

In agreement with this analysis, an investigation of
molecular flexibility using coarse-grained protein dynamics
revealed that the misaligned regions of xtPDK proteins
coincide mainly with the regions of high spatial uncertainty
(Figs. 4a, b; S6). This approach also pinpointed the ATP lid as

the major variable region in xtPDKs. In detail, the difference
between the B-factor profiles of the ATP lids (Fig. 4c) is
discussed below in the section “ATP-lid flexibility.” Thus, the
analysis of molecular flexibility largely supports the con-
clusions based on the static structure data.

In summary, despite the very high overall similarity of
the modeled xtPDK structures, significant differences were
observed in the folding of their ATP lids. Considering that
the ATP lid is involved in nucleotide binding, the effect of
the observed structural differences on this function was
further evaluated.

Steric hindrance

First, we compared the spatial arrangements of the two ATP
lids. Although these regions seem to be unstructured, they
are stabilized by multiple intramolecular hydrogen bonds.
However, the hydrogen bonding in the ATP lids of the two
xtPDKs is quite different. Only six H-bonds can be created
in the xtPDK3 ATP lid, whereas twelve H-bonds are
formed in the ATP lid of xtPDK4 (Fig. 5). Hydrogen
bonding in the ATP lid of xtPDK4 is so intense that it even

N-domain
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ATP-lidInter-domain
linker

N-domain

ATP-lid
Inter-domain

linker

C-domain
a b

Catalytic cleft
Catalytic cleft

xtPDK3 xtPDK4

Fig. 2 a–b Modeled 3D struc-
tures of xtPDK3 (a) and
xtPDK4 (b)
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Fig. 3 a–b Superposition of the xtPDK models. Superpositions of the complete modeled regions (a) and the ATP lids (b) of the two Xenopus
PDKs are shown
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allows the formation of two short helix-like structures in the
regions of Asp317–Pro323 and Thr310–Leu315 (Fig. 3b).
However, the folding of these regions is different from that

of the classical α-helix, where each carbonyl oxygen is
hydrogen bonded to the backbone amide, which lays four
residues along the chain. The corresponding homologous

αα10/ β4

α9

β2

α11

α7

α10

α8

β6

α3

α5

α6

α2/ α3

α8/ β1

ATP-lid

xtPDK 3

a

α1

b

Fig. 4 a–c Flexibility analysis of xtPDKs. The backbone and
sequence of the modeled xtPDK3 protein colored by B factor are
shown in panels a and b, respectively. B factors in a are colored based
on a rainbow color spectrum, with blue specifying the minimum and

red indicating the maximum. B factors in b are presented in gradations
of red. B-factor landscapes of the xtPDK3 and xtPDK4 ATP lids are
shown in c

xtPDK4xtPDK3

a b

Fig. 5 a–b Hydrogen bonding in the ATP lids of xtPDK3 (a) and xtPDK4 (b). Hydrogen bonds are shown as green dashed lines
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regions are extended in the modeled structure of xtPDK3
(Figs. 3b, 5a).

As a result of the extensive hydrogen bonding and
partial structuring, the ATP lid of xtPDK4 acquires a more
rigid and bulky conformation than that of xtPDK3. The
calculated molecular volume of the ATP lid in xtPDK4
exceeds that in xtPDK3 (the corresponding values are
3,684Å3 and 3,627Å3). The difference (~60Å3) is roughly
equivalent to the molecular volume of a small amino acid.
Apparently, the allocation of an additional residue in the
cleft between the C-terminal and N-terminal PDK domains
should impose significant sterical hindrance on the nucle-
otide–protein interaction. These calculations suggest that
the active center of xtPDK4 is less accessible to the
nucleotide than that of xtPDK3.

ATP-lid flexibility

The extent of H-bonding in the ATP lid is directly related to
the flexibility of this region. In turn, this may affect the
accessibility of the nucleotide-binding site. In particular, the
intense H-bonding in the ATP lid of the nucleotide-bound
xtPDK4 (Fig. 5b) may decrease the flexibility of this region
and hinder nucleotide exchange at the catalytic center. An
investigation of molecular flexibility using coarse-grained
protein dynamics [36] identified the ATP lid as the major
variable region in xtPDKs (Figs. 4a, b; S6). A graphical
representation of the B factor, which reflects spatial
uncertainty—calculated using the web-based tool for the
analysis of protein flexibility, FlexServ—for different residues
of the xtPDK ATP lids is shown in Fig. 4c. The high-mobility
regions of the ATP lids cover Pro311–Val319 in xtPDK3 and
Pro314–Ala322 in xtPDK4, as judged by the high values of
the B factor for these residues. Remarkably, B-factor values
for xtPDK3 are much higher than those for xtPDK4,
confirming that the intense H-bonding in the ATP lid of
xtPDK4 does indeed diminish the flexibility of this region. It
should be noted that the high mobility of the corresponding

regions in the ATP lids is most probably related to the fact
that they are flanked by the clusters of residues with high
interaction energies (for details, see the section “Interaction
energies in the ATP lids”).

