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Abstract

The primary role of pyruvate dehydrogenase kin&eK() is to regulate the activity of
pyruvate dehydrogenase complex (PDC) with respecthé metabolic clearance of
glucose via a phosphorylation mechanism. Therefatebition of PDK is predicted to
be important in the treatment of diabetes. ADRIbito the active site of PDK; and has
been shown to inhibit PDK activity. This reseavatrk was aimed at studying one of the
isoforms of PDK, specifically the rodent form, PDK#DK4) and further elucidating the

binding properties of ADP to rPDKA4.

The hypothetical structure of rPDK4 was modelleddohon the coordinates of the
published rPDK2 structure. The overall structugology of rPDK2 appears to be
preserved in rPDK4. Further, the ADP binding $itdween rPDK2 and rPDK4 was
conserved at both the primary and tertiary level] ¢his suggested the mechanism of

ADP binding to rPDK2 would be similar to that ofDR4.

A histidine tagged-rPDK4 protein was expressed puodfied using affinity and gel

filtration chromatography. It was determined to@é&omodimer (97 kDa) comprising
two identical subunits. The rPDK4 protein was Hert identified to be rPDK4 using
Western blot analysis as it reacted positively vathanti-rPDK4 monoclonal antibody.
The purified rPDK4 protein contained kinase acyivélince it was able to undergo
autophosphorylation and subsequently phosphordapeptide that contained the €1

subunit sites that are known to be phosphorylatedPDKs. The structure of rPDK4

protein was also characterised using circular disihm and fluorescence spectroscopy.



The spectroscopic data of rPDK4 was consistent pitblished data on the structure of

rPDKA4.

The binding of ADP and ATP was studied using flsoence quenching as both these
ligands quench the intrinsic tryptophan fluoreseeoicrPDK4. The dissociation constant
(Kq) values for ADP and ATP were determined to be 3 B7.4 uM, respectively. The
moderate affinity binding of ATP will greatly favothe exchange of ADP for a molecule

of ATP to prevent PDK inhibition by ADP.
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1 Introduction

1.1 Diabetes mellitus

Type 2 diabetes mellitus (non-insulin dependenbeties mellitus; T2DM) affects 6 % of
the modern society and this statistic is expectedrow annually by 6 % world wide
(Korc, 2003; Kopelman and Hitman, 1998; Anebsl., 1997). Diabetes results from the
lack of synthesis of insulin, whose primary biokagifunction is to regulate and maintain
glucose homeostasis. Insulin resistance and gtiemite been reported as risk factors for
the development of T2DM (Kahn and Flier, 2000). riBg insulin resistance, cells
involved in glucose metabolism such as adiposeidisskeletal muscle and liver, are

unable to respond to insulin signalling, thus resglin high glucose levels in the blood.

1.2 Glucose regulation

Glucose is obtained from dietary carbohydrate dndampeogenesis and its level in the
body is tightly regulated. Gluconeogenesis prifyiaccurs in the liver and to a lesser
extent in the kidney (Colemast al., 1992). During gluconeogenesis, glucose is
synthesised from non-carbohydrate precursors (e Mactate and glucogenic amino
acids) as well as the breakdown of glycogen. QWgie ensures that the glucose is
cleared from the blood and utilized as energy. ullnsis the primary hormone that
mediates glucose clearance (Hawkes and Kar, 200%ulin binds to its receptor and
induces a signalling cascade (Whitehetdl., 2000) that results in the transportation of
glucose into the cell by glucose transporter prof€@lut4) (Zierathet al., 1996), as well

as activation of enzymes that are involved in tlyeaytic pathway and suppression of



gluconeogenesis.

pyruvate in the cytosol.

Under normal physiological caomonit glucose is metabolised to

Pyruvate is then transggbby pyruvate binding protein into

mitochondria where it is metabolised into acetylAG&igure 1). The acetyl-CoA can be

used in fatty acid synthesis in the cytosol or alyefed into the TCA cycle in the

mitochondria (Randle, 1986 and Figure 1).

Glucose
f:
Gluconeogenesis |1 Glycolysis

v Long chain fatty acid
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------ » PEP ::
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Figure 1: Schematic diagram showing therole of PDC in the clearance of glucose.

The link between glucose metabolism (in the cyfpgbke TCA cycle (mitochondrion), and lipid syntfes

cytosol is shown. The reaction catalysed by PD@lss shown. The positive regulator of PDC (pyravat

dehydrogenase phosphatase, PDP) is shown on tharldfthe negative regulator (pyruvate dehydrogena

kinase, PDK) is shown on the right (Adapted frontePand Korochkina, 2001).



1.3 Role of pyruvate dehydrogenase complex in gluco  se metabolism

The conversion of pyruvate to acetyl-CoA is irresiiele and is catalysed by the pyruvate
dehydrogenase complex (PDC), which is located enntlatrix of mitochondria (Randle,
1986). PDC plays an important role in dictating tate at which carbohydrate-derived
substrates will be fully oxidized in tissues widrde energy demands such as brain,
muscle, heart and liver (Randle, 1986), thus cbuatimg to the maintenance of glucose
homeostasis (Randle, 1986; Patel and Roche, 1% sistent with this observation, the
activity of PDC has been reported to be low durcmnditions of reduced glucose
metabolism such as obesity, starvation and dial{g¥esdandet al., 1971; Denyekt al.,

1981 and Henrgt al., 1991).

PDCis amulti-enzyme complex that is found in the mitochvadPatel and Roche 1990;
Reedet al., 1985). It is composed of multiple copies of falifferent subunits (Patel and
Roche 1990; Reedtt al., 1985) that include three catalytic enzymes (pyteiva
dehydrogenase (E1l), Dihydrolipoamide acetyltramsier(E2), and Dihydrolipoamide
dehydrogenase (E3)), two regulatory enzymes (pyeudahydrogenase kinase (PDK)
and pyruvate dehydrogenase phosphatase (PDP)E&mahding protein (E3Bp) (Patel
and Roche 1990). E1 is made up ofaEdnd EPB subunits; the ElL has pyruvate

dehydrogenase activity, and is responsible fordiearboxylation of pyruvate. The E2
subunit is responsible for the transfer of acedup to CoA while the E3 subunit

transfers electrons to NADorming NADH (Patel and Roche 1990).

PDC catalyses the oxidative decarboxylation of pate, and links glycolysis to the

tricarboxylic acid cycle and ATP production (Figure The efficiency of PDC is crucial



in tissues with a high ATP requirement and in lipoig tissue (providing acetyl CoA for
fatty acid synthesis). In an event where glucsesscarce, suppression of PDC is crucial.

PDC is highly regulated due to the role that ityplan glucose homeostasis.

1.4 Regulation of PDC

PDC is regulatedia both short-term and long-term mechanisms. Thelatign of PDC
within a few minutes to hours is termed short-tenegulation, while regulation that
occurs at transcriptional level within days to weéklong-term (Patel and Korotchkina,
2001). With respect to maintenance of glucose lustasis especially during transition
between the fed and fasted states, PDC regulaiiotihe short-term mechanism is highly
critical. In the short-term mechanism, the E1 subof PDC is inactivated through
phosphorylation by PDK, and reactivatad dephosphorylation by PDP (Yeametral.,
1978; Teagueet al., 1979; Huchoeet al., 1972 and Figure 2). PDK phosphorylates the
Ela subunit of PDC on serine residues that are locatetthree different sites. These are
designated site 1 (S8, site 2 (S&r'Y) and site 3 (SéP) (Sale and Randle, 1981).
Korochkina and Patel (1995) constructediEdutants by converting the serine residues
at different phosphorylation sites to alanine, irgwonly one functional phosphorylation
site at a time. They reported that phosphorylatbbreach site alone results in the
complete inactivation of PDCYeamanet al., 1978; Dahlet al., 1987; Korotchkina and

Patel, 1995). These sites are believed to defibie $pecies specificity.
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Figure 2: Regulation of PDC activity by a phosphorylation-dephosphorylation cycle.

To date, four isomers of PDK have been identifiad eloned. These are PDK1 (Popov
et al., 1993), PDK2 (Popoet al., 1994), PDK3 (Gudet al., 1995) and PDK4 (Rowlest

al., 1996). All four isomers have been shown to beabdpof phosphorylating PD{D
vitro. However, the relative catalytic activity of tiDK isozymes towards the E1
subunit of PDC varies, with PDK2 having the highastivity, followed by PDK4, PDK1
and PDK3 (Bowler-Kinleyet al., 1998) Further, the relative specificities of the PDK
isoforms towards the three phosphorylation sitestltd E1 PDC subunit differ
(Korotchkina and Patel, 2001). All PDK isoform® a@apable of phosphorylating sites 1
and 2, and only PDK1 is able to phosphorylate 8itéFigure 2). Site 1 has been
proposed to be the primary site for inactivatioiP@fC since site 1 phosphorylation is the

most rapid and it is specific to PDK1 (Korotchkiaad Patel, 2001). PDK4 showed



highest activity towards site 2 when compared ® dther isomers with PDK1, PDK2
and PDK3 (Korotchkina and Patel, 2001, Kolob@val., 2001). The observation that
the activation of PDC by PDP is much slower whéa 2iis phosphorylated (Holness and
Sugden, 1989) led to the hypothesis that the ploglation of site 2 is primarily for

slowing down the rate of re-activation of PDC byAP{orotchkina and Patel, 2001).

PDC activity is also regulated through a feed bladp. For example, the products of
PDC reaction (e.g. NADH and acetyl-CoA) inactivReC by increasing the activity of
PDK (Cooperet al., 1975; Holness and Sugden, 1989). PDC substratgs pyruvate
and NAD") activate PDC by inhibiting PDK activity. This deback loop is shown

through schematics in Figure 1.

1.5 Regulation of PDK

As discussed above, PDK plays a critical role ucgbe homeostasis by regulating PDC
activity. Consistent with this role, PDK activity also tightly regulated through long-
term and short-term mechanisms (Siess and Wieleith; Dennist al., 1978; Kerbey

and Randle, 1982).

1.5.1 Long-term mechanism

The long term regulation of PDK occurs at the gexgression level and is believed to be
a part of an adaptive response to conditions ofredsed glucose utilization, and
increased fatty acid oxidation (Randle, 1986). sTsiate is induced by nutrition and

hormonal changes (Wet al., 1998). For example, starvation (Wwal., 1998; Kolobova



et al., 2001; Sugdemt al., 1998), high fat feeding (Sugdehal., 2000; Holnes%t al.,
2000) and diabetes (Sugdenal., 1998; Holnest al., 2000; Wuet al., 1999) lead to
high PDK4 expression. Hormones, such as insublivehalso been shown to regulate
PDK levels by suppressing PDK gene expression (Hega., 2000; Majeret al., 1998).
Glucocorticoids are also known to induce PDK4 esggpi@n (Huanget al., 2000).

