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Pyruvate dehydrogenase kinase from Arabidopsis thaliana:
a protein histidine kinase that phosphorylates serine residues
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Pyruvate dehydrogenase kinase (PDK) is the primary regulator
of flux through the mitochondrial pyruvate dehydrogenase
complex (PDC). Although PDKs inactivate mitochondrial PDC
by phosphorylating specific Ser residues, the primary amino acid
sequence indicates that they are more closely related to pro-
karyotic His kinases than to eukaryotic Ser/Thr kinases. Unlike
Ser/Thr kinases, His kinases use a conserved His residue for
phosphotransfer to Asp residues. To understand these unique
kinases better, a presumptive PDK from Arabidopsis thaliana
was heterologously expressed and purified for this investigation.
Purified, recombinant A. thaliana PDK could inactivate kinase-
depleted maize mitochondrial PDC by phosphorylating Ser
residues. Additionally, A. thaliana PDK was capable of auto-
phosphorylating Ser residues near its N-terminus, although this

reaction is not part of the phosphotransfer pathway. To elucidate
the mechanism involved, we performed site-directed mutagenesis
of the canonical His residue likely to be involved in phospho-
transfer. When His-121 was mutated to Ala or Gln, Ser-
autophosphorylation was decreased by 509, and trans-
phosphorylation of PDC was decreased concomitantly. We
postulate that either (1) His-121 is not the sole phosphotransfer
His residue or (2) mutagenesis of His-121 exposes an additional
otherwise cryptic phosphotransfer His residue. Thus His-121 is
one residue involved in kinase function.

Key words: autophosphorylation, mechanism, mitochondria,
mutagenesis, transphosphorylation.

INTRODUCTION

The pyruvate dehydrogenase complex (PDC) is a multienzyme
structure that catalyses the oxidative decarboxylation of
pyruvate, yielding CO,, acetyl-CoA and NADH [1]. This complex
is localized to the cytoplasm of bacteria and the mitochondrial
matrix of eukaryotic cells. Additionally, plant cells contain a
second isoform localized to the plastidial stroma [2—4]. The
plastidial and mitochondrial PDCs have distinct regulatory and
catalytic properties complementing their unique roles in metab-
olism [4]. The most striking difference is regulation by reversible
phosphorylation. The mitochondrial PDC, unlike the plastid
counterpart, has an associated pyruvate dehydrogenase kinase
(PDK, EC 2.7.1.99) and phosphopyruvate dehydrogenase phos-
phatase [5]. These two enzymes catalyse the reversible
phosphorylation of mitochondrial pyruvate dehydrogenase.
PDK curtails mitochondrial PDC activity by catalysing the trans-
fer of the y-phosphate from ATP to the « subunit of the pyruvate
dehydrogenase (E1) component enzyme [4,5]. Conversely, phos-
pho-pyruvate dehydrogenase phosphatase reactivates this com-
ponent by catalysing dephosphorylation in a Mg**-dependent
manner [6]. The phosphorylation state, and hence the activity
status, of PDC is determined by the net sum of these opposing
enzyme activities.

Molecular cloning of the first PDK from mammals revealed a
deduced amino acid sequence lacking typical eukaryotic Ser/Thr
kinase domains but having the five domains characteristic of
prokaryotic two-component histidine kinases [7]. Prokaryotic
histidine kinases are multidomain polypeptides that catalyse the
first step of two-component signal transduction pathways

(reviewed in [8]). The sensor domain responds to a cellular signal
by autophosphorylating a His residue within the transmitter
domain, followed by phosphotransfer to an Asp residue within
the receiver domain of a cognate response regulator protein. The
activated response regulator typically functions as a specific
transcription factor. Although bacterial two-component systems
usually follow this reaction scheme, variations exist. Some
histidine kinases contain both the histidine phosphotransfer
donor domain and the aspartate receiver domain on a single
polypeptide, i.e. a hybrid histidine kinase [9]. Multiple donor and
receiver domains can reside on a single polypeptide with His-to-
Asp phospho-relay perhaps occurring in cis on these kinases [10].
Regardless of mechanistic specificities, all histidine kinases
characterized until now transfer phosphate from an auto-
phosphorylated His to an Asp residue, transducing cellular
signals [11,12].

On the basis of similarities to these histidine kinases [7], PDKs
might also use a His for phosphotransfer. However, unlike
histidine kinases, mammalian PDKs phosphorylate on Ser rather
than Asp residues [13,14]. This novel class of eukaryotic protein
kinases also includes the branched-chain «-keto acid dehydro-
genase kinase (BCDK, EC 2.7.1.115), which regulates a related
mitochondrial a-keto acid dehydrogenase complex involved in
branched-chain amino acid catabolism [15]. Although not yet
well understood, rat PDK and BCDK both undergo auto-
phosphorylation [16,17]. The BCDK autophosphorylation site
was mapped to a Ser residue near the N-terminus [17].

We recently reported the molecular cloning and functional
expression of two PDK isoforms from Zea mays [18]. The
deduced amino acid sequences for the plant enzymes are approx.
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309, identical with those from mammals. Amino acid identity is
concentrated within 11 discrete domains, of which 5 are related
to the prokaryotic histidine kinases [18]. A presumptive PDK
recently identified from Arabidopsis thaliana is approx. 70 9%,
identical with the maize enzymes and contains the five histidine
kinase and six signature PDK domains [19]. At least one of these
domains was proposed to be a site for phosphotransfer owing to
the presence of an invariant His residue. Here we present evidence
that this A. thaliana cDNA encodes a genuine PDK that involves
one of the conserved His residues for maximal activity.

