402 Biochemistry2006,45, 402—415

Regulatory Roles of the N-Terminal Domain Based on Crystal Structures of Human
Pyruvate Dehydrogenase Kinase 2 Containing Physiological and Synthetic
Ligands*

Thorsten R. Knoechélf Alec D. Tuckery Colin M. Robinsort} Chris Phillips? Wendy Taylory Peter J. Bungay,
Shane A. Kastefi,Thomas E. Roché&and David G. Brown#*

PGRD Sandwich, Pfizer Ltd, Sandwich, Kent CT139NJ, United Kingdom, and Department of Biochemistry,
Kansas State Umersity, Manhattan, Kansas 66506

Receied July 19, 2005; Résed Manuscript Receeéd October 30, 2005

ABSTRACT: Pyruvate dehydrogenase kinase (PDHK) regulates the activity of the pyruvate dehydrogenase
multienzyme complex. PDHK inhibition provides a route for therapeutic intervention in diabetes and
cardiovascular disorders. We report crystal structures of human PDHK isozyme 2 complexed with
physiological and synthetic ligands. Several of the PDHK2 structures disclosed have C-terminal cross
arms that span a large trough region between the N-terminal regulatory (R) domains of the PDHK2 dimers.
The structures containing bound ATP and ADP demonstrate variation in the conformation of the active
site lid, residues 316321, which enclose the nucleotigeand y phosphates at the active site in the
C-terminal catalytic domain. We have identified three novel ligand binding sites located in the R domain
of PDHK2. Dichloroacetate (DCA) binds at the pyruvate binding site in the center of the R domain,
which together with ADP, induces significant changes at the active site. Nov3r and AZ12 inhibitors bind
at the lipoamide binding site that is located at one end of the R domain. Pfz3 (an allosteric inhibitor)
binds in an extended site at the other end of the R domain. We conclude that the N-terminal domain of
PDHK has a key regulatory function and propose that the different inhibitor classes act by discrete
mechanisms. The structures we describe provide insights that can be used for structure-based design of
PDHK inhibitors.

In energy metabolism, pyruvate is a central intermediate binding of PDHK to the lipoyl domains of the E2 oligomer,
in carbohydrate degradation. Under anaerobic conditions, it particularly the inner lipoyl domain (L2) of E2(7—13).
is reduced to lactate, while under aerobic conditions it is Binding requires the lipoyl prosthetic groups, and reduction
decarboxylated and converted into acetyl-coenzyme A, which and acetylation of the lipoyl groups of E2 enhance PDHK
serves as an activated C-2 source for the citric acid cycle oractivity (2, 13—18). At least four PDHK isozymes and two
fatty acid synthesis. The irreversible decarboxylation of PDP isozymes are involved in the tissue and metabolic state
pyruvate is catalyzed by the pyruvate dehydrogenase mul-specific control of the PDC activity2( 19—29).
tienzyme complex (PDC)a macromolecular assembly«5 PDHK together with the branched-chainketoacid de-
10 million Da) of multiple copies of three catalytic compo- hydrogenase kinase (BCK) form a class of mitochondrial
nents: pyruvate dehydrogenase (E1), dihydrolipoyl acetyl- protein kinases (mPK’s) that are unrelated to the major class
transferase (E2), and dihydrolipoyl dehydrogenase (E3). In of eukaryotic protein kinases but are similar to the histidine
addition, mammalian PDC contains an E3-binding protein protein kinases found in prokaryotesd-20, 30—34). These
(or protein X) and two associated regulatory enzymes, PDH proteins form dimersi(1, 12, 33, 34), each consisting of an
kinase (PDHK) and PDH phosphatase (PDE2). Revers-  N-terminal domain with a four-helix bundle topology, and
ible phosphorylation occurs at three serine residues of thea C-terminal ATP-binding domain, and belong to the GHKL
E1 component and downregulates PDC activity-6). superfamily 81, 32, 35—41). This work provides new
Efficient phosphorylation of E1 is facilitated by noncovalent  structural insights into the N-terminal regulatory domain and
the location of novel regulatory binding sites.
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Dichloroacetate (DCA) is a well-established activator of
PDC @2, 43), but one that causes toxic side effectd, @5).
Pharmacological studies indicate that DCA-facilitated in-
creases in PDC activity have beneficial effects in several

metabolic and cardiovascular disorders, including diabetes,
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Crystallization Human PDHK2 was concentrated to 10
mg/mL using 10 kDa centrifugal concentrators (Vivascience)
at 3000 rpm, 4°C. Crystallization trials were carried out
using hanging drop vapor diffusion at 4C. PDHK2
crystallized in a range of conditions with the largest crystals

myocardial ischemia, lactic acidosis, and premature musclegrown from 100 mM sodium acetate pH 5:6.8, 6-9%

fatigue @3, 46—51). The activation of PDC by DCA results
from DCA inhibiting PDHK activity by binding at the
pyruvate site 42, 52). Given the beneficial effects of DCA,
development of inhibitors of PDHK5E—60) has become a
focus of the pharmaceutical industry. We clarify the nature
of the sites of binding of some of these inhibitors and
introduce a new class of inhibitor.

2-propanol, and 75125 mM magnesium chloride. Crystals
appeared overnight and continued to grow for up to 2 weeks.
Crystals display a symmetry &6, with cell dimensionsa
=b=109.3Ac=851Aa=p8=90y =12C¢. They
contained one molecule per asymmetric unit (Mw44.6
kDa) and had a solvent content of 62%.

Crystals of human PDHK2 in complex with Nov3r

- We have determined. the X-ray structure of human PDHK2 (44 (2,5)-dimethyl-4-[3,3,3-trifluoro-2-hydroxy-2-methyl-
in the presence and in the absence of physiological a”dpropanoyl]piperazinylcarbonyl)benzonitriIe55) were ob-

synthetic ligand8.Changes induced in PDHK2 structure with
binding of ligands correlate with changes in the regulation
of PDHK2 function 6, 22, 61—63). We discuss the interac-
tions that contribute to dimer formation and compare them
with the recently disclosed structure of the human PDHKS3
isoform complexed with the L2 domain of EB4). The
structures of complexes of human PDHK2 with ligands

bound at the various sites can be utilized for structure-based

design of novel PDHK inhibitors.
EXPERIMENTAL PROCEDURES

Cloning, Protein Expression, and PurificatiorHluman
PDHK2 (GenBank Accession number L424%) residues
A8-T399 was cloned into pFastbacl (Invitrogen) with a
N-terminal His6 tag and thrombin cleavage site, using PCR.