However their mechanism of activation is not chramderstood.

1.5.2 Short-term mechanism

The short term regulation of PDK involves direct difization of its activity by the
substrates (pyruvate, NADand CoA) and the products (NADH, and Acetyl-CaA}he
PDC reaction (Figure 1 and Figure 3). Pyruvatebitd PDK activity by binding to an
allosteric site on PDK (Pratt and Roche, 1979; Ka@l., 2005). Furthermore, the effect
of pyruvate to PDK is synergistic with the effe¢tADP (Pratt and Roche, 1979). It is
believed that the binding of pyruvate to the PDKfABPomplex results in conformational
changes which prevent release of the ADP molecol® the active site of PDK. This
ensures that the PDK remains in an inactive foraudlt al., 2005; Steussst al., 2001).
NADH, and acetyl-CoA (Figure 1 and Figure 3) indlREBK activity (Ravidraret al.,

1996 and Bowker-Kinlewt al., 1998) by binding to the inner lipoyl domain (L2)RDC.

1.6 Expression of PDK and its link to T2DM

PDK isoforms are expressed differently in differeell types (Bower-Kinleyt al, 1998;

Bowker-Kinley and Popov, 1999). The expressionP@fK1 is limited to heart and

pancreas (Bowker- Kinley and Popov, 1999; Sugdexh., 2001; Wuet al., 1999). PDK



2 is expressed with low amounts in the lung anéepl(Huanget al., 1998), whereas
PDK3 is found only in the testis, kidney and bréituanget al., 1998; Bowker-Kinley
and Popov, 1999). For example, the expressiorD&t4Pis found in the tissues that are
important in the metabolic clearance of glucosehsas liver and skeletal muscle
(Bowker-Kinley and Popov, 1999; Sugdenal., 2001; Wuet al., 1999). This suggests
that PDK4 is the critical isomer involved in the intanance of glucose homeostasis.
Consistent with this hypothesis, PDK4 is expresselligh levels during obesity and
diabetes (Holness and Sugden, 1989; Kololeh\a., 2001). In addition, an increase in

PDK4 expression has been observed in responsart@son and insulin resistance

Glucocorticoids

High fat feeding == =-- Insulin

Diabetes

Starvation

v . L ong- term mechanism

Short- term mechanism
ﬁ @ I- T
I

ruvate+ NAD* + CoA —— 5,  Acetyl-CoA+ NADH + CO
2

Figure 3: Thelong-term and short-term regulation of PDK.

The reaction catalysed by PDC is also shown. Thena show factors that induce PDK expression and

activity. The broken lines indicate factors thatibit PDK expression and activity.



Taking into account that PDK4 shows high specifidibwards site 2 of PDC, the

increase of PDK4 levels in response to starvatinsulin resistance and diabetes is
believed to be important for site 2 phosphorylatidhis postulated that phosphorylation
of site 2 by PDK4 results in limiting the rate dDP-dependent reactivation of PDC, thus
ensuring that PDC remains in the inactive form. isTpostulate is supported by the
observation that the reactivation of PDC in thertidaver and skeletal muscle is much
slower under conditions of high PDK4 expressiomthader conditions of low PDK4

expression (Holness and Sugden, 1989). Therdd&4 seems to be an ideal target for

long-term inhibition of PDK activity with respeat tontrol of T2DM.

1.7 Classification of PDK

PDKs, together with branched-chaineeketoacid dehydrogenase kinases (BCKDK),
form a novel family of eukaryotic protein kinasemmely the mitochondrial protein
kinases (mPKs) (Popoet al., 1993; Davieret al., 1995). These are serine specific
protein kinases which share more similarity witlok@aryotic protein kinases, despite
being eukaryotic. PDKs belong to the ATPase/kinsiggerfamily which consists of
bacterial histidine kinases (EnzV and CheA) and &3d¢3 (Hsp90 and DNA Gyrase B)
(Harris et al., 1995), whereas eukaryotic protein kinases havaffareht molecular
signature (Popowt al., 1993; Hanks and Hunter, 1995) that is depicteérigure 4A.
The catalytic subunit of eukaryotic serine/threenkinases contains eight subdomains
which play an essential role in the functioningled enzyme through involvement in the

binding and orientation of ATP, or the protein dudite. They also partake in the transfer



of they-phosphate from ATP to the acceptor hydroxyl resi@ser, Thr or Tyr) of the

protein substrate (Hanks and Hunter, 1995).

The PDK enzymes, despite being mammalian serinéeipr&kinases, lack sequence
motifs that are associated with eukaryotic sermefinine kinases (Pop@t al., 1993),
but show more similarity to prokaryotic histidinen&ses (Popowt al., 1993). The
structural elements of PDKs which are also charatie of histidine kinases have been
defined by a number of researchers (Pogiaal., 1993; Steusswt al., 2001 and Katet

al., 2005). These are depicted in Figure 4B.

1.8 Structure of PDK

Primary sequence analysis of the PDK isomers shthas they contain a poorly
conserved N-terminal domain and a highly conse@ddrminal domain (Figure 4B and
Figure 5). Furthermore, PDK isomers exhibit higlguence similarity within the group
(Figure 5). PDK isoforms show high sequence cafad@m among different eukaryotic
species, for example rat and human PDK2 proteiasesreater than 95 % identity in
their primary amino acid sequence. The total nundfeamino acid residues varies
among the different PDK isomers, for example PDl&% #36 residues, PDK2 and PDK4
have 407 residues, and PDK3 has 406 residues (Retnadl, 1996; Figure 5). Similarly,
the apparent molecular masses of #BBKs determined by polyacrylamide gel
electrophoresis vary such that mature PDK1 cormdpdo a 45 kDa subunighereas

mature PDK2, PDK3, and PDK4 correspond to a 48 ibaunit.

10



In the PDK family, PDK2 (Steussst al., 2001) and PDK3 (Katet al., 2005) are the
only isomers with crystal structures that have bselved. PDKs are reported to be
homodimers (Figure 6A) with each monomer foldingpia well defined 45 kDa subunit

(Figure 6; Steussst al., 2001; Katoet al., 2005).

A
Subdomain I Subdomain LI . Subhdomain VI Subdomain VIII Subdomain X
{(Gly-X-Gly-X-X-Cly-X-Val) (X X-GE 3 (His —Arg-fsp-Leu-Lys-E-X-Asn) {ala-Pro-Glu) (E-H-Arg 3
Subdormatn IT Subdomain V Subdornain VII Subdomain IX
(Gly X Gly X X Cly X Val) (Met -Gily-Tyr-Val-Glu-Glu) (A sp-Phe-ly) (XX Awp XX)
*  Primary sequence of eukaryotic serine/ threonine protein kinase*®
B
Subdomaain [ Subdomain 1T Subdomain ITT Subdomain IV
H-hox M-box C1-box G2-box
(Z-Asn-Z-His-20) (Glu-3-H-Lys-Asn 0K Ala)  (Asp-30-Gly-30-Gl) (Gly-30-Gly-30-Gly)

—» N-terminal domain > C-terminal domain -

Figure 4. Comparison of the primary structure of eukaryotic serine/threonine

kinases with that of the PDK family.

Primary structures of ATPase/kinase superfamily ahdukaryotic serine/threonine kinase are shown in
Figure 4A (Hanks and Hunter, 1995) and 4B (Pogiaal., 1993), respectively. The conserved subdomains

which are the signature regions of these kinaseslgpicted in the figure above.
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PDK1 MRLARL L RGAALAGPGPGEL RAAG-SRSFSSDSGSSPASERGVPGQVDFYARFSPSPLSMK 60
PDK2 MRWERALL- = = = == s m e mm e e e e e e oo KNASLAGAPKY| EHFSKFSPSPLSMK 34
PDK3 MRLFRWLL- - -« - s mmemmm e e e ee e e KQP- - - - VPKQ ERYSRFSPSPLSI K 30
PDK4 MRWFRALL- = - === m e emmmmee e ee e e KNASLAGAPKYI EHFSKFSPSPLSI\/K 34
PDK1 QFL DFGSVNACEKTSFMFLRQELPVRLANI MKEI SLLPDNLLRTPSVQLVQSWYI QSLQE 120
PDK2 QFLDFGSSNACEKTSFTFLRQELPVRLANI MKEI NLLPDRVLSTPSVQLVQSWVQSLLD 94
PDK3 QFL DFGRDNACEKT SYMFL RKEL PVRLANTNVREVNL L PDNL L NRPSVGLVQSWMQSFLE 90
PDK4 QFLDFGSSNACEKTSFTFLRQELPVRLANI MKEI NLLPDRVLSTPSVQLVQSWVQSLLD 94
H-box
PDK1 LLDFKDKSAEDAKAI YDFTDTVI RI RNRHNDVI PTMAQGVI EYKESFGVDPVTSQNVQYF 180
PDK2 | MEFLDKDPEDHRTLSQFTDALVTI RNRHNDVVPTVAQGVLEYKDT YGDDPVSNQNI QYF 154
PDK3 LLEYENKSPEDPQVLDNFLQVLI KVRNRHNDVVPTMAQGVI EYKEKFGFDPFI STNI QYF 150
PDK4 | NEFLDKDPEDHRTLSQ:TDALVTI RNRHNDVVPTMAQGVLEYKDTYGDDPVSNQ\II QYF 154
PDK1 LDRFYNVBRI SI RMLLNQHSL LFGGKGKGSPSHRKHI GSI NPNCNVLEVI KDGYENARRLC 240
PDK2 LDRFYLSRI SI RVLI NQHTLI FDG- - STNPAHPKHI GSI DPNCSVSDVVKDAYDVAKLLC 212
PDK3 LDRFYTNRI SFRMLI NQHTLLFGG- - DTNPVHPKHI GSI DPTCNVADVVKDAYETAKM.C 208
PDK4 LDRFYLSRI SI RI\/LI NQ—|TLI FDG- - STNPAHPKHI GSI DPNCSVSD\NKDAYDIVAKLLC 212
N-box
PDK1 DLYYI NSPELEL EEL NAKSPGQPI Q\/\/YVPSHLYHIWFELFKNANRATNEHI-|ANRG\/- YP 299
PDK2 DKYYNMASPDLEI QEVNATNATQPI HWYVPSHL YHMLFEL FKNAVRATVESHESSLT- LP 271
PDK3 EQYYLVAPELEVEEFNAKAPDKPI QVVYVPSHL FHMLFEL FKNSVRATVEL YEDRKEGYP 268
PDK4 DKYYMASPDLEI QEVNATNATQPI HM/YVPSHLYHNLFELFKNANRATVESHESSLT LP 271
Gl box