MATERIALS AND METHODS
Bacterial expression and purification of A. thaliana PDK (AtPDK)

Primers DDR 229 (5'-ctcgagctgcagetattaTCAGGGTAAAGG-
CTCTTGCGA-3") and DDR 230 (5'-cccgggtctagaATGGCAG-
TGAAGAAAGCCTGC-3") were used to amplify the open
reading frame of the AtPDK corresponding to the region between
130 and 1227 bp [19]. Restriction sites were engineered into each
primer at the 5" end (lower-case letters) to facilitate subcloning.
The PstI (DDR 229) and Xbal (DDR 230) sites were used to
subclone the PCR product into the pMAL-cRI expression vector
(New England Biolabs, Beverly, MA, U.S.A.). To ensure trans-
lation termination, two nonsense codons were introduced into
DDR 229. Thermal cycling reactions (50 1 total volume) con-
tained 10 mM Tris/HCI, pH7.9, 0.5mM MgCl,, 200 M
dNTPs, 5 units of Tag polymerase (Promega, Madison, WI,
U.S.A)), 2 ng of plasmid DNA template and 20 pmol of each
primer. Cycling conditions were 94 °C for 5 min, initial
denaturation, followed by 30 cycles of 30s at 94 °C, 30s at
50 °C, 2 min at 72 °C with 6 s extensions for the last step of each
cycle.

The expression and purification of maltose-binding protein
(MBP)-PDK polypeptides and the preparation of kinase-
depleted PDC from maize mitochondria were performed as de-
scribed elsewhere [18,20]. After purification, MBP—AtPDK was
dialysed against 2 litres of 20 mM Tes/KOH (pH 7.3)/2 mM
dithiothreitol for 16 h at 4 °C and was subsequently concen-
trated on an ultrafiltration membrane (10 kDa cut-off; Amicon,
Beverly, MA, U.S.A.). Cleavage of fusion protein was performed
with factor Xa protease (New England BioLabs, Beverly, MA,
U.S.A.) at a 1:25 molar ratio of protease to fusion protein in
20 mM Tris/HCI (pH 8.0)/0.1 M NaCl/2 mM CacCl, for 18 h
at 25 °C. Size-exclusion chromatography and native molecular
mass determination were performed with a Superose 12
column (Pharmacia, Uppsala, Sweden) with thyroglobulin,
ferritin, catalase, aldolase and BSA as standards. SDS/PAGE
and immunoblotting were performed with standard procedures
[21]. Polyclonal antibodies to PDK were characterized previously
[18]. Polyclonal antibodies against MBP were affinity-purified
from sera raised against a branched-chain «-keto acid de-
hydrogenase subunit fusion with MBP.

Mitochondria isolation and assays

Mitochondria were isolated from etiolated maize (B73; Illinois
Seed Foundation, Champaign, IL, U.S.A.) shoots as described
previously [21,22]. For PDC, a four-step purification procedure
starting with isolated maize mitochondria yielded an 80-90 %
pure preparation of PDC that was depleted of PDK activity
[18,21]. This preparation was termed ‘kinase-depleted PDC’ and
was used to assay recombinant MBP-AtPDK activity. PDC
activity was monitored by the reduction of NAD™* (A4,,,) as
described previously [21]. For kinase assays, MBP or MBP—
AtPDK were incubated with kinase-depleted maize mito-
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chondrial PDC for 5min at 25°C before the addition of
MgATP?*" to a final concentration of 0.2 mM. Phosphorylation
assays proceeded for 5-60 min before PDC activity was assayed.
All reported values are the means of at least three independent
reactions. Protein quantification was performed by the method
of Bradford [23], with BSA as standard.

Phosphorylation assays were performed by adding a known
amount of Mg[y-**P]JATP* (10 mCi/mmol’ to kinase and/or
PDC preparations. Reactions proceeded for 1 h at 25°C and
were stopped by the addition of an equal volume of 2 x SDS/
PAGE sample buffer [8 M urea/4 9%, (w/v) SDS/49%, (v/v) 2-
mercaptoethanol] followed by heating at 70 °C for 15 min.
Denatured proteins were resolved by SDS/PAGE, electroblotted
to nitrocellulose, dried and wrapped in Cellophane before ex-
posure to X-ray film for 5-30 min. The incorporation of radio-
label into MBP-AtPDK was quantified by liquid-scintillation
spectrometry of the excised MBP-AtPDK band. Relative
phosphorylation efficiency was quantified with QS30 quanti-
fication software (PDI, Huntington Station, NY, U.S.A.), which
accounted for band area and intensity.

Limited proteolysis of MBP-AtPDK was performed with
trypsin (Sigma, St Louis, MO, U.S.A.) at a molar ratio of 3:1
fusion protein to trypsin. Protease digestion was performed in
20 mM Tes (pH 7.5)/1 mM dithiothreitol for 16 h at 25 °C and
was terminated by the addition of an equal volume of 2 x SDS/
PAGE sample buffer followed by heating at 70 °C for 15 min.