Recombinant baculovirus was generated using the Bac-to-

Bac baculovirus expression system (Invitrogen). The protein
was expressed by infection @tni High5 insect cells with
recombinant baculovirus in Appliko3 L fermenters using
Excel 405 media (JRH biosciences) at a cell density ef 2
10 cells/mL and MOI= 2. The fermentation was harvested
72 h post infection. The frozen cell pellet was lysed in 50
mM Tris-HCI (pH 8), 150 mM sodium chloride, 10 mM
imidazole, 5 mMB-mercaptoethanol, containing EDTA free

tained by mixing Nov3r at 3-fold molar excess before con-
centration to 10 mg/mL. Crystallization conditions for com-
plexes of PDHK2 were similar to those reported for the unlig-
anded enzyme. The liganded PDHK2 also yielded crystals
in 100 mM MES pH 6.0, 10% 2-propanol, and 200 mM
calcium acetate.

Crystals of PDHK2 in complex with AZ12 N-{4-
[(ethylanilino)sulfonyl]-2-methylpheny}3,3,3-trifluoro-2-
hydroxy-2-methylpropanamide); example 12 in patent ap-
plication WO 99/62873) and Pfz:N{(2-aminoethyl)-2{3-
chloro-4-[(4-isopropylbenzyl)oxy]phenyhcetamide) were
prepared by soaking crystals of unliganded PDHK2 in
stabilizing solution containing the inhibitor at 1 mM con-
centration. Crystals of human PDHK2 in complex with ATP
were obtained by soaking crystals, grown in the presence of
Nov3r, in stabilizing solution containing 10 mM ATP.
Crystals of human PDHK2 in complex with ADP and DCA
were obtained by soaking crystals of unliganded PDHK2 in
stabilizing solution containing both ADP and DCA at 10 and
100 mM concentration, respectively.

Data Collection Structure Determination, and Refinement
In all cases, data collection was carried out at 100 K. Protein
crystals were flash-frozen at 100 K using a cryo-protection

protease inhibitor cocktail tablets (Roche). Cell breakage waspuffer consisting of stabilizing solution and 385% glyc-

achieved using continuous homogenization (Constant sys-erol. The structure of recombinant PDHK2 was solved by
tems). Following centrifugation of the sample, the superna- multiple isomorphous replacement using three heavy atom
tant was loaded onto nickel-NTA Superflow resin (Qiagen). derivatives. Mercury, iridium, and osmium derivatives were
The protein was step eluted using 500 mM imidazole, and prepared by soaking crystals for 488 h in a stabilizing
buffer was exchanged immediately into 20 mM Tris-HCI  solution (9% 2-propanol in 100 mM sodium acetate buffer
(pH 8.0), 150 mM sodium chloride, and 2.5 mM CaCl at pH 5.8) containing 1 mM ethylmercury thiosalicylate, 5
(cleavage buffer). The hexa-histidine tag was removed by mM K.IrCle, or 10 mM K,OsCk, respectively.

thrombin (Sigma) cleavage, using a concentration of SNIH x5y gitfraction data of the native protein were collected
units/mg of protein fo3 h at 25°C. Postcleavage the protein v 20 ADSC Quantum 4 CCD-detector at station 9.6
was applied onto nickel-NTA Superflow resin (Qiagen), and ( g7gg A) of the Synchrotron Radiation Source (SRS)
the flow-through was collected. Fractions were pooled and Daresbury, UK. The diffraction data for the heavy atom
concentrated to 2 mg/mL before loading onto a Sephacyl- yejyatives were collected with Rigaku RAXIS-2 or RAX-
200 (Amersham Biosciences) size exclusion column, using |g_4 image plate detectors on laboratory rotating anode

buffer, 20 mM _Trr]i_s-lr-:CI_ (pIH ?'0)’ 150 mM sodiu? chloride,  generators using Cukradiation. All data were processed
and 1 mMoL-dithiothreitol. Eluted PDHK2 was then stored using the HKL package66). Data collection statistics are

at —80 °C prior to crystallization. summarized in Table 1.

2 The atomic coordinates described in this paper have been deposited Heavy atom dgrlvatwe data were scaled ,to native data W'th
with the Protein Data Bank (entries 2btz, 2bu2, 2bus, 2bu6, 2bu7, and SCALEIT (66). Difference Patterson and difference Fourier
2buB). The original crystal structures were disclosed in Robinson, C. analysis identified initial heavy atom positions. Refinement
M., Taylor, W. E., Tucker, A. D., and Knoechel, T. G. Crystal structure of the neayy atom parameters and phase calculation was
of pyruvate dehydrogenase kinase 2 (PDHK-2) and use thereof in f .
methods for identifying and designing new ligands, Pfizer, Patent Performed with SHARPR?). Phases were improved by 120

cycles of solvent flattening with SOLOMONG8). The

application: EP1247860, 1-304, 2002.
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Table 1: Data Collection and Phasing Statistics

EMTS KalrClg K,0sChk ATP/ ADP/
native 1 mMm 5mM 10 mM compoundlL  compoundl compound2  compound3 DCA
resolution [A] 2.2 2.8 3.0 2.8 2.4 2.35 2.4 2.4 25
unique reflections 28844 14054 11314 14047 21971 23185 21614 21046 20370
completeness [%]  97.9 99.0 100.0 99.7 98.5 97.6 97.1 94.3 99.2
redundancy 3.7 7.0 8.3 8.7 3.4 2.9 3.8 7.3 35
refln < 3o [%] 90.9 88.8 90.7 90.1 79.7 83.3 87.0 87.7 84.7
Reyn® 0.035 0.079 0.060 0.062 0.054 0.048 0.061 0.060 0.043
Rsd 0.234 0.285 0.237
Reutis® 0.760 0.825 0.891
no. of sites 5 3 5
phasing power
isomorphou% 1.51/1.21  1.43/1.37 1.23/1.06
anomalou’s 1.49 1.64 1.36

a Rsyrn: ZhKIZi“i(hkl)I - |(hk|)|/zhk|z||||(hk|)| b Riso = thIHFPH(th)l - |Fp(hk|)||/Z|Fp(hk|)| ¢ Reuliis = @hase integrated lack of ClOSlm@FPH -
Fp|0 For centric reflections only? Phasing power= [ |FH(calc)/phase-integrated lack of closyife® Pairs of values are given for acentric and

centric reflections, respectivel{For acentric reflections only.