PDK1 Pl QVHVTLGNEDL TVKNVBDRGGEGVPL RKI DRLFNYWSTAPRPRVEFSRAVPLA%Z&%IK_ 359
PDK2 Pl KI M\VALGEEDL S| KNSDRGGGVPLRKI ERLFSYMYSTAPTPQPG- TGGTPLAGFGYGL 330
PDK3 AVKTLVTLGKEDLSI KI SDLGGGVPLRKI DRLFNYMYSTAPRPSLEPTRAAPLAGFGYGL 328
PDK4 PI K M/ALGEEDLSI KI\/BIIRGGG/PLRKI ERLFSYIWSTAPTPQPG- TGGTPLAGFGYGL 330
PDK1 Pl SRLYAQYFQGDLKLYSLEGYGTDAVI YI KALSTDSI ERLPVYNKAAWKHYNTNHEADD 419
PDK2 Pl SRLYAKYFQGDLQLFSVEGFGTDAVI YLKAL STDSVERL PVYNKSAWRHYQTI QEAGD 390
PDK3 Pl SRLYARYFQGDLKL YSVEGVGTDAVI YLKAL SSESFERL PVFNKSAWRHYKTTPEADD 388
PDK4 Pl SRLYAKYFQGDLQLFSVEGFGTDAVI YLKAL STDSVERL PVYNKSAWRHYQTI QEAGD 390
PDK1 WCVPSREPKDMITFRSA- 436

PDK2 WCVPSTEPKNTSTYRVS- 407

PDK3 VSNPSSEPRDASKYKAKQ 406

PDK4 V‘CVPSTEPKNTSTYRVS— 407

Figure5: Multiple alignment of amino acid sequences of therat PDK isoforms.

The sequences were aligned using ClustalW, verki88 (Thompsoret al., 1994). The sequence of the
PDK isozymes were obtained from GenBank and theiession numbers are as follows: PDK1-Q15118,
PDK2-Q64536, PDK3-Q15120, and PDK4- 054937. Cdalondicate chemical properties of the specified
amino acid residues; asterisks at the bottom oh esequence alignment indicate residues that are
conserved among the different PDK proteins; th@mrahdicates amino acid substitution with conserved
hydrophobicity or chemical properties; full stoglicates position where there are at least two aragio
conservations. Shaded regions indicate the subidsmizat are conserved in the PDK family as well as

bacterial histidine kinases. These are labelleyaleach conserved box.
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Figure 6: A ribbon representation of the structure of rat PDK 2.

These images were generated using Swiss PDB Vi@ex and Peitsch, 1997) based on coordinates of
1JM6 (PDB code) published by Steustyal. (2001). The dimer and monomer are shown in A Bnd
respectively. a-Helices are coloured in re@;strands are coloured in yellow, and the loop negiare
coloured in pink. In addition, the conserved suhdms are shown in the following colours: blue it G

box, G2 box is green, N box is cyan and H- boxas |
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The C-terminal domain is aw/p structure with fivep strands (Figure 6). This fold
resembles the one present in the ATPase/kinasefaoply such as CheA (Bilwest al.,
1999), enzyme kinases (Tanakaal., 1998) and Hsp90 (Prodromast al., 1997).
Furthermore, the C-terminal domain contains thegrsubdomains referred to as N- box
(Glu-x-x-Lys-Asn-x-x-Ala), G1-box (Asp-x-Gly-x-Glyand G2-box (Gly-x-Gly-x-Gly)
(Popovet al., 1993; Steusset al., 2001; Figure 5 and 6B). These subdomains are

present throughout the ATPase/kinase superfamily.

The G-boxes contain glycine rich loops which ararahteristic of nucleotide binding
domains (Rossmaset al., 1974). Their nucleotide binding role was confidnby
resolving the structure of rat PDK2 that was criised with a bound molecule of ADP
(Steussyet al., 2001). The residues in the G1-box served asdbes lof adenine specific
interaction between ADP and the kinase. The Glisopart of a loop connecting
helices 10 and 11, and it forms one side of theibonpocket with the G2-box forming
the other side (Steussy al., 2001). The G-boxes together with the N-box seaes
unique ATP binding fold (Bergerat al., 1997 and Alex and Simon 1994) and an ATP
lid (Machiusset al., 2001 and Kat@t al., 2005). The amino acids in the N-box play an

important role in the activity of PDK.

The N-terminal domain is made up of eightelices connected by flexible loops and this
domain begins at residue 1 and ends at residue T#®8. N-terminal domain contains a
conserved subdomain called an H-box (x-Asn-x-Hksp) (Figure 5; Kim and Forst,
2001; Parkinson and Kofoid, 1992) which was inigigbredicted to be the site of
autophosphorylation of PDK (Harreés al., 1995). Theax-helices form a four helix bundle

that resembles the histidine phosphoryl-transfelPt{Hlomain of the two-component
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systems. In a two-component signal transductidhvpay, a histidine kinase catalyses
the first step where the sensor domain respondssignal by autophosphorylation of a
histidine residue within the transmitter domainhisTis then relayed by transferring the
phosphate group to an aspartic acid residue witfenreceiver domain of a cognate
response regulator protein which is usually a tapson factor. However, in PDKs, the
H-Box in the N-terminal domain was proved not to Iee site of PDK

autophosphorylation, since autophosphorylation wapped to serine residues in this

domain (Theleret al., 2000).

1.9 Reaction mechanism of PDK

At present, all studied and characterized histidimases transfer phosphate from an
autophosphorylated histidine residue to an asgaregidue resulting in transduction of
cellular signals. PDK contains two prototypicalhmqmonent histidine motifs (Popast
al., 1993) and Hi¥®° was presumed to be a site of autophosphorylatichaaphosphor-
His catalytic intermediate in PDKs. Studies parfed by Mooney andao-workers
demonstrated that treatment of PDK by histidine ifiyody reagents diethyl
pyrocarbonate and dichloro-(2,2".6',2'-terpyridip&tinum (Il) dihydrate completely
abrogates PDK activity (Mooneg al., 2000). This supported an essential role of Ris
in PDK catalytic activity. This theory was latasproved by solving the crystal structure
of rat PDK2 (Steussyt al., 2001). The determination of the structure of P&IK2
suggested that Hi¥ is solvent inaccessible making it unlikely to jpég in a phosphor-
histidine intermediate. Furthermore, Hisplays an important role in making a number
of crucial structural hydrogen bonds (Steussyal., 2001) Currently, the site of

autophosphorylation of PDK is not clearly defined.
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In attempt to decipher the reaction mechanism oKPDuganovaet al. (2001) and
Tovar-Mendezt al. (2005) studied the roles of L&(and GIiF*® which are located in the
N —box. The mutation of these amino acid residaedanine resulted in a complete loss
of PDK activity. The asparagine and lysine resgdwéich are also located in the N-box
were found to interact directly with ATP (Steuss$yl., 2001). According to the rPDK2
structure, the lysine residue in the N-box is dedrtowards the ATP binding site. It was
therefore hypothesised that this lysine residuevslved in the catalysis of PDK. This
hypothesis was strengthened by the lgywd PDK mutated at this lysine residue (Tovar-

Mendezet al., 2005).

Tovar-Mendezt al. (2005) proposed a model for the catalytic roleamafno acids in the
N-box (Figure 7). In this model, the conservedramacids of the N-box (Glu and Lys)
participate in binding of Mg via a water molecule that coordinates the *Mgith
asparagine completing the magnesium octahedraresphghe proposed role of Gfi
was strengthened by observing that, in the otheminees of the ATPase/kinase
superfamily such as CheA and topoisomerase, theaaatids that correspond to &l
participate indirectly in the binding of Mgvia a water molecule that coordinates the
Mg?* (Bilweset al., 2001; Corbett and Berger, 2003). The base catialysoposed to be

either located in the ATP lid or in the substrate.
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Figure 7: Proposed model for theroles of theamino acidsin the N-box.

Dotted lines indicate the interaction between thena acid residues and magnesium or water molecules
The water molecules bridge Kfgwith GI*** and Ly$*2 The AsA* is involved in the direct binding of
Mg?*. The two water molecules, Gff Lys**? and AsA*? complete the magnesium octahedral sphere

(taken from Tovar-Mendegt al., 2005).

1.10 Inhibitors of PDK

PDK has received attention as a target for T2DMde due to its role in glucose
metabolism and diabetes. Therefore, there have daember of efforts to identify or
design PDK inhibitors. Currently, the only knowmhibitor of PDK that has reached
clinical trial stage is Dichloroacetate (DCA). Rady, other inhibitors of PDK activity
such as triterpenes (Aichet al., 1999), analogues of ATP, lactones and halogdnate
acetophane (Manet al., 2000) have been identified (Figure 8). Howeteey have not

yet reached clinical trial stage.
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Figure8: Structuresof PDK inhibitors.

These structures were adapted from Metred. (2000).

1.10.1 DCA as a PDK inhibitor

DCA (Figure 8) is a non-hydrolysable analogue ofupgte that has been shown to

improve the diabetic condition (Whitehouateal., 1974 and Stacpoolk al., 1979). In
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addition, DCA has been used for other conditionwlimch PDC activity is reduced such

as ischemia (Preiset al., 1990), and cardiac insufficiency (Bersiral., 1997).

DCA binds to PDK at an allosteric site that was pepusing the crystal structure of
human PDK2 complexed to DCA (Knoecletlal., 2006). This site is located in the N-
terminal domain and is formed by residues Tedyr®™®, Sef® lle*? Arg'? His'*®

Ser>® Arg™* 1le'®’, Arg'*® and 11€°! (Knoechelet al., 2006 and Figure 9). Most of these
residues are conserved in all the known PDK isofoffrigure 5). The carboxylate group
of DCA forms a salt-bridge with Afg® while the chlorine is buried in the hydrophobic
portion of the DCA binding site (Knoechet al., 2006). It is believed that binding of
DCA to PDK prevents dissociation of ADP from théiee site of PDK (Bacet al., 2004)

thus locking PDK in its inactive form.

DCA has proved not to be ideal for long term tresatimof T2DM due to its toxicity
(Stacpoolet al., 1979; Katzet al., 1981; Tothet al., 1992 and Younét al., 1982). The
toxicity of DCA results from it being metabolized glyoxylate which is converted to
oxalate. High amounts of oxalate lead to abnowwalate metabolism (Stacpoadeal .,
1990). Furthermore, DCA stimulates thiamine-depemdenzymes which cause
depletion of thiamine in the body (Stacposelel., 1990). It is, therefore, imperative to
investigate other useful drugs that can inhibit P&autivity for the therapy of diabetes and

other metabolic disorders.
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Ielcl

Figure 9: Interactions between DCA and the residues in the DCA binding site of

PDK 2.