Site-directed mutagenesis

Mutagenesis was performed with the GeneEditor site-directed
mutagenesis kit (Promega). The pMAL-cRI expression vector
containing AtPDK was used as template for mutagenesis per-
formed in accordance with the manufacturer’s instructions. The
oligonucleotides used for mutagenesis, synthesized at the Uni-
versity of Missouri DNA core facility (Columbia, MO, U.S.A.),
were DDR 238 5-GGGAACCACATTGTTAGCCCTTACTT-
TGACAGCC-3" (His-121A oligo) and DDR 270 5-GGGAA-
CCACATTGTTTTGCCTTACTTTGACA-3’ (His-121Q oligo).
The mutated base(s) are underlined and in bold. The entire
reading frames of both mutant constructs were sequenced to
verify that no additional changes had been introduced.

Phosphoamino acid analyses

Protein preparations were phosphorylated with [y-**P]ATP,
resolved by SDS/PAGE and transferred to PVDF membranes.
Immobilized proteins were excised and phosphoamino acids
released by hydrolysis in 6 M HCI for 1h at 120 °C. The
supernatants containing the phosphoamino acids were freeze-
dried, then resuspended in 15 ul of pH 1.9 buffer [2.29%, (v/v)
formic acid/7.89%, (v/v) acetic acid] containing phospho-Ser,
phospho-Thr and phospho-Tyr standards (1 ug of each). Samples
of 1.5 ul (approx. 1000 c.p.m.) were spotted on to cellulose
chromatography plates (J. T. Baker, Phillipsburg, NJ, U.S.A.) in
intervals. Plates were placed in a model HTLE-7000 Hunter thin-
layer electrophoresis apparatus in accordance with the manu-
facturer’s instructions (CBS Scientific Company, Del Mar, CA,
U.S.A.). Electrophoresis in the first dimension with pH 1.9
buffer was performed at 1.5kV for 20 min. After the first
dimension the plates were dried and rotated through 90 ° for the
second dimension. Electrophoresis in the second dimension, with
pH 3.5 buffer [59, (v/v) acetic acid/0.59, (v/v) pyridine], was
performed at 1.3 kV for 16 min. Plates were then dried and
phosphoamino acid standards were detected by being stained
with 0.259, (w/v) ninhydrin in acetone, then being baked at
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65 °C for 15 min. Radiolabelled amino acids were detected by
autoradiography.

RESULTS
Characterization of AtPDK

When expressed as a fusion with the Escherichia coli MBP,
AtPDK migrated as an 87+3 kDa (n = 3) polypeptide during
SDS/PAGE (Figure 1A). This protein was absent from untrans-
formed bacteria, determined by immunoblotting with anti-PDK
antibodies (Figure 1C). Approximately 10-159%, of MBP-
AtPDK was soluble under native conditions and this protein was
purified to near-homogeneity by amylose affinity chromato-
graphy. Protein yields ranged from 0.1 to 0.2 mg/1 of culture
broth. Removal of the MBP fusion partner by cleavage with
factor Xa protease was 409, efficient after digestion for 18 h.
Digestion efficiency was improved to nearly 1009, when equi-
molar amounts of protease and fusion protein were incubated
(Figure 2C). To estimate the native size it was necessary to
remove MBP because it is capable of forming dimers [24]. The
factor Xa-cleaved PDK migrated at 44+2 kDa (n = 3) during
SDS/PAGE, with a native molecular mass, as determined by
size-exclusion chromatography, of approx. 86 kDa, suggesting a
homodimeric native conformation. The His-121A and His-121Q
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Figure 1 Expression and purification of MBP—AtPDK chimaera

(A) Coomassie Blue-stained SDS/PAGE of a typical expression and purification profile. Total
protein fractions are shown from untransformed cells (— vector), transformed cells without
(—IPTG) or with (4 IPTG) the addition of the inducer isopropyl /-p-thiogalactoside at 0.5 mM.
After cell disruption the ‘insoluble” fraction (lane 4) was removed by centrifugation (9000 g)
and the supernatant was termed ‘soluble’ protein (lane 5). The MBP fusion bound to an
amylose-affinity matrix and the unbound fraction was termed ‘flow through’ (lane 6). The matrix
was washed with 50 column vol. of wash buffer (lane 7), after which the bound protein was
eluted with maltose-containing buffer (lane 8). (B) The His-121A and His-121Q mutants were
purified by using the same procedure; they migrated at the same position as wild-type PDK.
(C) Immunoblot of protein from (A) probed with anti-PDK polyclonal antibodies. The positions
of molecular mass markers are indicated for (A) and (B).
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Figure 2  Autophosphorylation of MBP—AtPDK and transphosphorylation of
PDC Elo

(A) Phosphorylation of kinase-depleted maize mitochondrial PDC by MBP—AtPDK. Kinase-
depleted maize PDC (3 «g) was incubated with 2 xg of MBP or MBP—AtPDK for 30 min at
25 °C in the presence of Mg[y-*2PJATP2~ (5 £Ci,10 mCi/mmol). Reactions were stopped by
the addition of SDS/PAGE sample buffer followed by boiling. Controls lacking MBP—AtPDK
(lane 1), containing maize PDC plus MBP (lane 2) and lacking maize PDC (lane 3) are also
shown. Abbreviation: w.t., wild-type. (B) Lane 1, *P-phosphorylated MBP—AtPDK was chased
with a 10-fold excess of MgATP?~ for 5 min before the addition of kinase-depleted maize PDC
[in the same ratio as in (A)]; the reaction proceeded for 1 h at 25 °C before termination with
SDS/PAGE sample buffer. Lane 2, *2P-phosphorylated MBP—AtPDK was desalted by G-50
Sephadex chromatography and subsequently incubated with kinase-depleted maize PDC for 1 h
at 25 °C. (C) Phosphorylated MBP—AtPDK (0.2 «g) was digested with a molar equivalent of
factor Xa protease (New England Biolabs) for 18 h at 25 °C before resolution by SDS/PAGE.
The position of the radiolabelled polypeptide coincided with that of AtPDK, which was detected
by immunoanalysis.

mutants were identical in size with the wild-type protein (Figure
1B).