Electrostatic potentials

The ATP lids of both xtPDK isozymes contain one positive
and two negative charges (Fig. 6). Thus, the resulting
positive charge (+1) of this region generally favors the
access of negatively charged nucleotide substrates to the
active center. The presence of charged residues in the
regions of high mobility strongly suggests their involve-
ment in dynamic charge-mediated interactions with nucle-
otide during the catalytic cycle. Notably, the spatial
distribution of the electrostatic potential is quite different
in the two xtPDK proteins. The negative charge of Asp317
in xtPDK4 is buried deep inside the ATP lid and
compensated by the flanking positive Arg313 and
Arg320. On the other hand, the homologous negatively
charged Glu314 reaches out of the ATP lid of xtPDK3. The
presence of uncompensated negative charge at this location
can hinder ATP access to the nucleotide binding site of
xtPDK3. On the other hand, high uncompensated positive
potential provided by Arg310 and Arg317 in the vicinity of
the xtPDK3 nucleotide-binding site may facilitate ADP
dissociation from the enzyme.

Interaction energies in the ATP lids

Changes in the standard free energy of the ATP lid upon its
interaction with the nucleotide substrate contribute towards
the overall energy balance of the protein kinase reaction. A
comparison of the interaction energies in the ATP lids of
xtPDKs can provide additional thermodynamic evidence for
the subfunctionalization of these proteins. The results of
interaction energy calculations are presented in the ESM
Tables S1 and S2. Notably, the total interaction energies of

Arg320

Asp317

Arg313

xtPDK4

b

-43.871 43.871

Arg317

Gly314

Arg310

a

xtPDK3
-41.456 41.456

Fig. 6 a–b Electrostatic poten-
tials in the ATP lids of xtPDK3
(a) and xtPDK4 (b). Positive
potentials are shown in blue,
negative potentials in red, and
neutral in white
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the high-mobility regions (Pro311–Val319 in xtPDK3 and
Pro314–Ala322 in xtPDK4) differ significantly and consti-
tute −155 kJ mol−1 and −226 kJ mol−1, respectively. These
values suggest different reaction capacities for the two ATP
lids. Evidently, the high-mobility region of xtPDK4, which
has a lower energy state, assumes a thermodynamically more
favorable and stable conformation than that of xtPDK3. This
may hinder nucleotide exchange at its catalytic center, as
suggested above by the analysis of loop flexibility. Notably,
the high-mobility regions in the ATP lids of both xtPDKs are
flanked by clusters of residues with high interaction energies.
This provides a plausible explanation for the high spatial
uncertainty of the interconnecting regions. Residues in the
high-energy clusters, which include Ala308, Pro309, Val319,
Pro320 in xtPDK3 and Ala311, Pro312, Ala 322, Pro323,
Leu324 in xtPDK4 (Tables S1, S2), will try to assume
alternative conformations in order to release deposited
interaction energies, thus leading to spatial rearrangements
of the interconnecting loops.

Structure prediction for the C-terminal regions

The C-terminal regions of the xtPDKs (residues 381–405 in
xtPDK3 and residues 384–404 in xtPDK4) were excluded
from homology modeling because they are largely unstruc-
tured and partially missing from the template PDK structures
deposited in the PDB. In the resolved dimer structures of
several PDK family proteins, these regions represent long
stretches of unfolded sequence protruding towards the
opposite monomer of a dimer. The long C-terminal tail of
one monomer hooks onto the opposite monomer, thus
forming a structure known as “cross arms” [10]. This region
is disordered in human PDK4 (PDB:2E0A), suggesting that
it is highly mobile.