Table 2: Data Refinement Statistics

native ATP/compound 1 compound 1 compound 2 compound 3 ADP/DCA
resolution range, A 30:82.2 30.6-2.4 30.6-2.35 30.6-2.4 30.0-2.4 30.6-2.5
amino acid residues, no. 356 357 351 352 357 358
water molecules, no. none 91 111 60 153 151
ligand molecules none ATP, Mg, compound 1 compound 1 compound 2 compound 3 ADPVQCA
rmsd bond length, A 0.008 0.009 0.008 0.008 0.009 0.010
rmsd bond angles, 1.290 1.635 1.342 1.309 1.356 1.295
R-factor 0.267 0.238 0.237 0.247 0.211 0.248
free R-factor (5% of data) 0.297 0.247 0.255 0.261 0.241 0.262

2R = Y nllFobd — KIFcadl/ 3 nilFobd-

resulting map was of good quality and used to trace about calculate model phases and subsequently refined using CNX

75% of the structure using QUANTAG0).
Refinement was carried out in the resolution range- 30
2.2 A using CNX {0) with the “mlhl” maximum likelihood

(70). Interactive graphical model building was carried out
with QUANTA (69). In all structures, the respective ligands
were clearly defined by the initial electron density maps.

target function. During refinement, model phases were com- For a summary of refinement statistics, see Table 2.

bined with the experimental phase probability distributions

provided by SHARP. Partial structure factors from a flat bulk-

solvent model and anisotropic B-factor correction were sup-

PDHK Activity Assay.Compounds were assessed for
inhibition of PDHK in an assay adapted from Espinal et al.

plied throughout the refinement. The R-factor for the current (33)- In the first part of the assay, compounds were incubated

model is 0.267 (free R-factor, 5% of data, 0.297) for all data With porcine PDC (Sigma P-7032) and MgATP, and the

in the resolution range 3.2 A. The refinement statistics ~ 'eaction was stopped after defined intervals. In the second

are summarized in Table 2 (see end of Example section).Part of the assay, the residual PDC activity was measured
The current model contains 355 out of 394 residues presentdy monitoring the rate of reduction of NAD at 340 nm.

in the construct and is well defined in most regions of the

The assay was performed in flat-bottom 96-well microtiter

polypeptide chain. The electron density is weak for residues plates, using a final volume of 5L for the first part of the

32—-35, 65-71, 97101, 302-304, and 367384. No
interpretable electron density was observed for residues 170
177, 305-310, and 385399. The latter are not included in
the model, and residues 37879 are modeled as alanine.
Diffraction data of PDHK2 in complex with Nov3r, AZ12,
and both ATP and Nov3r were collected with an ADSC
Quantum 4 CCD-detector at beamline ID1442= 0.9326
A) of the European Synchrotron Radiation Facility (ESRF),
Grenoble, France. Diffraction data of human PDHK2 in
complex with Pfz3 were with a Rigaku RAXIS-2 image plate

assay (kinase reaction), and 25D for the PDC reaction.

At first, 10 uL of test compound in a suitable diluent, 20

of kinase buffer (20 mM potassium phosphate, pH 7.0, 4
mM MgCl,, 4 mM dithiothreitol) and 1Q:L of PDC (Sigma,
P-7032, diluted with water to a final concentration of 1.83
mg/mL) were mixed and incubated for 10 min; then:10

of ATP solution (125«M in kinase buffer) was added to
start the reaction. The incubations were carried out at 30
°C. The kinase reaction was terminated after defined intervals

detector on a laboratory rotating anode generator using cu(usually 0, 10, 20, 30, 60, and 90 min) by initiating the PDC
Ka radiation. Diffraction data of PDHK2 in complex with ~ réaction. This was done by addition of 20Q of PDC
both ADP and DCA were collected with an ADSC Quantum Substrate solution (1 mM thiamine pyrophosphate, 0.5 mM
4 CCD-detector at station 9.6 & 0.87 A) of the SRS. Data  NAD, 0.5 mM coenzyme A, 12 mM pyruvate, 5 mM
processing was carried out with the HKL program package dithiothreitol). Kinetic readings were taken at 340 nm
(65). Data collection statistics are summarized in Table 1. conducted at 12 s intervals for 20 min with shaking for 1 s
The structures were determined by difference Fourier before each reading, in a SpectraMax plate reader. The data
methods using the unliganded human PDHK2 structure to were processed using the Spectramax software.
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Ficure 1: Sequence of mature human PDHK2 construct used for
crystallization. The sequence of mature human PDHK2 starts with
residue Ala8; the sequence numbering lacks eight amino acids from
the leader sequence. The two preceding residues (Gly6 and Ser7
are part of the engineered thrombin cleavage site, linking the
construct to the hexahistidine tag. Secondary structural elements
are indicated by a box (helices in red, strands in blue) and labeled.
Residues conserved in all four PDHK isozymes in bold; excluding
the interdomain linker (residues 17Q77), this includes 50% of
the residues in the regulatory domain (residued.89) and 48%
of residues in the catalytic domain (residues +389). The
following designations are used: (*) for residues in contact with
ATP; () for residues in contact with Nov3r (UK-403,658)) for
residues in contact with DCA; (1) for residues in contact with Pfz3;
(d) for residues involved in the main dimer interfae®); for residues
involved in C-terminal cross arm dimer interaction. Residues in
lower case are disordered in the structure of the native enzyme.

RESULTS AND DISCUSSION . . . . L
Ficure 2: Ribbon diagram with location of inhibitors and wedge/

General Structure of Human PDHK2 Suburiihe struc- groove region of PDHK2 subunit. Panel A shows ribbon repre-
ture of human PDHK2 (Figure 2A), displays the same sentation of the human PDHK2 monomer structure with numbered
general fold as rat PDHK2 and rat BCé(i 34), with which secondary structure and bound ligands as ball-and-stick models:

ATP/Mg?" in green; Nov3r in cyan; AZ12 in pink; DCA in red;
the mature human PDHK2 shares 97 and 27% (108/399p¢,3 in yellow. The N-terminal regulatory domain (R domain) is

residues) sequence identity, respectively. Figure 1 shows theshown in blue, the C-terminal catalytic (Cat) domain in purple and
relationship of the sequence to the secondary structurethe C-terminal extension in orange in panel A. Panel B on left shows
elements as well as the location of residues involved at Pound ATP (CPK representation) and Nov3r (magenta) in a space-

. . : . . filled presentation in a strands/stick side chain presentation of the
various functional regions considered, below. Thes_e mcl_ude PDHI?Z subunit; the same subunit as surface st?uctures, shown on
SeCOI’]dal‘y a.nd Other structure e|ementS not deSCI‘Ibed n raEhe r|ght’ emphasizes the active site Cavity (upper) and groove
PDHK2. Figure 1S (Supporting Information) shows the (lower) shapes at active site region of PDHK2 subunit. In the left
aligned sequences of four human PDHK; the numbering in structure, the Cat domain is dark blue and in general the R domain
all cases starts with mature protein and that numbering isiS 9ray but helices 6, 7, and 8 are blue, cyan, and orange,

. respectively. In structures in panel B, the C-terminal extension is
used th“?ughoF“ this text. The 9V€fa” topology of human  5¢'included. The location of a groove between the regulatory and
PDHK2 is similar to that described for rat PDHK2 and catalytic domains is indicated by a rectangle in panel B.
human PDHK3 83, 64) with some ligand induced variations
which will be discussed. Interactions Supporting the PDHK2 Dimefhe PDHK