AtPDK inactivates kinase-depleted maize mitochondrial PDC and
phosphorylates maize pyruvate dehydrogenase on Ser residues

When incubated in the presence of MgATP?", purified MBP—
AtPDK inactivated kinase-depleted maize mitochondrial PDC,
whereas purified MBP had no effect on PDC activity (Table 1).
Although the kinetics of inactivation were slower than observed
in previous investigations of plant mitochondrial PDCs [5,6,21],
recombinant AtPDK was capable of inactivating 90 9, of kinase-
depleted maize mitochondrial PDC. The specific activity of
MBP-AtPDK was lower (10 PDC units inactivated /min per mg
of PDK) than that of maize MBP-PDK2 (40 PDC units
inactivated/min per mg of PDK [18]) with maize mitochondrial
PDC as substrate. Inactivation of kinase-depleted PDC was
coincident with the incorporation of **P from y-labelled ATP
into a 43 kDa polypeptide (Figure 2A). The radiolabelled 43 kDa
polypeptide was not observed in purified MBP or MBP-PDK
preparations incubated with [y-*P]JATP (Figure 2A). Addition
of purified MBP to kinase-depleted PDC resulted in no
phosphorylation of the 43 kDa protein (Figure 2A), demon-
strating that these PDC preparations were kinase-depleted and
that recombinant AtPDK was responsible for phosphorylation.
The size of the radiolabelled polypeptide is identical with that of
maize mitochondrial Ela [21,25]. These results clearly dem-
onstrate that recombinant AtPDK phosphorylates the 43 kDa
maize Elo subunit, concomitantly inactivating PDC. Phospho-
Elaamino acid(s) were resistant to treatment with acid, indicative
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Table 1 Effect of MBP—AtPDK on kinase-depleted maize PDC activity in
the presence of MgATPZ-

Approximately 40 g of kinase-depleted maize PDC was incubated with 0.2 mM MgATPZ™ plus
recombinant protein at 25 °C for 5 min, then immediately assayed for activity. All rates were
normalized to the rate (0.72 gmol of NADH/min per mg) in the absence of MgATP?~ and
recombinant protein activity. The final rates were obtained by incubating the sample with
MgATP?~ for 1 h before assay. All rates are means + S.D. for three measurements.

Control contents Relative activity (%)

—MgATP?>~, —PDK
+MgATPZ™, +MBP (15 ug)

100+5
95+8

With MgATP?~; PDK added (seq) Relative activity (%)

15 98+5
3.7 84+ 11
75 65+4
15.0 4544

Incubation for 60 min Relative activity (%)

PDK (3.7 g)
MBP (5.0 x0)

10+5
100 £3

& a

- OPT  OOPT

pH 3.5
pH 3.5

pH 1.9 pH 1.9

Figure 3 Phosphoamino acid analyses of radiolabelled maize mitochondrial
E1a (A) and MBP-AtPDK (B)

(R) Kinase-depleted maize PDC was phosphorylated with MBP—AtPDK, resolved by SDS/PAGE
and transferred to PVDF membrane. Radiolabelled E1oc band was excised and subjected to acid
hydrolysis followed by two-dimensional thin-layer electrophoresis. Phosphoamino acid standards
were revealed with ninhydrin and *?P-labelled amino acids were detected by autoradiography
(16 h exposure). (B) Autoradiograph of autophosphorylated MBP—AtPDK subjected to
phosphoamino acid analysis as described for (A). Arrows indicate the directions of electrophoretic
migration; pH buffers are indicated on the axes.

of phosphoester bonds. Acid hydrolysis of the radiolabelled
43 kDa maize Ela, followed by two-dimensional thin-layer
electrophoresis, indicated phosphorylation took place exclusively
on Ser residues (Figure 3A).

AtPDK is autophosphorylated on Ser residues

When incubated with [y-**P]JATP, MBP-AtPDK was auto-
phosphorylated in both the presence and the absence of PDC
with similar efficiencies (Figure 2A). Autophosphorylation
exhibited Michaelis—Menten kinetics, reaching saturation near
40 min. The autophosphorylation reaction was pH-dependent,
with an optimum at 7.3, and was abolished when a heat-
denatured sample was used. These results indicated that auto-
phosphorylation was enzyme-catalysed and could not be
attributed to non-specific binding of ATP. The stoichiometry
of AtPDK autophosphorylation was approx. 0.10 mol of
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Figure 4 Autophosphorylation and tryptic digestion of MBP—AtPDK