The DCA allosteric pocket in PDK is coloured acéogdto CPK colour scheme where red indicates region
with negative charge, blue a positive charge regind white a neutral region. The DCA molecule is
coloured cyan. The red and yellow rings in DCA ewnlle denote the oxygen and chlorine atoms,
respectively. The green dotted line shows hydrdgemds between DCA and F§while the solid grey

4> and DCA. This image was generated using

line represents a salt bridge that is formed betweay
Swiss PDB Viewer (Guex and Peitsch, 1997) basedoondinates of 2BU8 (PDB code) (Knoeckehl.,

2006).
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1.10.2 Remarks on protein kinases as drug targets

Protein kinases have revealed themselves to bd tdegets for rationally designed
inhibitory drugs. Through this process, a numidanloibitors have been synthesized and
had successful outcomes in clinical trials. Thesdbitors target different regions in the
kinases, such as the nucleotide binding domainsiteeof allosteric activation of the
kinases, and the site of interaction between timada and other regulatory proteins.
Examples of kinase inhibitors that bind the nucteodomain include Iressa®, (Baketr
al., 2001) and staurosporine (Pragdel., 1997). Iressa® binds irreversibly to the EGFR
tyrosine kinase by covalently binding the cysteinethe ATP binding pocket, and
staurosporine binds to the adenosine pocket otaledytic subunit of cCAMP-dependent
protein kinase. These compounds are able to inaffectively the nucleotide binding
site because it has a loop region that containgngerved glycine-rich sequence. The
glycine residues in this site make the loop regiery flexible in the absence of ATP thus
allowing binding of small molecule inhibitors (Manaadi et al., 1997; Huse and
Kuriyan, 2002). These inhibitors induce structuthbnges thus preventing substrate

binding (Mohammadet al., 1997).

However, as the nucleotide binding domains areuitngs, specificity is a concern. In
attempts to address the specificity of kinase imdib, inactive forms of kinases are being
targeted since they differ in structure (Nolakeal., 2004). This approach has been
successfully employed in designing Gleevec, a §ipeiciactive c-Abl kinase inhibitor
(Nagaret al., 2003). Gleevec acts by binding to the inactivenf@f c-Abl kinase thus
locking the enzyme in its inactive conformation ¢fdaet al., 2003). An example of an

inhibitor that binds to the allosteric site of k&es is BIRB 796. It binds to human p38
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MAP kinase and stabilises the conformation of tmage that is incompatible with ATP

binding thus preventing ATP attachment to the acsive (Pargellist al., 2002).

1.11 Objectives

PDK plays a significant role in glucose homeostaki®ugh regulation of the PDC
complex, and impaired functioning of PDC resultsdewvelopment metabolic disorders
associated with abnormal glucose handling such23MI'  Amongst the isomers of
PDK, PDK4 is believed to be the primary isoformttisaimplicated in insulin resistance
and T2DM. For that reason, it is important to fintibitors of PDK4 for use in insulin-

resistance or T2DM therapy.

To design inhibitors for PDK4, it is essential toderstand its physical and chemical
properties as well as its three dimensional strectADP was chosen as a lead candidate
for this study, since it is known to bind to the KRBctive site as a by-product of ATPase
activity. Furthermore, ADP has been shown to itH#DK activity on its own as well as
synergistically with pyruvate (Pratt and Roche,297The PDK binding site of ADP has

previously been mapped in rat PDK2 (Steustsat., 2001).

In order to study the physical properties of PDiK#e hypothetical structure of PDK4
was modelled on the resolved crystal structureadbfDK2. The primary focus of the
study was the ADP binding site since it enabled ithestigation of the interactions
between ADP and rat PDK4. Amino acid residues wWexe identified computationally
to make contact with ADP were compared to thosebPDK2 that are known to make

contact with ADP. Further, the rPDK4 protein wapressed irEscherichia coli and
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purified using affinity and gel filtration chroma@aphy. The structure of PDK4 was
then characterised using fluorescence spectrosaogycircular dichroism. The purified
rPDK4 protein was further confirmed to be rPDK4tpm using Western blot analysis
and a kinase activity assay. The binding of ADE AP to rPDK4 was studied using
fluorescence quenching as both these ligands hage bhown to quench the intrinsic

tryptophan fluorescence of rPDK2 (Hiromasal., 2006).
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2 Materials and Methods

2.1 Materials

A plasmid containing the rPDK4 gene was a gift fr@n Kirill M. Popov of the
University of Missouri-Kansas City (USA). Chromgtaphic resin used in this study
(Sephacryl S-300HR and nickel-Sepharose), were hasexd from Amersham
Biosciences and Novag®nrespectively. The PDK4 primary antibody usedtfie
Western blot analysis of rPDK4 was purchased frooche Diagnostics. The rPDK4
substrate (Ac-YHGHSMSDPGVSYR) used in the PDK astigssay was synthesised by
BIOPEP Peptide Synthesis at the Department of Rimisiry, University of
Stellenbosch, South Africa. The radio-labeled A[f* P] ATP) used to determine
rPDK4 activity was purchased from Amersham Pharen&iotech. All other reagents

and chemicals used were of analytical grade.

2.2 Modelling of rPDK4

The protein sequences of rat PDK2 and PDK4 wegnedl using ClustalyWersion 1.83
(Thompsonet al., 1994. Modelling of the structure of rPDK4 was explditasing the
high sequence similarity between rPDK4 and rPDKPhe structure of rPDK4 was
modelled based on the coordinates obtained fromtehery structure of rat PDK2
(1JM6) by Steussgt al. (2001). The quality of the modelled structureswarified using

the WHAT IF program (Vriend, 1990) and Ramachanghiah
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2.3 ldentification of amino acid residues that are crucial for interacting

with ADP

Since the rat PDK2 structure was co-crystalliseth WDP, it was possible to study the
putative ADP interaction with rPDK4. In order tovestigate further the ADP interaction
with rPDK4, the ADP from rPDK2 was merged to rPDHging DeepView/Swiss PDB

(http://au.expasy.org/spdhGuex and Peitsch, 1997). The amino acids tlzst @ role

in hydrogen bonding interactions within a distantd A from ADP were investigated.

2.4 Confirmation of rPDK4 in pET28A plasmid

The rat cDNA was ligated into a pET28A vector aree tresultant plasmid was
transformed intoEscherichia coli BL21 (DE3) cells that co-expressed the chaperones
GroES/L. These proteins were expressed in a septagimid (pGROELS, Takara,
Japan). In order to confirm the presence of tli@<#Pgene, plasmid DNA was isolated a
purified using the plasmid isolation kit from Progae as per the manufacturer's
instructions. The isolated plasmid DNA was usethastemplate DNA in a polymerase
chain reaction (PCR) using gene specific forward esverse primers. The nucleotide
sequences for the forward and reverse primers wtre following: (5'-
CCCTCCATGGTTGCACCATGAAGGC-3) and (5-ACCCTCGAGAGGIGGTCTA
CATGGCC-3'). Each PCR reaction mixture containet M of each primer, 200 uM
of deoxyribonucleic triphosphates, 10 ng of tengIBXNA, buffer and 1 Unit offaq
polymerase. A forty cycle PCR reaction was perfeinwith the following parameters:
45 seconds at 94°C for denaturation, 1 minute &€ &0 annealing and 1 minute at 72°C

for extension. The PCR product was cleaned usiadPlCR clean up kit from Promega
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as per manufacture’s instructions. The PCR prosas then sent to Ingaba Biotech

(South Africa) for sequencing.

2.5 Expression of rPDK4 protein

A glycerol stock ofEscherichia coli BL21 [pET-PDK4 / pGROEL/S] (10 pl) was
inoculated into Luria Broth medium (10 g/l yeastragt, 10 g/l tryptone and 5 g/l NaCl)
containing 45 pg/ml kanamycin and 35 pg/ml chloraerpcol. The cells were allowed
to grow at 37°C. After the & reached 0.7-0.8, the culture was transferred ¢onro
temperature and induced with 0.4 mM isopropyD-thiogalactopyranoside (IPTG).
Incubation continued for another 20-24 h at roommgerature. After 20-24 h of
induction, cells were harvested by centrifugatian5@ 000 x g for 20 min, and

subsequently the pellet was stored at -20°C umay tvere used.

In order to test for expression of PDK, the hamédstells were resuspended in 10 ml of
binding buffer (40 mM imidazole, 4 M NaCl, 160 mMig-HCI pH, 7.9) which was
supplemented with 0.5 % (w/v) Triton X-100. Theuspended cells were sonicated and
centrifuged at 50 000 x g for 30 min at 4 °C. Theared cell lysate was analysed using
sodium dodecyl sulphate polyacrylamide gel eledtoopsis (SDS-PAGE) for rPDK4

expression (see section 2.7).

2.6 Purification of rPDK4 protein

The rPDK4 protein was purified using affinity anel §ltration chromatography.
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2.6.1 Affinity chromatography

The cleared cell lysate was loaded onto a nickph&@ese column (7.5 ml bed volume)
pre-equilibrated with the previously described longdbuffer (see section 2.5). Once all
the supernatant entered the resin, the column veehed with 5 volumes of binding
buffer. The unbound protein was eluted with wagtbaffer (480 mM imidazole, 4 M

NaCl, 160 mM Tris-HCI, pH 7.9) and the fractionsrev&eing monitored at 280 nm. The
bound proteins were eluted with elution buffer (dirkidazole, 2 M NaCl, 80 mM Tris-

HCI, pH 7.9). The elution profile of the eluantswacorded by collecting 2 ml fractions
and measuring the absorbance at 280 nm. Elutetidina were analysed using SDS-
PAGE (Section 2.7). The fractions that contain@KRvere pooled and desalted on a
PD-10 column (Pharmacia) equilibrated with storagéer (20 mM Tris-HCI, 0.1 M

NaCl, 0.5 mM EDTA, 0.05 % Triton X-100, 5 mM dittiweitol (DTT), pH 8.0).

2.6.2 Gelfiltration chromatography

Sephacryl S-300HR gel filtration media (Amershanod8iences) with a fractionation
range in relative molecular mass jJMf 1 x 1d - 1.5 x 16 was used for gel filtration

chromatography. After packing the Sephacryl S30Q#8in into the column, it was
equilibrated with storage buffer (as described éct®n 2.6.1). Gel filtration standards
(Bio-Rad) with M of 670 000 (bovine thyroglobulin), 158 000 (boviopemma globulin),

44 000 (chicken ovalbumin), 17 000 (horse myoglplaind 1 350 (vitamin B-12) were
used to create a size-exclusion standard curvee geh filtration selectivity curve was
created for the column according to the protociml tut in the Gel Filtration Principles

and Methods Handbook by Amersham Biosciences (UppSaveden). Blue dextrin (M
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2x10) was used to determine the void volume)(®f the column. The partially purified
PDK sample from the affinity purification column svéoaded onto the column using a
flow rate of 0.5 ml/min and the elution was mongidrat Agy. The eluted fractions that

contained proteiwere analysed using SDS-PAGE.