Because of the established catalytic role of the C-terminal isozymes form homodimers as well as heterodimgts 12,
domain, this work focuses on the regulatory role of the 33, 71). The crystal structure of human PDHK2 forms a
N-terminal domain. The domains will be referred to as the crystallographic dimer (Figure 3A,C, PDHK2), which is
Cat domain and the R domain, respectively. The associationconsistent with solution studie42) and similar to the rat
of the R and Cat domains produces an extended cavityPDHK2, BCK, and PDHK3.2 structures 33, 34, 64)
(Figure 2B) with a long central groove spannin@5 A and (Figure 3B). The main contacts between the monomers are
the outer edges (e.g., helices 7 to 9) separatec-8§ A. formed by the centrgi-sheets of the dimerization facg3,
The active site in the Cat domain is located toward one end 35, 36, 38, andf7) of the Cat domain (residues labeled with
of the wide cavity with the,-phosphate of ATP located next d in Figure 1). Besideg-strand intersubunit interactions,
to the groove. The active site side of each domain (and residues in helixall contribute to dimer formation by
subunit) with its thick wedge-shaped cavity opening will be interacting with the loop connectingp to 6.
referred to as theubstrate-binding fagehe opposite sides The dimerization faces of the two R domains form an
of each will be termed itslimerization face oblique open-ended trough. Dimer interactions similar to
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Ficure 3: Stereo illustration of the human PDHK2 dimer assembly with (A) and without (B) the intersubunit cross arm and anchoring of
the cross arm structure. In panels A and B, the left subunit shows the secondary structure topology and the right is the symmetry related
backbone in strand format. Panels A and C show apo PDHK2 with C-terminal cross arm. Panel B shows the stereoview of the rat PDHK2
dimer with bound ADP (green), in an orientation that optimizes the superposition of the C-terminal regulatory domains in panel A. Panel
C shows Trp383 from right subunit cross arm (orange stick structure) anchored between Arg149 (blue) and Arg362 (red) of the left subunit
(cyan with green cross arm in space filled format).

those observed in the PDHK2 structure 64) were one monomer across the dimerization face of its cognate R
revealed in the apo and Nov3r and AZ12 liganded human domain and then spans the intersubunit trough to interact
PDHK2 structures (Figure 3A,C). These were not present with the dimerization face of the R domain of the symmetry
in the rat PDHK?2 structure with ADP bound (Figure 3B) or related second subunit (Figure 3A,C; key interacting residues
the human PDHK structure with ADP and DCA bound. labeled withd in Figure 1 for both domains). The end of
C-terminal residues 361384 of each subunit, including helix  the cross arm is anchored by interactions of residues-382
al13, form a structure that extends from the Cat domain of 384 with Trp383 playing the most important role. As shown
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in Figure 3C, Trp388 (orange stick structure from right
subunit) is inserted between Argledgblue) and Arg36a

(red) of the other subunit (left, cyan) at the end of the cross

arm interaction. Trp383 also interacts with nonpolar
o-subunit side chains (Leu152, Leu363, Pro364, and Val365).
Asp382 side chain makes an important electrostatic interac- V287
tion with Trp383 indole ring and an H-bond with the |
Tyrl450 hydroxyl group. The carbonyl group of Asp382 g, 14 2 i
forms H-bonds with the Arg148side chain and an H-bond G284 TSN ‘}£243
with N—H of Val365x. Cys384 SH and backbone NH R /
hydrogen bond to the carbonyl group of Leud6Between
the two cross arms an H-bond interaction is formed between h
lle377 and an N-H Arg372 side chain. In the L2 binding Q
PDHKS3, the residues equivalent to Arg372 and Glu379 form
an inter-cross arm electrostatic interaction; this was not found x o ~~
in human PDHK?2 structures; indeed, the Glu379 as well as '

GIn380 side chains were not resolved (Ala inserted in pdb). z'tGLt’E: 4.AT,TDTF:)/ilxlgfn;ogﬁ‘tehegfwmn:ggrdéngﬂr&%we%tﬁé mn%e dc‘;'eisé

From mutational substitution, itis clear that only a very small gyperimposed onto thégs — feadocac electron density map at 2.4
rotation at Glu379 is required to form the electrostatic A (contour level: 2.5) calculated prior to incorporation of the
interaction with Arg372. complex in the model. A water molecule suggested to occupy the

. . . , iti f the Ser hydroxyl- in the phosphoryl-transf
Figure 2S (Supporting Information) shows that the posi- Pg;étli%?, i(; indiecat:é (V%//a;*?)).(y J1OHp I T PROSPROVIFTANSTE!