(R) Coomassie Blue-stained SDS/PAGE of intact MBP—AtPDK (3 xg) and MBP—AtPDK
digested with trypsin (0.5 xg) for 16 h at 25 °C. (B) Immunoblot of (A) probed with anti-PDK
antibodies (PDK Abs). (C—E) MBP—AtPDK (0.5 «q) was incubated with [-2PJATP (1 pCi,
10 mCi/mmol) before tryptic digestion (lane 2). (C) Immunoblot was probed with anti-MBP
antibodies (MBP Abs). (D, E) Autoradiographs of replicate-blotted *2P-autophosphorylated
MBP—AtPDK. The blot in (E) was washed with 30% (w/v) trichloroacetic acid (TCA) for 1 h at
25 °C to cleave acid-labile phosphoamino acid bonds. Both autoradiographs were exposed for
4 h. Although radiolabel migrated with the undigested N-terminal half of the fusion protein,
which was predominantly composed of MBP, AtPDK was incapable of phosphorylating purified
MBP. Furthermore, cleavage of the radiolabelled fusion protein at the fusion junction (with factor
Xa) indicated that it was AtPDK that was phosphorylated. On the basis of these results, the
phosphorylation site resides near the undigested N-terminus of AtPDK. The positions of
molecular mass markers are indicated between (B) and (C).

phosphate/mol of protein. AtPDK phosphorylation was com-
pletely stable to cleavage with 309, (w/v) trichloroacetic acid
indicating that a hydroxyamino acid such as Ser, Thr or Tyr was
phosphorylated (Figures 4D and 4E). Phosphoamino acid analy-
ses indicated only Ser residues were phosphorylated (Figure 3B).
Autophosphorylated AtPDK was incapable of transferring
covalently bound phosphate to PDC when label was chased or
when incubated with PDC after the chromatographic removal of
endogenous ATP by Sephadex G-50 (Figure 2B).

To help to identify the site of autophosphorylation, limited
proteolysis of phosphorylated MBP-AtPDK under non-
denaturing conditions was employed. Digestion of MBP-AtPDK
with trypsin yielded one predominant polypeptide of approx.
45 kDa (Figure 4A). Through immunoblot analyses, with anti-
MBP and anti-PDK antibodies, it was determined that the
45 kDa polypeptide corresponded primarily to the MBP half of
the fusion protein (Figures 4A—4C). This finding enabled us to
map the autophosphorylation site coarsely to the N-terminal
half of the fusion protein (Figure 4D). Because the 45 kDa N-
terminal half was primarily MBP, it was necessary to determine
whether AtPDK was capable of transphosphorylating purified
MBP. When purified MBP was incubated with MBP-AtPDK
and MgATP? at a 5:1 molar ratio, no transphosphorylation
of MBP was observed, though autophosphorylation of
MBP-AtPDK occurred during this period (results not shown).
It was therefore concluded that the autophosphorylation site
was localized to the undigested N-terminus of AtPDK. This was
supported by the observation that the radiolabel from factor-Xa-
cleaved MBP-AtPDK co-migrated with the AtPDK polypeptide
(Figure 2C).

Mechanism of phosphorylation

Because PDKs contain domains diagnostic of protein histidine
kinases yet phosphorylate Ser residues in the target sequence, the
mode of phosphotransfer warranted further investigation. We
hypothesized that if phosphotransfer occurred through a
phosphohistidine intermediate, mutating that residue should
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A. thaliana VKVRH 2INNVVEP. . . . . IRMLIGQH' *®VELHNP
Z. mays I VKVRE Y TNNVVE. . . . . IRMLIGOH ®®VALHDP
Z. mays II IRVRE'INVVE. . . .. IRMLIGQH ®*VALHDP
D. melanogaster IRNRE'Z’NDVVQ. . . . . IRMLINQH' *TLLFGG
A. suum ILKRE 2’SRVVE. . . .. IRMLONQH *°LVVFGV
C. elegans VLKRH ?’AHVVE. . . .. IRMLONQH S’ LVVFGN
R. rattus IRNRH *’NDVIP. . ... IRMLLNQH *®SILFGG
H. sapiens IRNRH *°NDVIE. . ... IRMLLNQH'?®SILFGG
R. rattus BCDK LLDDH'®*KDVVT. . ... TRMLATHE? " LALHED
Consensus +++RH + VV ..... IRML++QH ++LHG

Figure 5 Comparison of the amino acids surrounding the two invariant His
residues in PDKs and BCDKs

All sequences are PDKs except for Rattus rattus BCDK. The invariant His residues proposed
to be involved in phosphotransfer are shown in bold. If five or more residues are identical in
position, this residue is presented in the consensus sequence. If five or more residues are not
identical, but are of the same amino acid group, this is indicated by + in the concensus
sequence. Genbank accession numbers: A. thaliana, AF039406; Z mays 1, Il, AF038585,
AF038586; Drosophila melanogaster, D88814; Ascaris suum, U94519; Caenorhabdhitis
elegans, M98552; R. rattus, L22294; Homo sapiens, L42450; R. rattus BCDK, M93271.
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Figure 6 Kinetics of MBP—AtPDK autophosphorylation

Equal amounts (5.4 ug) of purified MBP—AtPDK were incubated with [y-”P]ATP (10 pCi,
10 mCi/mmol) at 25 °C. Samples were removed at indicated time points and mixed with an
equal volume of sample buffer before analysis by SDS/PAGE. (A) The relative phosphorylations
of MBP—PDK polypeptides [shown in (B): N/, H121A; A, H121Q] were quantified with QS30
software (PDI, Huntington Station, NY, U.S.A.) and plotted relative to that of the wild-type
enzyme (Q). (B) Autoradiograph of MBP—AtPDK autophosphorylation. (G) Ponceau S-stained
[0.1% (w/v) Ponceau S in 30% (w/v) trichloroacetic acid] loading control for (B).