The fractions that contained pure PDK protein wposled and concentrated using
Amicon ultra filtration unit. The final preparatiovas made to 50 % (v/v) with glycerol

and stored in 50 pl aliquots at -80°C.

2.7 Sodium Dodecyl Sulphate Polyacrylamide Gel Elec  trophoresis (SDS-

PAGE)

The purity and homogeneity of the rPDK4 protein evassessed using 10 % SDS-PAGE
as described by Laemmli (1970). Prior to loadifigpmtein samples onto the gel, the
proteins were incubated with SDS-PAGE sample bufiet25 M Tris-HCI, 4 % (w/v)
SDS, 20 % (v/v) glycerol, 5 % (v/\j-mercaptoethanol and 0.02 % (w/v) bromophenol
blue, pH 6.8) for 5 minutes at 5. Gels were electrophorised for one hour at 200 V
Staining was performed using Coomassie Stain (4théthanol; 0.7 % acetic acid;
0.075 % Coomassie dye). Gels were destained vathm@ssie destain (40 % methanol,
0.7 % acetic acid). Molecular weight markers (Femtas)were used as standards with
relative molecular masses of 250 000, 150 000,a0@) 75 000, 50 000, 37 000, 25 000,

15 000 and 10 000.
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2.8 Protein concentration determination

2.8.1 Beer-Lambert law

The protein concentrations were determined spedottometrically by applying the

Beer-Lambert law.

The Beer-Lamberts law: Asgcl (1)

whereg, is the molar extinction coefficient at wavelengilt is the concentration ands

the pathlength of the light through the solutiorthe cuvette. The extinction coefficient
of the dimeric form of PDK was calculated using &ipn 2. The primary amino acid
sequence of rPDK4 (Figure 5) was used to obtaimtimeber of tryptophan, tyrosine and

cysteine residues.

£(280)(M™* cmi! ) = (#Trp)(5550) + (#Tyr)(1340) +(#Cys)(150) (2)
=2200 + 21440 + 1500

=25140

2.9 Western blot analysis

The transfer of proteins from SDS-PAGE to polyvidghe difluoride membranes (0.45
pm pore size, Immobilon-P, Millipore Corp., BedfptdA) was accomplished with a

semi dry Trans-Blot transfer system (Bio-Rad Labmias, Inc.) with a transfer buffer
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consisting of 25 mM Tris-HCI, 192 mM glycine, an@ % methanol for one hour at
150 mA. Membranes were blocked for 90 min at raemperature in Tris buffered
saline (TBS) containing Tween 20 (20 mM Tris (pH)7137 mM sodium chloride, 0.1
% Tween-20 (TBST)) and 2 % dried non-fat milk powd&embranes were incubated
overnight in TBST at 4 °C with anti-PDK4 primarytidsody at a dilution of 1:5000.
After incubation with primary antibody, blots weracubated with antirabbit 1gG
horseradish peroxidase-conjugated antibodies dutod of 1:2500 in TBST for 90 min
at room temperature. After three washes in TB8imunoreactive bands were detected
using the enhanced chemiluminescence detectioamy@mersham Pharmacia Biotech,

Arlington, IL), according to the manufacturer’s tingtions.

2.10 Size-exclusion high pressure liquid chromatog raphy

Size-exclusion chromatography was performed onpiduially purified PDK sample.
The column used was TSK —GeG2000SWXL. The column was equilibrated with 50
mM NaPO, pH 6.8. The buffer was filtered and degassedrbefise. An LKB 2150
pump (Pharmacia) was used to maintain the flow et®.5 ml/min. Gel filtration
standards (Bio-Rad) with relative molecular masse670 000 (bovine thyroglobulin),
158 000 (bovine gamma globulin), 44 000 (chickeraloymin), 17 000 (horse
myoglobin) and 1 350 (vitamin B-12) were used teate a size-exclusion standard
curve. The partially purified sample was then Ed&dnd injected onto the column via
the load/inject port, with the elution profile reded at 280 nm using a Spectra series UV
100 detector. The protein was eluted with 50 mMR@ (pH 6.8) from the column at

0.5ml/min and the eluant was monitored at 280 nm.
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2.11 PDK activity assay

The rPDK4 activity was determined using a modifpetlished method (Jacksehal.,
1998). Briefly, the activity of rPDK4 was testen & 30 pl reaction which contained
5uM of rPDK4, 25 puM of Ed peptide of PDC as a substrate (Ac-
YHGHSMSDPGVSYR), 1-** P] ATP and activity assay buffer. The activitysag
buffer contained the following: 44 mM Mops, 22 mMiPQO,, 0.56 mM EDTA, 2 mM
MgCl,, 33 mM KCl and 2.2 mM DTT (pH 7.5) . The reactioras started with the
addition of 2.5 pl of 25QCi of [y-*3P] ATP. This was followed by incubating the assay
reaction at 37C for one hour. The reaction was terminated bytaadof 10 pl of SDS-
PAGE sample buffer and further incubating the sangtl90°C for five minutes. The
sample was loaded on 10 % SDS-PAGE gel and elduirged as described in section
2.7. This was followed by staining the 10 % SDSEAwith Coomassie Stain and
destaining overnight with Coomassie destain comgiiO % of glycerol. The gel was

subsequently dried under vacuum and exposed ory Khmraat -70°C overnight.

The activity of PDK is inhibited by ADP and pyrueafPratt and Roche, 1979). ADP
and pyruvate were therefore also added to the &iaasay reaction in order to investigate
their ability to inhibit the activity of rPDK4. Téhfinal concentration of ADP and
pyruvate in the PDK activity assay were 50 mM eathe inhibition of rPDK4 activity

would be shown by the inability of rPDK4 to phospfate the E peptide of PDC.
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2.12 Circular dichroism

The far—UV CD spectrum of rPDK4 protein was mead#2€C at using a Jasco J-810
spectropolarimeter. The sample chamber was cahstarshed with nitrogen. Far-Uv

CD spectra were recorded from 200 to 250 nm inZaddn quartz curvette at 1 nm
intervals using a protein concentration of 2 uM2hmM sodium phosphate buffer, pH
7.5. The spectra were averaged over ten accumndati The spectrum of the buffer

control was subtracted from the experimental spectr

2.13 Fluorescence spectroscopy

A fluorescence spectrum of PDK4 protein was obthiate?0°C using a Perkin-Elmer LS
50 B spectrometer. The PDK4 protein was exciteditaier 280 nm or 295 nm. The
excitation and emission bandwidths were set at @ndithe emission spectra collected at
200 nm/min with ten accumulations. The proteincaoiration used wasBv in 50mM
potassium phosphate buffer, pH 7.5 containing V6 EDTA, 2.0 mM MgC}. The

fluorescence values were corrected for the bufdyank.

2.14 Effects of ADP and ATP binding on rPDK4 intrin  sic fluorescence

The binding of ADP and ATP to rPDK4 was studied hgasuring the quenching of

tryptophan fluorescence (Hiromastaal., 2006). The rPDK4 protein at (5 uM in 50 mM

potassium phosphate, 0.5 mM EDTA, 2.0 mM MgQ@H 7.5), was titrated with either

ADP or ATP in a concentration range of 0 to 2pBl, and the fluorescence was
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measured. The protein was excited at 295 nm asedfltlorescence emission was

recorded at 350 nm.

In the data analysis, the fluorescence of rPDKthenabsence of ligand is the maximum
fluorescence (Fmax) at 350 nm (Figure 26). Thetmadof ligand (ADP or ATP) to
rPDK4 quenches the fluorescence (F) of rPDK4 natato the absence of ligand. The

percentage of quenching by ligands was therefaleutated according to equation 3.

Percentage quenching = 100*(k- F) (3)

Fm ax

where, Faxis the maximum fluorescence of rPDK4 in the absesfcthe ligand and F is

the fluorescence of rPDK4 in the presence of ADRTP.

Sigma plot V8.0 (Jandel Corporation) was used terdg@ne the dissociation constant
(Kq) of ADP or ATP, the data was fitted on hyperbdkggure 28B and Figure 29B)

curve using equation 4.

F= Fmax [S] (4)
Knt [S]

where, K, is the Michaelis constant in mM {KKg) giving the Ky value and S is the

concentration of the ligand (ATP or ADP).

The data was further plotted on a Hill plot usin®@d (F/Fnax - F) against log [S]) to

determine the Hill constany).
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3 Results

3.1 Homology modelling of rPDK4

To find an appropriate template to model the stmectof rPDK4, a BLAST

(http://www.expasy.org/tools/blgstAltschul et al., 1997) search using the primary

sequence of rPDK4 was performed against the stalcRrotein Database (PDB). The
results from the search are shown in Table 1 witfid (rat PDK2 PDB code) giving the

best E value. The closer the E value is to zdre,letter the chance of a correlation
between the peptide sequences of any two prot@ngpared. This, therefore, means

they are likely to be structurally and functionaigjated.

Table 1: Results of a BLAST search for sequence homologues to rPDK 4 that have a

known tertiary structure

PDB Description Resolution A | E- value
number
1jmé Pyruvate dehydrogenase kinase lsozyme2.80 &>

containing ADP

1gkz Branched—chained-ketoacid dehydrogenase.2 26®
complexed with ADP
1gjv Branched—chaineg-ketoacid dehydrogenas&.7 26’

complexed with ATP-gamma

1gkx Branched—chainad-ketoacid dehydrogenas@.3 26

complexed with ADP
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The primary amino acid sequences of rPDK2 and rPede also aligned using the

alignment program ClustalWhitp://www.ebi.ac.uk/Tools/clustaljv/ The alignment

results showed 65 % sequence similarity between tihe proteins (Figure 10).
Successful modelling requires at least one expetatyg solved three-dimensional
structure that should have more than 40 % amind sequence identity to the target
sequence (Brenner, 2001 and Schwetdd., 2003). Therefore, the BLAST search and
sequence alignment result shows that the rPDKZtsitre;, 1JM6, is a suitable template

for modelling rPDK4.

The modelled structure of rPDK4 was built using K2Das a template using SWISS-
MODEL (Guex and Peitsch, 1997). The proposed hogymodel of rPDK4 is shown
in Figure 11. The quality of the modelled struetwf rPDK4 was verified using the
WHATIF program (Vriend, 1990) and the Ramachandpdot (Ramachandran and
Sasiskharan, 1968). The Z scores of rPDK4 stractbtained from the WHATIF
program was within the accepted range. The Rammacha plot indicated that the
modelled rPDK4 structure has good geometry (Figl2g Most of the non-glycine
residues were found in the favoured and alloweibnesg with the exception of At3 Pro
134 and AIZ™. Although, some glycine residues were also foimdhe disallowed
regions, this is acceptable since glycine has adg@h atom as a side chain which

enables it to adopt a number of different conforomet
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Figure 10: Alignment of rPDK 2 and r PDK 4.