tioning of a cross arm in PDHK2 and PDHK3 are very

similar even though PDHK2 was not interacting with the  These same effector conditions (ADP, ADP plus DCA,
L2 domain. Beyond the cross arm described here, additionaland ADP plus pyruvate) hinder binding of the PDHK2 to
C-terminal residues (corresponding to PDHK2 residues385  the L2 domain {2, 72)2 and markedly decrease fluorescence
395) were found to engage in lipoyl domain and lipoyl group of Trp3832 Hiromasa et at.have emphasized that both the
binding in PDHK3L2 structures §4). Our results demon-  |igand-induced increase in Trp383 fluorescence quenching
strate that binding to the L2 domain is not required for cross and reduced binding to the L2 domain could result from
arm formation. Of the 28 residues involved in forming or ligands inducing reversible release of the cross arm interac-
stabilizing the C-terminal cross arm connection (red residuestion; ADP plus pyruvate had the largest effects. These ligands
and Tyr374 in Figure 1S, Supporting Information), 16 are do not cause a similar large decrease in the Trp fluorescence
conserved, and all but three of the remaining conservatively of the PDHK3 isoform or greatly weaken binding of PDHK3
substituted in the other three PDHK isoforms. That supports to the L2 domairf,which is consistent with retention of the
the hypothesis that these interactions are biologically sig- cross arm and L2 binding with ADP boun&4). While
nificant in each of the four PDHK isoforms. differences in the different crystal environments may con-
Under two different crystallization conditions, there was tribute to differences between rat and human PDHK2, large
no cross arm resolved with ADP bound. That was found with and reciprocal structural changes associated with the separa-
the rat PDHK2ADP (33) and human PDHKZADP-DCA tion of the R domain dimerization faces and linked changes
crystal structures. In rat PDHK2 structure, the width of the in the opening of the substrate binding cavity likely play
trough between the dimerization faces increases (Figure 3B)cfitical roles in PDHK2 function and regulation. Specifically,
and the cavity in the substrate-binding face decreases withouthe marked inhibition of PDHK2 activity by ADP plus
the cross arm. In comparison to Apo PDHK2, the distances Pyruvate may, in part, involve reducing binding to the L2
between the same residue on Opposite R domains a|0ng th&omain and (‘:leC.reaSing the CaVity size in the active site which
dimerization surfaces is increased with ADP bound by 3 to May affect binding of the E1 substrate.
9 A. Usinga andp to designate the two subunits, there is ~ The ATP Binding SiteThe structure of human PDHK2
7 Aincrease betweenCs ofa and/3 subunits between sets  was determined in the presence of ATP (Figure 4). The ATP
of GIn103 or Glu65 and 5.5 A increase between Tyr145- binding pocket is located between the cenfiaheet and
oC; this increase is apparent in comparing panels A and B the adjacent layer of helices. It is formed freth0, 37, 11,
in Figure 3. The spacing at the outer center of the substrate-a12, 58, ands9. Upon binding of ATP/ADP, the C-terminal
binding cavity is decreased; for instance, the distance from end of the disordered segment between hebcdesanda12
Leu202 in helixa9 to Leul27 in helixx7 decreased by 4.4  (residues 305319) becomes ordered with residues 315
A with ADP bound. These results indicate that there is a 322 forming a “lid” with varied interactions with the
hinge movement between the Cat and R domains of PDHK2 phosphate groups of ATP and ADP (below) that may be
with some degree of twist. Kato et ab4) noted a similar  influenced by the binding of other ligands.
conformational change comparing the rat PDHKRP and
PDHK3-L2 struc_tur(_as. They propos_ed that the change was Hiromasa, Y., Hu, L., and Roche, T. E. Ligand-induced effects on
due to PDHKS3 binding the L2 domain. However, our results pyruvate dehydrogenase kinase isoform 2, manuscript submitted. ADP
indicate that the closing of the trough region with concomi- -+ DCA or pyruvate cause major quenching in tryptophan fluorescence
tant opening of the activ site cauty is probably due to & FOUKE (ormerly el 10363 wnd o fause o mafec
forming the cross arm connection and occurs without binding gimer. Ligands dislodge Trp383 from its anchoring site in forming the
of the L2 domain. intersubunit cross arm, which is apparently required for L2 binding.

F242




408 Biochemistry, Vol. 45, No. 2, 2006 Knoechel et al.

Ficure 5: Stereoview showing differences in conformation and H-bond interactions of the ATP binding site of PBHIR-ganel A)
bound and PDHK-ADP-DCA (panel B). H-bonds are indicated by dashed lines. In panel B, ** indicates the carbonyl group of Phe318
has moved into a position hindering ADP dissociation when both ADP and DCA are bound.

A common mode of binding ADP and ATP analogues was triphosphate are further compensated by the positive dipole
described for rat PDHK23Q), BCK (34) and other members ~ moment of this helix.
of the GHKL family (36—38, 41, 73, 75). We report a fully While ATP and M@*" are held in similar positions by
defined ATP molecule rather than an ATP analogue bound PDHK3 and PDHK2, the PDHK&TP structure lacks water
at the active site. ATP bound to PDHK2 was recently  at the putative serine substrate position, and there are different
reported 64) and has some notable structural differences at H-bonding patterns with phosphates of ATP by residues
the active site (below). The ATP, soaked into crystals of 316—-321 that enclose the reactive end of ATP (Figure 3S,
human PDHK2 in the presence of Nov3r, was not hydro- Supporting Information). These differences in the disposition
lyzed. In contrast to when ADP/DCA are bound, the of the C-terminal end of the lid regions may be influenced
C-terminal cross arm interaction is maintained with just by Nov3r bound to PDHK2 and differences in crystallization
Nov3r bound or with ATP plus Nov3r or ATP bound. conditions, which in the case of PDHKS3, led to" Keing
Binding of ATP is accompanied by binding of a Ktgion. bound behind ATP within the active site entrance. Particu-
Each phosphate group contributes one oxygen atom to thelarly different is the positioning of the carbonyl group of
octahedral coordination of the Migion, which is completed ~ Gly319 which chelates Kin the case of PDHKRATP; this
by the @1 atom of Asn247 and two water molecules (Figure carbonyl group faces in nearly the opposite direction in
4). In apo PDHK2, the Glu243 carboxyl group is located PDHK2-ATP. The latter orientation in PDHK2 would appear
where theo-phosphates of bound ATP/ADP reside. Sup- to support forming an H-bond with the water located at the
porting earlier proposals regarding the catalytic mechanism proposed position of the phosphorylated serine. It should be
of PDHK2 (33, 75, 76), we observe a well-defined water emphasized that, in the absence of potassium ion, PDHK2
molecule (Wat*, Figure 4) forming a water-mediated H-bond has very high activity; K substantially decreases tl&,
between the-phosphate and conserved Glu243. This water and Kq for ATP along with decreasingca: (Km/Kea is
molecule occupies the position anticipated for the substrateunchanged) 2). This lid region also varies among the
serine residue. In the phosphoryl transfer reaction, Glu243 different PDHK2 (below) with impact on the apparent
is proposed to act as a general base, aided by being polarizeg¢apacities to chelate K(later section).
by His239 or Lys24633, 75—77). Because of the proximity The backbone NH of Gly317 and Tyr320 form H-bonds
to the N-terminus of helixx12, the negative charges of the to oxygen atoms of the-phosphate of ATP (Figure 5A)



Regulatory Sites in N-Terminal Domain of PDHK2

with substantial repositioning of the Tyr320 side chain. The
NH of Gly317 also forms an H-bond to the oxygen
connecting to the to theS-phosphate. There are substantial
differences in the conformation of this loop with ADP bound
compared with the rat PDHK238) or with ADP bound along
with DCA (Figure 5B). With just ADP bound3@), the NH’s
of Phe318 and Gly319 form good H-bonds with the
B-phosphate of ADP. When DCA is bound along with ADP,
the NH of Gly319 is positioned further away from the
fp-phosphate and the NH of Phe318 does not form an
effective H-bond to an oxygen of tifephosphate; however,
the NH of Gly317 forms an H-bond to/aphosphate oxygen.
In the DCA/ADP structure, the<€0 group (**, Figure 5B)
of Phe318 moves next f-phosphate, potentially hindering
ADP dissociation %2, 62).