abolish phosphorylation. Although at least three His residues are
semi-conserved in all PDKs (and BCDK), only two are invariant,
His-121 and His-168 (Figure 5). Because His-121 was previously
proposed to be the phosphotransfer His, this residue was mutated
to Ala or Gln. On an equivalent protein basis, purified His-121A
and His-121Q AtPDKs were autophosphorylated at approx.
40-50 9, of the level of the wild-type protein during time-course
studies (Figure 6). Autophosphorylation was consistent between
PDK preparations, indicating that this difference was not due to

recombinant expression. The lower degree to which these mutants
phosphorylated maize Ela (in comparison with wild-type
AtPDK) confirmed the lower V___ of these mutants (Figure 2A).

max

DISCUSSION

Reversible protein phosphorylation is a ubiquitous mechanism
for signal transduction. Prokaryotic organsims use His-to-Asp
phosphotransfer, whereas eukaryotic signal transduction
cascades are predominantly mediated by the reversible
phosphorylation of Ser, Thr and Tyr [26,27]. Examples of
eukaryotic protein histidine kinases also exist, and His-to-Asp
phospho-relays have been proposed [28]. So far, however,
there are no conclusive examples of histidine kinases that
phosphorylate Ser rather than Asp residues in Nature. Phyto-
chrome from higher plants contains some of the hallmark
histidine kinase domains yet phosphorylates Ser residues [29].
Additionally, the E. coli histidine kinase CheY phosphorylates
hydroxyamino acids such as Ser when no Asp residue is available
on its cognate response regulator, although the reaction mech-
anism is unknown [30]. It was later postulated that the high
transfer potential of a phospho-His, the stability of a phospho-
Ser and the proper positioning of the accepting amino acid
collectively facilitate this unique His-to-Ser phospho-relay [28].
Although the CheY example was created artificially, the mito-
chondrial PDK might have evolved a similar phospho-relay
system naturally.

Aside from PDK, other protein histidine-like kinases have
been discovered in plants. One of these histidine-like kinases,
‘ethylene triple response’ (encoded by etrl), is involved in
ethylene signal transduction and was discovered as a loss-of-
function mutant responsible for a constitutive ethylene response
phenotype [31]. Autophosphorylation of ETRI1 is sensitive to
treatment with acid, which is suggestive of His phosphorylation.
Site-directed mutagenesis confirmed that this occurs on a His
residue within the putative phosphotransfer domain [32]. The
green algal phytochrome undergoes autophosphorylation on a
His residue, determined via site-directed mutagenesis [33].

In the present study, a presumptive PDK homologue recently
identified from A. thaliana was functionally expressed in E. coli.
Fusing PDK with MBP obviated the difficulty in obtaining
soluble AtPDK, observed previously with maize PDKs [18], and
enabled the Ela subunit to be resolved from PDK during
SDS/PAGE. For these two reasons intact MBP-PDK protein
was used in this investigation. Autophosphorylation was not
observed with MBP-AtPDK from nematodes [34]; in contrast,
mammalian PDKs [16] and BCDKs [17] are capable of Ser-
autophosphorylation. Here we demonstrate that the A. thaliana
PDK is also capable of Ser-autophosphorylation. The phospho-
Ser residue for AtPDK is located near the N-terminus as
determined by mapping after limited proteolysis. Candidate
residues include Ser-13, Ser-30 and Ser-39 because these are
closest to the N-terminus on the basis of the deduced amino acid
sequence. Recombinant maize PDK?2 also undergoes Ser-auto-
phosphorylation (results not shown), suggesting that this
phenomenon might occur with all plant PDKs. Although the
significance of Ser-autophosphorylation is not known, it is not
an artifact induced by the absence of natural substrate because
autophosphorylation was equivalent in the presence and in the
absence of PDC (Figure 2A). Also, this phospho-Ser is not a
catalytic intermediate, as evidenced by the inability to transfer
this particular phosphate to maize Ela (Figure 2B). Because
the stoichiometry of autophosphorylation is less than 1 mol
of phosphate per mol of MBP-AtPDXK, it is likely that only one
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phosphorylation site is present. The low stoichiometry of phos-
phate incorporation into purified MBP-AtPDK might indicate
that autophosphorylation had taken place during bacterial
expression before isolation of the protein.

Recombinant AtPDK inactivated kinase-depleted maize mito-
chondrial PDC by phosphorylating Ser residues on the 43 kDa
Ela subunit. The specific activity of recombinant MBP-AtPDK
was approx. one-quarter of that for recombinant maize MBP—
PDK2 [18]. This difference was surprising because maize Ela
shares 809, overall identity with A. thaliana Ela and 100 %
identity within the predicted phosphorylation motifs [25]. The
difference in specific activities is therefore attributed either to
PDK properties or docking site(s) to the dihydrolipoamide
acetyltransferase (E2) core complex. Reconstitutions of mam-
malian PDCs have shown a 3-5-fold decrease in PDK activity
(inactivation of PDC) in the absence of the E2 core [35-37]. This
observation was explained by a proximity model in which the
independent binding of E1 and PDK by the E2 core couples Ela
phosphorylation. Recently, we demonstrated that dicotyledon-
ous plants, such as A. thaliana, contain two mitochondrial E2
isoforms that share 339, amino acid identity [38], the primary
difference being the presence of one compared with two lipoyl
domains. In contrast, monocots such as maize possess a single
mitochondrial E2 that contains one lipoyl domain [21,38].
Because mammalian PDKs have been shown to bind to the E2
core via the lipoyl domains [16,36,37], perhaps the divergence
between monocot and dicot E2 cores hinders AtPDK binding to
maize PDC, resulting in a lower specific activity in vitro. Steric
hindrance by the bulky fusion partner (MBP) might also con-
tribute to the decreased activity.