The sequence was aligned using Clustalw, versi88 (Thompsoret al., 1994). The sequences of the
PDK isomers were obtained from Genbank and thaiesgion numbers are as follows: rPDK2-Q64536
and rPDK4-054937. The red and yellow colours iathio. helices and strands, respectively. The amino
acids that are shown in bigger font, and in boid,iavolved in the binding of ADP by PDK proteiithe
tryptophan residues (W) are shown in green. Tleorgdary structure information was taken from

http://www.biochem.ucl.ac.uk/bsm/pdbsum/1jm6 The similarity between the two sequences was

determined using the NCBI BLASTP 2.2.8 (Altscletiél., 1997).
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Figure 11: Ribbon representation of the homology modelled three dimension

structure of rat PDK 4.
Ribbon presentation of human PDK4 dimer modellethqusSWISS-MODEL based on coordinates
published by Steussst al. (2001) (1JM6) viewed down the 2-fold axis-Helices are coloured in refl;

strands are coloured in yellow, and the loop regjiame coloured in pink.

120 150 18 I]l o
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- 1580
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Figure 12: Ramachandran plot of rat PDK4 structure.

Yellow lines indicate favoured conformations of amiacid residues, and blue lines indicate additiona

allowed conformations. Points that are boxes mgiglycine residues and crosses indicate othielues
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The overall structural topology of rPDK2 seems éoppeserved in rPDK4 according to
the SWISS-MODEL homology modelling. The structumbfjnments between these two
structures give a root mean square deviation (RM&M)e of 1.7 A using the backbone
of all atoms of both structures (Figure 13). THe3D value is used to measure the
structural similarity between proteins structuglsiti et al., 2004). This RMSD value of
1.7 A obtained from aligning the rPDK4 model arsitémplate, implies that the overall
structural topology is highly conserved and doesdawiate far from the crystal structure
of PDK2. In the structural alignment, the modelldeDK4 is coloured using the
confidence factor which indicates regions that hdegiated from the template. The
regions that have deviated significantly are inoooéd red The modelled structure of
rPDK4 is relatively good since most of the struetus coloured green (Figure 13)
indicating no deviation from the template structurélowever, there are regions of
rPDK4 that are coloured red. These regions areat@fo acid residues Plie Glu*
which form a loop connecting helice@ anda3, (b) amino acid residues Gft+ Prg™*
which form a loop region connecting helix andf1l strand, (c) residues Pfie Pro-"
which are part of a loop region connecting helia8sando9 and (d) residues A3p-
Lue**? which are part of the loop region connecting tesligl2 andol3. The above
regions are coloured red because they were cotetialzinitio since they are missing in
the crystal structure of rPDK2 and this lowers légweel of confidence in the integrity of

constructed region of the rPDK4 modelled structure.
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Figure 13: Structural alignment of rat PDK2 and rat PDK4 monomers.

Rat PDK4 is coloured by confidence factor (greed md) where the coloured red shows the regiorts tha

were constructedb initio. The rat PDK2 is coloured blue.

3.2 The rPDK4 nucleotide binding site

The ADP binding site in rPDK4 was located by idBmig the presence of binding
pockets on the protein surface. Figure 14 shovesdavities indicated in red and blue
colouring on the rPDK4 protein surface which isowwed yellow. The red coloured
cavity was determined to be 261 A and this siterfwis/et been characterised. The blue
coloured cavity has a surface area of 94 A whialnespond to the size of ADP binding
pocket in rPDK2. The manual docking of ADP to rPD#lso confirmed the 94 A cavity
as the ADP binding pocket. The ADP binding podk@tsists of3-strand-loope-helix
structure with the loop region being glycine richhis structure is a characteristic feature

of the phosphate binding site (Scheial., 1986).
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Figure 14: Molecular surface of rPDK4 showing the ADP binding site.

The image was generated using Swiss PDB ViewerX@ne Peitsch, 1997). The molecular surface of
rPDK4 is coloured yellow. The blue shaded regionhie rPDK4 surface is the ADP binding site which
contains an ADP molecule coloured according to Gkour scheme . The red coloured region is a

potential ligand binding site that has not yet belearacterised.

The amino acids in the ADP binding site that playle in the interaction between ADP
and rPDK4 through hydrogen bond formation, wereniified using DeepView/Swiss
PDB Viewer (Guex and Peitsch, 1997). Hydrogen kotitht were formed within a
distance of 4 A from ADP are shown by dotted gréees in Figure 15. The ADP
binding site of rPDK4 is homologous to that of rP2KFurther, the amino acids that are
involved in the binding of the ADP molecule in rPBlare the same as those in rPDK2
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(Figure 15). The positions of the residues thatiavolved in the binding of ADP are

shown in Figure 10.

Gly 316
Phe 315} y

A B

Figure 15: Theinteraction between rPDK4 and ADP and rPDK 2 and ADP.

The image was generated using Swiss PDB Viewer X@Gmel Peitsch, 1997). A: rat PDK2 interacting
with ADP. B: rat PDK4 interacting with ADP. PDK isoloured in CPK colour scheme and ADP is
coloured in pink. Hydrogen bonds between PDK andPA&xe shown in dotted green lines. The

participating residues are labelled using yellomtfo

The ionic and hydrophobic interactions between A&e rat PDK2 active site were
investigated using Swiss PDB Viewer. The resukssiown in Figure 16. In the rPDK4

ADP binding site, Ar§"® and Asp’® were the two only residues that formed ionic
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interactions with ADP. The rest of the amino acidse either involved in hydrophobic

or hydrogen bonds.

Gly 316
Phe 315

Thr 2938

) ) val 278

\ 3
\ s
‘-. r?- ') 6 L_,

Asp 278

Figure 16: Non-covalent interactions between ADP and the residues in the

nucleotide binding domain of r PDK 4.

The ADP molecule is coloured according to CPK whexe indicates region with negative charge. The
dotted green lines indicate hydrogen bonds betwd2i and residues of rPDK4. The residues of rPDK4

are coloured according to their properties with geddic, blue: basic, yellow: polar and green: poiar.
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3.3 Purification and characterisation of rPDK4

3.3.1 Confirmation of rPDK4 in pET28A plasmid

The pET28/rPDK4 clone used in this study was a dfiftvas, therefore, necessary to
initially confirm whether it contained the rPDK4mgee Plasmid DNA was isolated from
five separate colonies dEscherichia coli BL21 [pET28/rPDK4] and used for the
amplification of the PDK4 gene. As expected, adbah approximately 1.3 kb was
obtained from all the colonies (Figure 17) and ih&kb corresponds to the size of the
PDK gene. The 1.3 kb PCR product was sequencée. rdsults from sequencing were

submitted for a BLAST searchtfp://www.ncbi.nlm.nih.gov/BLASY and gave a 100 %

match to the nucleotide sequence of rPDK4.

3.3.2 Expression of rPDK4

PDKA4 protein expression was induced as describ&ekation 2.5 using 0.4 mM of IPTG.

Figure 18 shows the level of protein overproductidtigh levels of protein expression
were obtained between 16 to 24 hrs of inductiogyfé 18, Lane 2 to Lane 4). The
PDK4 protein was expressed and this was confirmeth® band at about 50 kDa. The
predicted molecular mass of PDK4 is ~ 50 kDa. Adwaith low levels of induction was

seen at 50 kDa, however a strongly induced bandsgas at around 60 kDa. This
protein was assumed to be GroEL (the bacterial $teatk protein 60 / Hsp60) since the

PDK4 clone was transformed inEscherichia coli BL21 (DE3) cells that co-expressed
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the chaperone GroEL with its co-chaperone GroEeyTre the other proteins that were

also induced during the expression of rPDK4 (FidL8®

2.5kb

15kb — 1.3kb

LM L1L2L3 L4 L5 L6

Figure 17: Amplification of the PDK4 gene from pET 28/r PDK 4 using gene specific

forward and reverse primes.

Lane LM: contains the GeneRuler marker. Lanes &:tshow the 1.3 kb gene of pET28/rPDK4. The

molecular mass of the indicated bands are shown.

The expression of rPDK4 seemed low and it was fberecrucial to establish whether
the rPDK4 protein was insoluble and thus locatethepellet. The cells that expressed
high amounts of rPDK4 (induced for 24 hrs) wereicated and centrifuged. Both the
cleared cell lysate and pellet were analysed by-BBGE for the presence of rPDK4.
Figure 18, lane 6 shows that there was no sigmfieanount of rPDK4 located in the

pellet. Hence, rPDK4 was soluble.

44
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50 kDa——» oo

10kDa——» i, i S— .

Figure 18: Expression of rPDK4 protein.

Lane M: Protein Ladder Marker; Lanel: contains neuiced (No IPTG) protein samples. Lanes: 2 to 5
show the induced protein samples. Samples wesntak4 hourly intervals. Lane 2: 24 hrs; Lan@@:
hrs; Lane 4: 16 hrs; Lane 5: 12 hrs. Lane 6: d¢ostasoluble proteins in the pellet after 24 hoafs

induction.

3.3.3 Affinity chromatography

After induction, the rPDK4 protein was purified migia nickel-Sepharose column under
native conditions as outlined in the Material andtivbds section 2.6.1. The purity and
homogeneity of the rPDK4 was assessed using SDSER&{gure 19). Figure 19 lane 4
and lane 5 show proteins that did not bind to tle&eh column while lane 2 and lane 3
show proteins that washed off during the washiegst The proteins that eluted in the
wash step included the highly expressed 60 kDaeprotDuring the wash steps there
was, however a very small amount of PDK4 that ves$ &nd this is confirmed by the

band at about 50 kDa as seen in Figure 19 lanesl 3.a The rPDK4 protein was eluted
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from the nickel column by using high concentratiaismidazole and sodium chloride.
Figure 19 lane 1 shows that using nickel affinibluenn could only partially isolate

PDK4 since there are still other proteins present.

3.3.4 Identification of rPDK4 by Western blotting

At this point, it was necessary to confirm whettter 50 kDa protein obtained through
affinity chromatography was indeed rPDK4. It wacided to perform Western blot
analysis on the partially purified protein from ket affinity column using antibodies that
are specific for rPDK4 protein. The protein thasathought to be rPDK4 gave a signal
when treated with antibodies specific to rPDK4 enot(Figure 20). The signhal was

obtained at 50 kDa and this molecular weight cqoess to that of rPDK4.