Binding of 33,3-Trifluoro-2-hydroxy-2-methylpropionates
A series of 3,3,3-trifluoro-2-hydroxy-2-methylpropanoyl
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Ser4l, GIn163, His164, lle167, and Phel68. The trifluoro-
methyl group forms van der Waals interactions with the side
chains of residues Phe44, Leu45, Phe28, Leul60, and
GIn163. In the structure with Nov3r (Figure 6A), but not
with AZ12 (Figure 6B), the side chain of Leu23 is also in
contact with the trifluoromethyl group, to avoid steric clashes
with its 2,6-dimethylpiperazine group. The amide oxygen
of AZ12 forms a hydrogen bond to a buried water molecule,
which bridges the backbone carbonyl of Phe28 and atom
Ne2 of GIn163. The central portion of the ligands is located
in a short hydrophobic channel, formed by residues Leu23,
GIn27, Phe28, Phe31, Ser41, and Phe44, connectinrthe (
3,3,3-trifluoro-2-hydroxy-2-methylpropionyl binding pocket
with the protein surface. The 2,6-dimethylpiperazine moiety
of Nov3r and the methylbenzyl group of AZ12 form
hydrophobic interactions with the protein. The 4-cyanophenyl
ketone of Nov3r and th&l-benzylN-ethylsulfonamide of

analogues have been described as potent PDHK inhibitorsAZ12 point toward solvent and are partially disordered in

(54—60, 79). Members of this class of inhibitors have been
shown to lower blood glucose in insulin-resistant Zucker
diabetic fatty rats 18). Although it has been reported that
compounds of this class are not ATP-competiti)(

the crystal structures, indicating their flexibility.

The residues interacting with these ligands are highly
conserved in the four PDHK isoforms (green, Figure 1S,
Supporting Information). Analysis of the aligned sequences

evidence has accumulated for a direct interaction of theseOf the four PDHK isozymes reveals that among the interact-

inhibitors with PDHK 69). However, it was unclear how
they interacted with PDHK.

We have determined the structure of PDHK2 in complex
with two synthetic PDHK inhibitors of this class. The first
is (44 (2,5)-dimethyl-4-[3,3,3-trifluoro-2-hydroxy-2-methyl-
propanoyl]piperazinylcarbonyl)benzonitrile (listed as 3rin
ref 55 so designated as Nov3r here) and the secondtilHis (
{4-[(ethylanilino)sulfonyl]-2-methylpheny#3,3,3-trifluoro-
2-hydroxy-2-methylpropanamide); (example 12 in82f so
designated as AZ12 here) and identified their common
binding site (see Figure 1, residues marked with ). Both
are potent inhibitors of PDHK2; the failure of Mann et al.
(58) to detect potent inhibition of PDHK2 was due to the
failure to include elevated Kwhich is required for observing
inhibition of PDHK2 with EC50 of 5 nM with Nov3f.These
inhibitors bind the N-terminal domain of PDHK2 with the
entry on the dimerization face of the R domain. This binding
site (Figure 6) is formed by residues denoted f in Figure 1.
In both crystal structures, th&)-3,3,3-trifluoro-2-hydroxy-
2-methylpropionyl moiety of the ligands binds in a similar
manner (Figure 6). Upon binding by Nov3r or AZ12A, helix
a2 shifts by a hinge motion around thex@osition of Met25.
This induces a 22.5 A shift of the @ position of Phe31,

ing residues in PDHK2, PDHK4 (GenBank accession
U54617) Q0) has only one residue difference. Aligned with
Phe28, PDHK4 has a leucine (Leu32) in the equivalent
position. Although Nov3r and AZ12 are potent inhibitors of
PDHK?2, like other inhibitors in this class59), these
inhibitors stimulated PDHK4 activity. The Leu substitution
may contribute to the transformation from an inhibitory to a
stimulatory response. Furthermore, a single nucleotide poly-
morphism (SNP) has been identified in some individuals
resulting in a Leu32Phe exchange in PDHK4. Since Phe28
is directly involved in binding of Nov3r and AZ12 binding,
this SNP could significantly influence the binding affinity
of natural or synthetic ligands in effected PDHK4 variants.
Nov3r and AZ12 Inhibitory MechanisnT.he binding site
of Nov3r/AZ12 is in the end of the R domain most removed
from the ATP binding site (Figure 2) with the entrance on
the dimerization face of the R domain. No changes occurred
in the Nov3r site upon binding of ATP; Nov3r did not
prevent binding of ATP at the active site. These observations
suggested that inhibition primarily results from a mechanism
other than perturbation of the active site. The requirement
for a specific lipoamide binding pocket within PDHKSs raised
an alternate inhibitory mechanism. It has been proposed that

and conformational change of its side chain from a lid the reversible association of the enzyme with the flexible

position to open an induced pocket. The Phe31 side chain is!iPoy! domains of the E2 core enables a PDHK dimer to
located further in the binding site, alongside the bound Migrate over the surface of a PDC and to rapidly phospho-

inhibitor. The loopa2—a3 (residues 3437) is found to be
very flexible in all structures determined to date. This may
be necessary to facilitate the hinge movement of helx

A key recognition feature is a hydrogen bond between the
side chain hydroxyl of Ser41 and the 2-hydroxyl group of
the ligands (Figure 6). The 2-methyl group extends into a

small hydrophobic subpocket enclosed by residues Phe31

4Hu, L., Yan, X. Y., Hiromasa, Y., and Roche, T. E., manscript in
preparation Selective mutations within Nov3r binding site prevent
stimulation by reductive acetylation and Nov3r prevents the binding
of PDHK2 to GST-L2 and E2. Potent inhibition of PDHK2 by Nov3r
requires elevated Kion.

rylate multiple E1 2, 8, 12, 13). Compounds that interfere
with the interaction of PDHK with the E2 core of the PDC
would greatly decrease kinase activity.

Although Nov3r-class compounds inhibit PDHK activity
(55—-59), particularly PDHK2 §9), Nov3r did not inhibit
phosphorylation of a recombinant E1 substrate pep&8g (
We confirmed this using biotinylated myelin basic protein
as substrate (data not shown). Nov3r was found to inhibit
E2-activated PDHK2 activity but only modestly inhibit the
phosphorylation of free E1. Furthermore, Nov3r hinders
binding of PDHK2 to the L2 domaif.The binding site of
Nov3r and AZ12 consists of a polar anchoring region that
is linked to the protein surface by a short hydrophobic
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Nov3ar
Ficure 6: Stereoviews of Nov3r (panel A) and AZ12 (panel B) binding pocket in the N-terminal domain and PRBNG2-ATP dimer
with cross arm (panel C). In panels A and B, the inhibitors are shown in CPK. Panel C shows POHKIRov3r dimer with left subunit
in space filled format (cross arm in yellow green) and right subunit in sticks format (cross arm in magenta color).
channel. These properties could also be expected for thestimulation of PDHK4 is likely to be related to the stimula-
proposed binding site of the lipoamide group of the lipoyl tion by reductively acetylated lipoyl groups of E2. With just
domain. This observation and subsequent stddased the Nov3r or AZ12 bound or with Nov3r and ATP bound, the
possibility that the binding site of Nov3r and AZ12 on the cross arm is maintained (Figure 6C) and appears unchanged
N-terminal domain of PDHK2 is the proposed lipoamide from the apo structure. Therefore, with or without the lipoyl
binding site. The recent studies of Kato et @4)(present binding site occupied, L2 domain binding is not required
direct evidence with PDHK3 isoform for lipoyl binding at  for formation and maintenance of the cross arm as could be
the corresponding site. Accordingly, this class of compounds implied from the PDHK3L2 structures §4) alone.
acts as lipoamide antagonists that inhibit the E2-elevated The DCA/Pyrwate Binding SitePyruvate is an important
ATP-dependent phosphorylation of E1 by blocking the physiological inhibitor of kinase activity that directly binds
association between PDHK and the L2 domain of the E2. to PDHK (80). Several lines of evidence indicate that DCA
The stimulation of PDHK4 by Nov3r-class inhibitor§9) and pyruvate bind at the same binding site. DCA and
demonstrates the potential for Nov3r binding site inducing pyruvate show the same complex patterns of uncompetitive
changes causing stimulation at the distant active site. Thisinhibition in the absence and noncompetitive inhibition of
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Ficure 7: DCA interactions when bound by the N-terminal domain
of human PDHK2ADP. The model is superimposed onto the 2.5
A [fpqnative) — food ADP,DCA)]acar (Native) difference electron
density map contoured ato4(red) and & (black). A H-bond
between Arg154 and DCA in indicated by a broken line and its
distance is labeled.