The ability of a histidine-like kinase such as PDK to auto-
phosphorylate and transphosphorylate Ser residues is enigmatic.
In an attempt to explain this we employed a site-directed
mutagenesis approach. Histidine kinases require a His residue
for phosphotransfer. Typically the His residue lies upstream of
the Gly-rich ATP-binding domains and lacks conserved flanking
sequences [39]. This organization is best described as an island
domain. Seven His residues in the AtPDK sequence fit this
description. Of those, only His-121 and His-168 are present in all
PDKs (Figure 5). Because His-121 was previously postulated as
the cardinal phosphotransfer His [15,18], this site was further
investigated.

Mutating His-121 to either Ala or Gln did not noticeably alter
the stability or yield of recombinant protein in comparison
with the wild-type control. However, on an equal protein basis
both mutant PDKs had decreased activity compared with wild-
type as observed by Ser-autophosphorylation and transphos-
phorylation of Ela. A lower ¥, could not be attributed to the
substitution of a neutral amino acid because replacement with
Gln gave results similar to those with Ala. The simplest inter-
pretation is that His-121 is necessary for maximum activity but
is not essential for catalysis. If His-121 is indeed a site for
phosphotransfer, site-directed mutagenesis of this residue indi-
cates either that PDKs have multiple phosphotransfer sites or
that mutagenesis of His-121 exposes an otherwise cryptic site. In
favour of this explanation, the covalent modification of MBP—
AtPDK with two different His-modifying agents, diethyl pyro-
carbonate and (2,2":6",2"-terpyridine)-platinum (II) dihydrate,
completely abolished activity [40]. It is therefore evident that
multiple His residues are involved in kinase function. The results
presented here demonstrate that His-121 is one of these func-
tionally important His residues, although at least one other must
exist because activity was not completely abolished. Resolving
this issue will require the scanning mutagenesis of other His
residues.
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Figure 7 Model of PDK phosphorylation mechanism

The proposed model is based on the evidence that PDKs are descendants of prokaryotic protein
histidine kinases, and also on the involvement of His residues in phosphotransfer and analyses
revealing that PDKs autophosphorylate and transphosphorylate on Ser residues. Because
mutagenesis of His-121 (this paper) did not completely abolish activity, a second phosphotransfer
His residue (His-168) is proposed. The two conserved His residues (His-121 and His-168) are
numbered in accordance with the AtPDK primary sequence. Mutagenesis or covalent
modification of conserved His residues and the effect on relative activity are noted. Covalent
modification of His was performed as described previously [40].

In summary, we have functionally expressed the A. thaliana
PDK to improve understanding of the properties of phos-
phorylation. Recombinant AtPDK inactivated kinase-depleted
maize PDC by phosphorylating Ser residues on the Ela subunit,
although the specific activity of AtPDK was one-quarter of
that of maize PDK2. During phosphorylation assays it was
noticed that the MBP-AtPDK fusion also underwent auto-
phosphorylation. Analyses of phosphoamino acids after limited
proteolysis revealed that this occurred on a Ser residue, most
probably near the AtPDK N-terminus. The autophosphory-
lated Ser was stable in pulse—chase reactions and was not
an intermediate for Ela phosphorylation. Site-directed muta-
genesis of His-121 curtailed autophosphorylation and trans-
phosphorylation efficiencies by approx. 509,. The results
presented here support the conclusion that PDKs are protein
kinases that use at least one phosphohistidine intermediate for
the transfer of phosphoryl groups to Ser residues (Figure 7). In
support of this model are the following data. (1) The primary
amino acid sequence resembles that of prokaryotic His kinases
more closely than that of eukaryotic Ser/Thr protein kinases. (2)
Two invariant His residues are present within the primary amino
acid sequence of all PDKs and BCDKs. (3) Covalent modification
of His residues on AtPDK abolishes activity [40]. (4) Mutagenesis
of His-121 to Ala or Gln significantly decreases kinase activity.
(5) PDKs autophosphorylate and transphosphorylate Ser
residues. Although a phospho-His intermediate has not yet been
directly defined, this might be attributed to the instability of this
intermediate or to rapid phosphotransfer.

We thank Nancy David and Kevin Lease (University of Missouri-Columbia, Columbia,
MO, U.S.A.) for technical assistance with phosphoamino acid analyses, and Dr Brian
Mooney for his assistance in preparing the figures. Research for this investigation
was supported by National Science Foundation grant IBN-9876680.