60 kDa ——»

¥ RIE

50 kDa ——»

LM L1 L2 L3 L4 L5

Figure 19: 10% SDS-PAGE gel showing purification of histidine tagged rPDK4

protein using nickel affinity chromatography.
Lane M: Protein Ladder Marker; Lane 1: contains ¢heant from nickel affinity column; Lane 2: shows
proteins that washed off with binding buffer; LaBieshows proteins that washed off with washing duff

Lanes 4 and 5: contains proteins that did not borithe column.
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A B

Figure 20: (A) 10% SDS-PAGE gel showing partially purified rPDK4 protein using
nickel affinity chromatography, and (B) related Western blot analysis showing

detection of rPDK 4 protein.

Lane M: Protein Ladder Marker; Lane 1 to Lane itamns partially purified PDK4 protein with 100 ug,
150 pg and 200 pg of protein, respectively. Fig208: Western Blot detection of rPDK4 based on the

samples on the SDS-PAGE gel Figure 20A.

3.3.5 Size-Exclusion chromatography

Purification of rPDK4 using nickel affinity chronagraphy did not result in pure rPDK4
protein. SDS-PAGE analysis showed that the rPDkatgn was contaminated with
other proteins (Figure 20A). It was, thereforecessary to subject the partially purified
enzyme to another purification step which was gghfion. At present there is a vast

selection of gel filtration methods with differeaxclusion limits. In order to select the
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media that is most likely to give a good separattbe partially purified rPDK4 protein

was analysed using SE-HPLC under native conditions.

A standard protein elution profile and correspogditandard curve were generated using
molecular mass standards and a TSK —-Gel ® G20008Mma. Native SE-HLPC
confirmed that the rPDK4 purified through nickelfimty column was indeed
contaminated with other proteins (Figure 21A). #tpin with molecular mass of 96
kDa (retention time of 113 minutes) was obtainedjfe 21A). This molecular mass
corresponds to the dimeric form of PDK (Steusswl., 2001 and Popoet al., 1999).
The molecular masses of other proteins contamigdtia rPDK4 were found to be 279
and 139 kDa and these proteins are unlikely to deg Bhock proteins. The standard
curve of the elution profile for the protein stardkais shown in Figure 21B. The
molecular mass standard curve was used to estiimateass of the proteins contained in
the partially purified rPDK4 sample. Based on 8t HPLC results, Sephacryl S-300HR
gel filtration media (fractionation range of 1 x*I5 x 16) was chosen to further purify

rPDK4 from its contaminants.

A standard protein elution profile and correspogditandard curve were generated using
molecular mass standards and Sephacryl S-300HRnooluThe proteins eluting from
Sephacryl S-300HR column are showrkigure 22 and a protein peak with the retention
time of 116 minutes was observed. The moleculasnoéthis peak was estimated to be
97 kDa which corresponds to the dimeric form of Ppidtein. Fractions 28 to 38,
giving a total volume of 10 ml, were pooled and @amtrated to 500 pl using Vivaspin
20 with a 30 kDa membrane cut-off. This proteimpke was further confirmed to be

rPDK4 using SDS-PAGE gel and Western blot analfiagure 23).
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Figure 21: SE-HPL C elution profile of partially purified rPDK 4.

The elution profile of partially purified rPDK4 pi&in using a TSK-Gel ® G2000SW column. Brieflye th

partially purified rPDK4 protein was injected intoe SE-HPLC column and the effluent was monitored a
280 nm. The retention times are shown in bracketg to the protein peaks. The relative molecular
masses of the proteins that eluted from the SE-HB&IGmn were estimated using the standard curve in

Figure 21B.
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Figure 22: Protein elution profile from Sephacryl S-300HR of partially purified

rPDK4.
The partially purified rPDK4 from the affinity chnmatography step was concentrated 10 fold using a 30
kDa cut-off membrane. A total volume of 2 ml obf®in (6 mg) was loaded onto the Sephacryl S-300HR

column and eluted using sodium phosphate buffeh witflow rate of 0.5 ml/min. The elution of the

protein was monitored at 280 nm.
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50 kDa
<+— 50kDa

Figure 23: Purification of rPDK 4 protein by gel filtration.

The 10 % SDS-PAGE gel analysis of rPDK4 from ghtdtion is depicted in A. Lane LM: shows the
protein ladder marker, and L1 contains the eluaminfgel filtration with retention time of 116 mirag

The Western blot analysis of protein sample orSB&-PAGE gel is shown in B.

3.3.6 Activity of rPDK4

It was of importance to determine whether the igolaPDK4 protein was catalytically
active. PDK proteins are known to phosphorylateehserine residues (8% Sef’,
Sef®) in the Eh subunit of PDC (Sale and Randle, 1981). Jacketoal. (1998)
demonstrated that rPDK2 protein can phosphorylatee tpeptide Ac—
YHGHSMSDPGVSR since it resembles the protein secpiaegion of Ed that is
phosphorylated by PDK proteins. The rPDK4 protsolated in this study was found to
be active since the data in Figure 24 demonsttaggsthe peptide was phosphorylated.
PDK proteins are reported to undergo autophospatoyl (Popowet al., 1993; Theleret

al., 2000) and lane 2 in Figure 24 demonstrates thitge presence of ADP or pyruvate,

or both, in the peptide phosphorylation assay itdibrPDK4 autophosphorylation as
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well as the phosphorylation of the peptide (Figede Lanes 3 and 4). This is consistent
with published data which reports ADP and pyruvae amongst the inhibitors of PDK

enzymes.

<+— rPDK{4

<+— Peptide

Figure 24: Autoradiograph showing the auto-phosphorylation of rPDK4 and

peptide phosphorylation.

The peptide was phosphorylated as described iflose2tll. The proteins were separated by 10% SDS —
PAGE gel. The auto-phosphorylated rPDK4 and the sphorylated peptide were detected by

autoradiography. L1: contains a negative contnol (PDK4 protein); L2: shows an auto-phosphorylated
rPDK4 and phosphorylated peptide; L3 and L4: shawsbition of rPDK4 auto-phosphorylation and

phosphorylation of peptide by ADP and pyruvate eesipely.

3.3.7 Circular dichroism (CD)

Far-UV CD was used to study the secondary structoatent of the purified rPDK4
protein. The far—UV CD spectrum shows that rPDKpldys two ellipticity minima at
208 and 222 nm (Figure 25). These wavelength narame an indication of a protein
with high helical content and which is consistenthwhe structure of PDK proteins that

contain about 69 %-helices (Steussst al., 2001 and Figure 11).
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Figure 25: Far-UV CD spectra of rPDK 4.
The rPDK4 protein (2 uM) in phosphate buffer wadjsated to circular dichroism to determine its

secondary structure content. The spectrum of tiféebcontrol was subtracted from the experimental

spectra.

3.3.8 Fluorescence spectroscopy

Amino acid sequence analysis of rPDK4 shows thaoiitains tyrosine and tryptophan
residues (Figure 10). These amino acid residussrece when excited at 280 nm.
Fluorescence spectroscopy was therefore used tteefurharacterize rPDK4. The basal
fluorescence of rPDK4 was measured by excitingrBi@k4 at 280 nm where both the
tyrosine and tryptophan are known to fluorescee MPDK4 protein was also excited at
295 nm exclusively for tryptophan residues. Theitaxion of PDK4 protein at 295 nm

with emission wavelength between 300 and 420 nmvetica broad peak with a peak
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centre of 350 nm whereas exciting the rPDK4 at 2&D gave higher fluorescence

intensity with peak centre of 318 nm (Figure 26).

400 +

300 +

200 +
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100

300 320 340 360 380 400 420

Wavelength (nm)

Figure 26: Basal fluorescence spectrum of 5 uM rPDK4 protein.

Briefly, 5 uM of rPDK4 protein was excited at 280 nm (blackigaircles) and 295 nm (clear circles) and

the emission wavelength was measured between 3082hnm.

3.3.9 Effects of ADP and ATP binding on the rPDK4 intrinsic fluorescence

Hiromasaet al. (2006) reported that mutation of F¥pon human PDK2 to phenylalanine
results in the loss of basal fluorescence of huRPBK2 when excited at 295 nm. This
meant that Trf® was the main tryptophan residue responsible fffltiorescence when
human PDK2 is excited at 295 nm and the other twptaphan residues on human
PDK2 (Trp® and Trg") were buried within the structure thus becomindvesat

inaccessible (Hiromasa al., 2006; Figure 27).
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In the tertiary structure of human PDK2, Tfpis situated close to the binding site
(Figure 27). The fluorescence emitted by *f#jgan therefore be used to monitor any
effects of ligand binding (ADP or ATP) to the bindi site. It would therefore be
expected to see a change in the fluorescence emiasien a ligand (ADP or ATP) binds
in the PDK active site, since the presence of anligwould affect the environment of
Trp*®3 In an event where there is no binding the flacemce intensity is unlikely to

change.

Figure 27: The structure of human PDK2 monomer (2bu2) complex with ATP

showing thelocation of the tryptophan residues.
The tryptophan residues are shown in blue and tB® Molecule is coloured red. The region circled in

white depicts the nucleotide binding site.

Primary sequence analysis of rPDK4 showed thabritained two tryptophan residues,

Trp®! and Trg® The Trp®of rPDK4 corresponds to T¥p in human PDK2. It was
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therefore hypothesised that ¥pin rPDK4 could also be used to study binding of AD
and ATP. In the modelled structure, the *ftpesidue is in a loop region at the tail of the
C-terminal domain, but, when the PDK4 is corredityded it is located in close
proximity to the active site (Figure 27). It wasetefore hypothesized that #¥pin
rPDK4 will also be situated close to the active sit the tertiary structure of rPDK4 and

hence might be sensitive to the binding of ADP AiéP.

It is shown in Figure 28A, that an increase in twncentration of ADP present in
solution with rPDK4 results in a decrease in trygbtan fluorescence intensity putatively
given by Trp®. The dissociation constant {Kof ADP was determined to be 37 uM
when the data was fitted on the hyperbolic fit gsaguation 4 (Figure 28B). Steusay

al (2001) reported that each monomer of PDK contam#\BP binding site. It was,
therefore, necessary to establish further whetienetwas any cooperativity between the
two ADP binding sites of rPDK4. The data was farthnalysed using a Hill plot (Figure
28C). The Hill plot gave a Hill coefficiening) value of 0.7 which is indicative of
negative cooperativity within the two ADP bindinigesof rPDK4. Theny of 0.7 differs
with the value of 1 published by Hiromash al. (2006) which described positive

cooperativity within the two human PDK2 bindingesitof ADP.
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Figure 28: Quenching of basal rPDK 4 fluorescence at 350 nm by ADP.