The amino acid sequences of the two xtPDKs differ
considerably in their C-terminal regions (Fig. 1). Notably, the
part following the last structural element of the protein
molecule (α12 helix in xtPDK3) is four residues longer in
xtPDK3 than the homologous region in xtPDK4. Secondary
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Fig. 7 a–d Bioinformatics analysis of xtPDKs. a Secondary structure predictions for the C-terminal regions of xtPDKs, b disorder predictions for
the C-terminals, c prediction of kinetic parameters, and d tissue distributions of the two xtPDKs are shown
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structure prediction using the protein structure prediction
servers PSIPRED and Jpred3 allocates two short α-helical
elements in this region of the xtPDK3 molecule, as opposed
to only one α-helix in xtPDK4 (Figs. 7a, S7). Understand-
ably, the folding of the PDK C-terminal tail, which works as
a hook-and-loop fastener, affects dimer formation, and the
presence of two α-helical elements in this region can be
associated with stronger fastening of the xtPDK3 dimer. It
should be noted, however, that although the hindmost C-
terminal α-helix was predicted in xtPDK3 by both the
PSIPRED and Jpred3 tools, the protein disorder prediction
server DISOPRED2 assigns high disorder probability to this
region in both xtPDKs (Fig. 7b). Nevertheless, in agreement
with the above considerations, the greater length of the
xtPDK3 C-terminal tail should promote stronger fastening of
the PDK3 dimer. In turn, this may affect the recognition of
the L2 lipoyl domain of PDC E2 subunit, which was shown
to bind in the intermonomer cavity in reported crystal
structures of PDK dimers [10, 41]. In addition, the activity
of mammalian PDKs was found to be markedly enhanced
through binding the lipoyl domain region [42]. Significant
variation in the activation capacities of human PDK isoforms
by the L2 domain has been reported [43]. Thus, it can be
hypothesized that the different lengths and foldings of C-
terminal tails may be associated with the different sensitivities
of the xtPDKs to the L2 domain of PDC E2. As a result, the
responsiveness of the two proteins to the oxidation state of
this domain, which conveys the metabolic regulation of PDK
activity, may differ too.

Prediction of kinetic parameters and tissue distributions
of xtPDKs

The structures of xtPDK3 and xtPDK4 were modeled on the
basis of the reported crystal structures of mammalian PDK3
and PDK2, respectively. The kinetic parameters of these
enzymes were experimentally investigated and reported
previously. The apparent Km values for ATP for mammalian
PDK2 and PDK3 are 10 μM and 50 μM, respectively,
indicating that PDK2 has a much higher affinity for the
nucleotide than PDK3 [11]. In addition, the specific activity
of mammalian PDK2 was found to be 25-fold lower than that
of PDK3 [11]. These data suggest that Xenopus PDKs, which
are highly homologous with mammalian proteins, may also
have different kinetic parameters, as shown in Fig. 7c. At
present, there is no experimental evidence to support this
prediction for the kinetic parameters of xtPDKs, so it should
be taken with the utmost caution. However, the prediction
agrees well with the performed structural analysis of the
xtPDK ATP lids. Indeed, the analyses of steric hindrance,
ATP-lid flexibility, electrostatic potentials, and interaction
energies in the ATP lids all consistently proposed that the
nucleotide substrate accessibility of xtPDK3 is greater. This

should be associated with more rapid nucleotide turnover,
resulting in a higher overall specific activity of xtPDK3. In
addition, nucleotide binding in xtPDK3 may be of low
stability and affinity, due to the structural instability of its
ATP lid. Experiments with purified proteins are necessary
to confirm the prediction for the kinetic parameters of
xtPDKs.

An indirect confirmation of the different specific activities
of the two xtPDK isozymes comes from an analysis of the
tissue distributions of their mRNAs. It was previously shown
that the low specific activity of mammalian PDK2 is
compensated by its high expression level in various tissues
[11]. On the other hand, highly active mammalian PDK3 can
only be expressed at a very low level to maintain the steady-
state level of PDC phosphorylation [11]. In X. tropicalis, the
mRNA for xtPDK4 is abundant in all tissues except for testis
(Fig. 7d). In contrast, xtPDK3 has a rather limited tissue
distribution. Its expression level is extremely low in most
tissues. Interestingly, however, xtPDK3 is predominant in
testis, suggesting that it has a specialized function in this
tissue. Altogether, the results of the performed analysis are
consistent with the idea that xtPDK4 is the major isoenzyme
responsible for metabolic control over PDC activity in X.
tropicalis, whereas xtPDK3 must play a unique role in testes,
where it is dominantly expressed.

Conclusions

The comparative homology modeling performed in this
study revealed the structural basis for the subfunctionaliza-
tion of the two PDK isozymes from Xenopus tropicalis.
The study demonstrated that the two proteins have different
nucleotide substrate accessibilities. In addition, a predictive
bioinformatics analysis suggested that the two proteins
should have different dimerization abilities, kinetic param-
eters, and tissue distributions. Altogether, this work
discloses the structural–functional divergence of PDK
proteins from X. tropicalis for the first time. It provides a
better understanding of the divergent evolution of PDK
family genes and should prove useful for structural and
functional analyses of other PDK proteins.
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