REFERENCES

1 Reed, L. J. (1974) Accts. Chem. Res. 7, 40-56
2 Williams, M. and Randall, D. D. (1979) Plant Physiol. 64, 1099—1103



Pyruvate dehydrogenase kinase from Arabidopsis 201

19
20

Camp, P. J. and Randall, D. D. (1985) Plant Physiol. 77, 571-577

Luethy, M. H., Miernyk, J. A,, David, N. R. and Randall, D. D. (1996) in Alpha-Keto
Acid Dehydrogenase Complexes (Patel, M. S., Roche, T. E. and Harris, R. A., eds.),
pp. 71—72, Birkhausen, Boston, MA

Randall, D. D., Miernyk, J. A., David, N. R., Gemel, J. and Luethy, M. H. (1996)
Proc. Phytochem. Soc. Eur. 37, 87—103

Miernyk, J. A. and Randall, D. D. (1987) Plant Physiol. 83, 311-315

Popav, K. M., Kedishvili, N. Y., Zhao, Y., Shimomura, Y., Crabb, D. W. and Harris,
R. A. (1993) J. Biol. Chem. 268, 26602—26606

Robinson, V. L. and Stock, A. M. (1999) Structure 7, 47-53

Appleby, J. L., Parkinson, J. S. and Bourret, R. B. (1996) Cell 86, 845-848

Uhl, M. A. and Miller, J. F. (1996) EMBO J. 15, 1028—1036

Mizuno, T. (1998) J. Biochem. (Tokyo) 123, 555-563

Loomis, W. F., Shaulsky, G. and Wang, N. (1997) J. Cell. Sci. 110, 11411145
Yeaman, S. J., Hutcheson, E. T., Roche, T. E., Pettit, F. H., Brown, J. R., Reed, L. J.,
Watson, D. C. and Dixon, G. H. (1978) Biochemistry 17, 2364—2370

Sugden, P. H., Kerbey, A. L., Randle, P. J., Waller, C. A. and Reid, K. B. M. (1979)
Biochem J. 181, 419-426

Popov, K. M., Zhao, Y., Shimomura, Y., Kuntz, M. J. and Harris, R. A. (1992) J. Biol.

Chem. 267, 13127-13130

Jackson, J. C., Vinluan, C. C., Dragland, C. J., Sundararajan, V., Yan, B., Gounarides,
J. S., Nirmala, N. R., Topiol, S., Ramage, P., Blume, J. E. et al. (1998) Biochem. J.
334, 703711

Davie, J. R, Wynn, R. M., Meng, M., Huang, Y., Aalund, G., Chuang, D. T. and Lau,
K. S. (1995) J. Biol. Chem. 270, 19861—19867

Thelen, J. J., Muszynski, M. G., Miernyk, J. A. and Randall, D. D. (1998) J. Biol.
Chem. 273, 26618—26623

Thelen, J. J., Miernyk, J. A. and Randall, D. D. (1998) Plant Physiol. 118, 1533
Thelen, J. J., Miernyk, J. A. and Randall, D. D. (1998) in Proceeding of International
Congress on Plant Mitochondria: From Gene to Function (Moller, I. M., Gardstrom,
P., Glimelius, K. and Glaser, E., eds.), pp. 417—421, Backhuys Publishers, Leiden,
The Netherlands

Received 12 November 1999/20 March 2000; accepted 19 April 2000

21
22
23
25
26
27
28
29
30
31
32
33
34

35
36

37
38

Thelen, J. J., Miernyk, J. A. and Randall, D. D. (1998) Plant Physiol. 116,
1443-1450

Fang, T. K., David, N. R., Miernyk, J. A. and Randall, D. D. (1987) Curr. Top. Plant
Biochem. Physiol. 6, 175

Bradford, M. M. (1976) Anal. Biochem. 72, 248—254

Duplay, P., Bedouelle, H., Fowler, A., Zabin, I., Saurin, W. and Hofnung, M. (1984)
J. Biol. Chem. 259, 10606—10613

Thelen, J. J., Miernyk, J. A. and Randall, D. D. (1999) Plant Physiol. 119, 635—643
Stone, J. M. and Walker, J. C. (1995) Plant Physiol. 108, 451-457

Sopory, S. K. and Munshi, M. (1998) Crit. Rev. Plant Sci. 17, 245-318

Elich, T. D. and Chory, J. (1997) Cell 91, 713—716

Yeh, K. C. and Lagarias, J. C. (1998) Proc. Natl. Acad. Sci. U.S.A. 95, 1397613981
Bourret, R. B., Hess, J. F. and Simon, M. I. (1990) Proc. Natl. Acad. Sci. US.A. 87,
41-45

Chang, C., Kwok, S. F., Bleecker, A. B. and Meyerowitz, E. M. (1993) Science 262,
539-544

Gamble, R. L., Coonfield, M. L. and Schaller, E. G. (1998) Proc. Natl. Acad. Sci.
U.S.A. 95, 7825-7829

Yeh, K. C., Wu, S. H., Murphy, J. T. and Lagarias, J. C. (1997) Science 277,
1505-1508

Chen, W., Huang, X., Komuniecki, P. R. and Komuniecki, R. (1998) Arch. Biochem.
Biophys. 353, 181—189

Popov, K. M. (1997) FEBS Lett. 419, 197—200

Radke, G. A., Ono, K., Ravindran, S. and Roche, T. E. (1993) Biochem. Biophys. Res.
Commun. 190, 982—991

Liu, S., Baker, J. C. and Roche, T. E. (1995) J. Biol. Chem. 2, 793—800

Thelen, J. J., Muszynski, M. G., David, N. R., Luethy, M. H., Elthon, T. E., Miernyk,
J. A. and Randall, D. D. (1999) J. Biol. Chem. 274, 2176921775

Stock, J. B., Ninfa, A. J. and Stock, A. M. (1989) Microbiol. Rev. 53, 450—490
Mooney, B. P., David, N. R., Thelen, J. J., Mierynk, J. A. and Randall, D. D. (2000)
Biochem. Biophys. Res. Commun. 267, 500-503

© 2000 Biochemical Society