The rPDK4 (5uM) was excited at 295 nm and the fluorescence wessored at 350 nm.

The ATP molecule also binds rPDK4 at the sameastéDP and it was of interest to
determine whether the binding of ATP to rPDK4 hawmilar effects on the basal
fluorescence of this protein as ADP. Figure 29Aidis a reduction in fluorescence of
rPDK4 with increasing amounts of ATP. The maximgaenching effect for ATP on
Trp*®3fluorescence was 31 % (Figure 29B) and this wasdaito 38 % for ADP (Figure
28B). The percentage quenching values obtaingdisncurrent work (calculated using

equation 3) were below those reported by Hiromawhc workers (2006) which were
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53 % for ATP and 48 % for ADP. TheyKalue for ATP was determined to be 17.4 uM

when the data was fitted on the hyperbolic fit (Feg29C).
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Figure 29: Quenching of basal rPDK 4 fluorescence at 350 nm by ATP.

rPDK4 (5uM) was excited at 295 nm and the fluorescence weesored at 350 nm.

The PDK proteins require Mg for its activity (Tovar-Mendegt al., 2005). In an event
when MgC} was not included in the buffer, ADP or ATP did rauseny quenching of
basal fluorescence spectra rPDK4. Therefore, iserved quenching of fluorescense

due to specific binding of ATP or ADP by rPDK4.
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4 Discussion

This research work focused on studying the strectirrPDK4 and further elucidating
the binding properties of ADP to rPDK4. In orderdchieve this aim, the study was
divided into two sections. The first section inved utilization of computational
methods to model the three dimensional structundBK4. The modelled structure of
rPDK4 was to study the hypothetical interactioomigsin rPDK4 and ADP. The second
section involved biochemical characterisation oé thurified rPDK4 protein. This
included size determination using size exclusiomowtatography, SDS-PAGE and
Western blot analysis, as well as kinase activéiyags. The biochemical interaction of

rPDK4 with ADP was studied using fluorescence gherganalysis.

4.1 Structural bioinformatics analysis of rPDK4

Analysis of the interaction of rPDK4 and the ADP laanle bound at the active site of
the modelled rPDK4 revealed that amino acids’Asisp®, Sef™, Thr% Phé'® and
Gly**® potentially make hydrogen bond interactions with ADP molecule (Figure 15B).
As described previously, these amino acids and thieractions appear to be conserved
in all known isomers of PDK (Figure 5). This sugtgethat the binding mechanism of
ADP is similar for all the isomers. This may inase the difficulty in designing active
site inhibitors that would selectively bind rPDKddanot the other PDK isomers since
PDK4 has emerged as a potential drug target fotrét@ment of diabetes. Due to the
conservation of the nucleotide binding domain dK® it is unlikely to be an ideal drug

target, and specificity would be a major concern.
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The first possible area of interest is the DCA bigdsite. Knoechetdt al. (2006) studied
the structure of human PDK2 in an attempt to fiodel ligand binding sites that would
be isoform specific. Taking into account that D®As been shown to inhibit PDK
activity by hindering dissociation of the ADP malée at the active site (Baet al.,
2004). Knoechett al. (2006) undertook experiments to locate the DCAding site.
This site was successfully mapped (Figure 9). Hmwneresidues which constitute this
site were also found to be conserved in all PDKniss. Hence, it is unlikely that the
DCA binding site will prove suitable as a drug ®&trgsite for the development of

inhibitors.

PDK dimers are recruited to the PDC by bindinghte inner lipoyl (L2) domain of the
E2 (Liu et al., 1995). The L2 binding site could be another gaesbinding site that
could be targeted. Tuganowh al. (2001) studied the interaction between the PDK
isomers and L2 and showed that they display diffebending affinities for L2 and this
suggested that the L2 binding site in PDK coulddiféerent for each isomer. The
findings of Tuganovat al. (2001) lead to the solving of the structure ofmlam PDKS3
complexed with L2 of PDC (Katet al., 2005). It was observed from the structure ef th
PDK3-L2 complex that the L2 binds to PDK both aé tN-terminal and C-terminal
domains. The interactions between the N-terminaiman and L2 are mainly
hydrophobic and electrostatic, and they are simifaall isomers of PDK based on
sequence conservation. The tail of the C-termd@hain interacts with L2 through
hydrogen bonding and the hydrogen bond network é&etvthe tail of C-terminal domain
and L2 seems to be unique for each isomer (Ka#b.,e2005). Furthermore, truncation
of the C-terminal tail of PDKs abolishes the birgdof L2 thus indicating that this region

is crucial for L2 and PDK interaction (Kaébal., 2005). The work of Katet al. (2005)
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indicates that the C-terminal tail region of PDKultbbe targeted for the design of PDK

inhibitors that are isoform specific.

Another PDK ligand binding site that could be sadtis that of the E1 subunit of PDC.
It may lead to identification of isoform specifighibitors of PDK because PDK isoforms
are known to display differences in kinetic paraangtregulation and phosphorylation of
E1l subunit (Bowker-Kinleyet al., 1998 and Kolobovat al., 2001). It could also be
worthy to target inactive PDK proteins as they nd#fer slightly in structure between
isoforms. This approach has been employed suadlyssf designing Gleevec, a specific

c-Abl kinase inhibitor which bind the inactive foroh c-Abl kinase (Nagaet al., 2003).

Hence, while the initial assumption that the ATRdang site could possibly be a suitable
target site for the development of inhibitors appéda be incorrect, there are at least two

other sites that can be targeted in future work.

4.2 The binding of ATP and ADP to rPDK4

ATP and ADP have been reported to bind PDK protetrthe active site (Steussyal.,

2001 and Knoeched al., 2006). ATP, together with Mg ions, is required for PDK
activity (Tovar-Mendezt al., 2002 and Tuganovet al., 2001) while ADP inhibits the
activity of PDK proteins (Pratt and Roche, 1979) analyze the binding of ADP and

ATP to rPDK4 proteins, fluorescence quenching wsedu

Initial fluorescence work focused on determiningdiafluorescence of rPDK4 in the

absence of ATP and ADP. Excitation of tyrosine &mygtophan at 280 nm gives much
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higher fluorescence intensity compared to a flumeese intensity attained by exciting
rPDK4 (tryptophan alone) at 295 nm (Figure 26). e Tdlifference in fluorescence
emission wavelength when rPDK4 is excited at 280 tR95 nm is attributed to tyrosine

and solvent inaccessible tryptophan residues wihicinesce at 280 nm.

Subsequently, rPDK4 was titrated with either ADP AFP. Both ADP and ATP
guenched the intrinsic fluorescence of rPDK4. {hbenching of rPDK4 fluorescence by
ADP and ATP was indicative of ADP and ATP bindirggthe active site. This was
further supported by the inability of both ADP aA@P to quench Trp” fluorescence in
the absence of Mions. The quenching of rPDK4 fluorescence by Adbid ATP also
confirmed that Try°> is sensitive to the binding of ADP and ATP to tieDK4
nucleotide binding site. It could, therefore, leed to monitor the binding effects of

ligands that target the nucleotide binding site.

The percentage quenching of rPDK4 basal fluoresedaycADP and ATP is shown in
Figure 28B and Figure 29B, respectively. The maxmmguenching effect of ATP and
ADP are similar with values of 31 and 38 %, respety. The Hill analysis of ADP and
ATP binding yielded theny value 0.7 and 0.5, respectively. The obtaingdialue for

both ADP and ATP is descriptive of cooperativityvaeen the two binding sites. In an
event where thew is less than 1 the cooperativity between the twessis termed

negative. This means that binding of ligand to an@ve site reduces the affinity of

rPDK4 for the second ligand.

Hiromasaet al. (2006), when performing a similar experiment gsimuman PDK2,

obtained theny value of 1 for ADP. In this study, using PDK4rfigat, theny value of
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0.7 was obtained. Tha, value of 1 describes non cooperativity betweentwe ADP

binding sites implying that the two binding site® andependent and non interacting.
The difference in they value published by Hiromashal. (2006) and the one obtained
in this study could be attributed to the use ofedént isomers of PDK which were from

different sources.

The Hill analysis of ATP obtained in this work wesmpared to that of Hiromashal.
(2006). It was observed that bath value describe a negative cooperativity between th
two ATP binding sites. However,rg value of 0.5 obtained in this work shows that the
two ATP binding sites in rPDK4 have stronger nagatooperativity than those in

human PDK2 since they gave manvalue of 0.9 which is closer to 1.

Taking into consideration that ATP activates PDwaty and PDK functions as a dimer,
one would assume that the two binding sites of &XRibit positive cooperativity. This
would mean that the binding of ATP to one mononfd?@K would increase the affinity
of the other monomer to bind an ATP molecule. Heevethis seems to be untrue for the

case of PDKs. Consequently, theof 0.5 for ATP was unanticipated.

The Ky value of 37 uM for ADP and 17.4 uM for ATP obtaini& this study illustrates
that rPDK4 has higher affinity for ATP than for ADPThis result is consistent with
published work of Hiromosat al. (2006) and Baet al. (2004). It was anticipated for
ATP to have a higher affinity than ADP, since AEPréquired for the catalysis of PDK.
The moderate affinity binding of ATP will also gtBafavour the exchange of ADP for

ATP molecule to prevent PDK inhibition by ADP.
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In order to design inhibitors that would effectiyehhibit rPDK4 one has to take into
account the high binding affinity of ATP for PDKDrug leads need to have a greater
affinity for nucleotide binding site on PDK and agmpete ATP binding. While it may
be worthy to design drugs that target the actite, dhe candidates that target the
pyruvate binding site may be a worthwhile invedima since they have been shown to
work synergistically with ADP. Pyruvate bindingshbeen successfully mapped using
DCA, a structural analog of pyruvate. The bindofgDCA or pyruvate is reported to
induce conformational changes that prevent dissooiaf ADP from the active site thus

locking ADP in the active site of PDK (Babal., 2004).
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4.3 Conclusions and future work

Rat PDK4 has been successfully expressed and quurifit was found to be active and
binds both ATP and ADP. This provides a good platf for future work in designing

inhibitors that target the active site of this prat The structural analysis of the ADP
binding site in this work has shown the disadvaegagf designing drugs that target the
active site. It is important to design drug ledllst would target other ligand binding

sites such as the E1 and L2 binding sites on PDK.

This work has also shown that Ttpcan successfully used to study the effects ofiliga
that bind to the PDK active site. The presencaraither tryptophan residue (Ftpin

PDKs (is located near the DCA binding site) coule éxploited to studying the
interaction between rPDK4 and DCA or other PDK Imitors that target the DCA
binding site using tryptophan fluorescence. As geinitoring of the interaction of PDK

and DCA using tryptophan fluorescence does notappehave been investigated.
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