kinase activity in the presence of ADBZ). Both pyruvate
and DCA enhance ADP binding relative to ATB2( 62).
In mechanism studies, DCA is often used in place of pyruvate
because DCA is not used by E1 to form acetylated lipoyl
groups, a condition that stimulates kinase activity. The
location of the pyruvate/DCA binding site has not been
previously addressed. We therefore undertook experiment
to identify the DCA/pyruvate binding site of human PDHK2,
by soaking crystals of human PDHKEDP with high
concentrations of DCA.

A DCA binding site was unambiguously identified by
calculating a difference Fourier map. The map contains a
peak greater than 5.% in a small pocket within the
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arginine residues (Arg112, Arg154, Arg158) on the R domain
of the DCA site. As indicated above, Argl54 forms an
electrostatic interaction with the carboxyl group of DCA. In
the structure with DCA bound, Arg158 appears to block the
entry to the DCA site. In the rat PDHKADP structure,
Arg158 moves to open up the site with the Arg158 side chain
forming an interaction with Tyr328 side chain. Although
enhanced binding of DCA (i.e., access to DCA site) is
predicted when ADP is bound by kinetic studi€&®)( it is

not clear whether the positioning of the Arg158 side chain
is influenced by ADP binding.

DCA binding is predicted to hinder dissociation of ADP
at the active site2). When comparing PDHK2 structures
with ADP bound (rat PDHK2 33)) versus the structure
containing both ADP and DCA, there are changes in how
the 316-320 backbone NH form hydrogen bonds with the
p-phosphate of ADP. Additionally, the carbonyl group of
Phe318 appears to move in frontBphosphate, which may
hinder ADP dissociation in the latter structure.

Besides slowing ADP dissociatio$%), DCA/pyruvate
may inhibit the phosphorylation of the PDC, by interfering
with the binding of PDHK to one of the components of the
PDC, e.g., the L2 domain of E2 or the E1 substrate or both.
Indeed, recent studies indicate that the combination of ADP
plus pyruvate greatly hinder binding of PDHK2 to E2
component. A potential mechanism for interfering with
binding is to hinder cross arm formation and more specifi-
cally the interaction of Trp383 with the dimerization face
of the N-terminal domain near the DCA/pyruvate site. The
capacity of pyruvate plus ADP to strongly quench Trp
fluorescenceis consistent with this interpretation.

K* Site. Human PDHK2 crystals were obtained from
conditions with minimal K; however, K has been shown

Sto be important for strong ATP and ADP binding to PDHK2

as well as for pyruvate/DCA inhibition and stimulation by
reductive acetylation of lipoyl group$2, 63). A K+ site
was observed in the structure of the related BCK when ADP
was bound 34) and in PDHKS3 structures6é). We have
modeled a K ion bound in an analogous position in PDHK2
crystal structures. Figure 8 compares three human PDHK2

N-terminal domain of human PDHK2 (Figure 7). The pocket stryctures with apo enzyme, ADP plus DCA, or ATP (and
is formed by residues Leu53, Tyr80, Ser83, lle111, Arg112, Nov3r) bound. In the apo enzyme the backbone carbonyl
His115, Serl53, Argl54, lle1l57, Argl58, and llel@d (  groups of Leu295, Gly319, and Ser297 along with the oxygen
residues, Figure 1). Most of these residues are conservedatom of the Ser301 hydroxyl are positioned so that they could
among PDHK isoforms from different species (dark blue, chelate K in this position. With ADP/DCA bound, these
Figure 1S, Supporting Information). The carboxylate group oxygen atoms are optimally positioned along with an oxygen
of DCA forms a salt—bridge with Argl54, while the two of theﬁ_phosphate of ADP to chelate a‘Kon (Figure 9).
chlorine substituents are deeply buried in the hydrophobic Therefore, strong chelation may hinder ADP dissociation.
portion of the pocket. DCA is sandwiched between His115 |n the rat PDHK2 structure with just ADP bound, the
and lle57. PDHK3 is poorly inhibited by DCA/pyruvat2 carbonyl Tyr300 rather than Ser301 hydroxyl oxygen is
61) and has a phenylalanine (Phe153) in place of lle157. positioned so that it could engage in chelating With ATP
Molecular modeling studies with PDHK?2 indicated that, upon bound, additional H-bonds are formed between the main
1157F substitution, the Phe side chain and His115 would tend chain of the 317320 loop and the/-phosphate of ATP.
to fill in this site; introducing this mutation indeed led to This results in a conformational Change that disrupts the
loss of DCA and pyruvate inhibitiof Difference maps of proposed K b|nd|ng Site, Specifica”y preventing the=tD
crystals soaked with pyruvate support pyruvate binding at of Gly319 interacting with the ion. These changes at the
the same site as DCA (data not shown). However, due to active site are consistent with function/regulation studzes (
lower data quality, the interpretation is not as conclusive as 15 52 61, 62). Elevated K lowers theK, for ATP andK;
for DCA. for ADP and fosters strong inhibition by ADP plus DCA,
The DCA/pyruvate binding pocket is close to the surface and apparently causes ADP dissociation to be rate limiting
of the extended groove of the active site cavity formed (62, 63). Reversing the effects of Kand speeding ADP
between the R and Cat domains with a cluster of conserveddissociation appears to be a central feature in stimulation of
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APO ﬁ ADP/DC ﬁ ATP/Nov3r
!

~ 8 v

Ficure 8: Enhanced capacity forKbinding with PDHK2ADP-DCA as compared to PDHK2 or PDHKRTP-Nov3r structures. Using
DeepViewPro-PdbViewer 3.7(SP5), the BCK structusd) (with AMP—PNP bound was superimposed with PDHKZP-Nov3r and
separately with PDHKZADP-DCA using “lterative Magic Fit” in Deep-View program. The RMS were 1.46 and 1.48 A for alignment of
BCK with ATP- and ADP-containing PDHK2 structures, respectively. Theridb of BCK structure was merged into PDHK2 structures.
The position of the K was the same as the"kn PDHK3-ATP structure subsequently publishegfi

Metl22, Gly125, Vall26, Tyrl29 of helix.7, Vall38,
Serl39, Asnl42, lle143, Phel46, Leul4d7 of laop-o8

and helixo8 as well as Tyr374 at the C-terminus of helix
al13 (T residues, Figure 1). The pocket is located at one end
of the 4-helix bundle, opposite to the binding site of the 3,3,3-
trifluoro-2-hydroxy-2-methylpropanoy! inhibitors described
above. It is very lipophilic and extends approximately 15 A
into the core of the domain (Figure 9). Although this
corresponds to the dimension of the extended lipoyl-lysine
arm of the E2, we concluded that this site was not the
lipoamide binding site of PDHK since the inhibition pattern
of Pfz3 differs from that of exogenous L2 domain or the
previously described 3,3,3-trifluoro-2-hydroxy-2-methylpro-
pionates, in that Pfz3 decreased the rate of phosphorylation

FIGURE 9: Binding site of Pfz3 on the regulatory domain of human  of peptide substrate (data not shown).
PDHK2. Pfz3 (CPK representation). Residues interacting with Pfz3

are shown in ball-and-stick representation. Fourteen out of the 20 amino acid residues forming this
allosteric ligand binding site are conserved in all four human

PDHK2 activity by reductive acetylatior68). PDHK isozymes (cyan residues, Figure 1S, Supporting
Allosteric Regulation of the Kinase Adity. High- Information). Moreover, four of the nonconserved residues
throughput screening using a protein phosphorylation assay,constituting the pocket (Val126, Vall38, Serl39, lle143)
has identified a PDHK inhibitor, N-(2-aminoethy!)-2§3- either make main-chain contributions or are replaced by

chloro-4-[(4-isopropylbenzyl)oxy]pherjdcetamide), here = homologous amino acids in at least one of the other PDHK
designated Pfz3 (data not shown). Pfz3 inhibited kinase isozymes, suggesting that these variations have little effect
activity associated with porcine heart PDC with an EC50 of on the overall size and properties of the binding site. Thr70
2 uM. Soaking of crystals of human PDHK2 with Pfz3 led is exterior to contact residues but contributes to enclosing
to the identification of an additional ligand binding site in the Pfz3 site; Thr70 is replaced by an arginine in human
the R domain of human PDHK2 (Figures 2 and 9). Because PDHK3. That change could significantly alter the polarity

the binding site of Pfz3 is distant to the ATP-binding site of the pocket, depending on the conformation of the side
and the proposed catalytic machinery, we postulate that Pfz3chain. Most importantly, however, Val67 is unique to human

inhibits PDHK?2 by an allosteric mechanism. PDHK2. In human PDHK isozymes 1, 3, and 4, the
The site, which is preformed in the native protein, is corresponding residue is a leucine. Val67 side chain is located
constituted by Leu63, Pro64, Arg66, Val67 of loa—o4 in the center of the Pfz3 pocket; the larger leucine side chain

and helixa4, Ser72, Val73 of loom4—a5 and helixab, could severely restrict access to the binding pocket in human
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PDHK isozymes other than isozyme 2. It may therefore be 2S);
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stereoviews of PDHK2 and PDHK3 interactions with

possible to design allosteric inhibitors that are specific for ATP (Figure 3S). This material is available free of charge
human PDHK2. via the Internet at http://pubs.acs.org.

We have not observed any significant conformational

differences between the structures of human PDHK2 in the REFERENCES

presence or absence of Pfz3. We therefore cannot offer a 1
conclusive theory on the mechanism of the allosteric inhibi-
tion of human PDHK2 by Pfz3. However, given the amino
acid variation on the inner surface of this binding pocket, it
is tempting to speculate that physiological effectors could
bind in an isozyme-specific manner, thereby modulating
PDHK activity depending on the isozyme prevalence in
different tissues. One candidate for a physiological effector
is CoA. Pfz3 resembles the functional end of CoA, which
directly inhibits PDHK2 activity 62). In the presence of
saturating Pfz3, there is no additional inhibition of human 4.
PDHK2 by saturating level of CoAThat moiety of Pfz3
protrudes from the dimerization face of R domain of PDHK2
alongside Tyr374. That area is presumed to be the entry site g
for Pfz3. However, for CoA to bind at this site, it would
have to enter from the other side of the R domain and this
would place the adenine portion of CoA close to the active
site. Pfz3 points at a well ordered Val26 at the other end
but a potential opening toward the end of the helices of the
R domain occurs at Glul28. Glul28 would have to be 7.
displaced by the phosphate groups of CoA in order for the
other end of CoA to bind in a fashion analogous to Pfz3.
Further studies will be needed to evaluate this possibility. g.
Final ConsiderationsPDHK is a dimeric mitochondrial
protein kinase, consisting of an N-terminal four-helix bundle
and a C-terminal catalytic domain. In this study we report g
the crystal structuréof human PDHK?2 in the presence of
ATP and with three different classes of inhibitors: lipoamide
antagonists, dichloroacetate and an allosteric kinase inhibitor.
None of these inhibitors binds at the ATP/ADP site of 1g.
PDHK, but instead they bind at different sites on the
N-terminal domain. We, therefore, have demonstrated that
the N-terminal domain of PDHK2 has a key regulatory
function and contains at least three distinct binding sites and
have termed this the R domain. We have shown that a stable
C-terminal cross arm forms in human PDHK2 that is retained 11-
with ATP and Nov3r bound but not when ADP and DCA
are bound.

By obtaining a structure with a bound ATP, we have
expanded understanding of the active site. Significant dif-
ferences are found when ADP, ATP, and ADP with DCA
are bound. We suggest an interacting ikn may explain 13.
the critical requirement for elevatedtKor all regulatory
effects 62, 63). The structures we have determined help to
explain the different modes of inhibition displayed by the
different inhibitor classes. The finding of three previously 14.
unidentified ligand binding sites with apparent pharmaco-
logical relevance, in addition to the known ATP/ADP binding
site, greatly enhances the opportunities to modulate the
activity of PDHK in an isozyme and tissue specific manner. 15,
Most importantly, the structures can be used as a tool for
structure based design of PDHK inhibitors.
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