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ABSTRACT: Association of the PDHK2 and GST-L2 (glutathione-S-transferase fused to the inner lipoyl
domain (L2) of dihydrolipoyl acetyltransferase (E2)) dimers was enhanced by K+ with higher affinity K+

binding than occurs at the PDHK2 active site. Supporting a distinct K+ binding site, the NH4+ ion did not
effectively replace K+ in aiding GST-L2 binding. With 50 mM K+, Pi enhanced interference by ADP,
ATP, or pyruvate of PDHK2 binding to GST-L2. The inclusion of Pi with ADP or ATP plus pyruvate
greatly hindered PDHK2 binding to GST-L2 and promoted PDHK2 forming a tetramer. Reciprocally,
GST-L2 interference with ATP/ADP binding also required elevated K+ and was increased by Pi. Potent
inhibition by Nov3r of E2-activated PDHK2 activity (IC50 of∼7.8 nM) required elevated K+ and Pi.
Nov3r only modestly inhibited the low activity of PDHK2 without E2. By binding at the lipoyl group
binding site, Nov3r prevented PDHK2 binding to E2 and GST-L2. Nov3r interfered with high-affinity
binding of ADP and pyruvate via a Pi-dependent mechanism. Thus, GST-L2 binding to PDHK2 is supported
by K+ binding at a site distinct from the active site. Pi makes major contributions to ligands interfering
with PDHK2 binding to GST-L2, the conversion of PDHK2 dimer to a tetramer, and Nov3r (an acetyl-
lipoate analog) interfering with binding of ADP and pyruvate. Pi is suggested to facilitate transmission
within PDHK2 of the stimulatory signal of acetylation from the distal lipoyl-group binding site to the
active site.

When carbohydrate stores are reduced, mammalian pyru-
vate dehydrogenase complex (PDC)1 activity is downregu-
lated to limit the oxidative utilization of glucose in most
nonneural tissues (1-5). When there is surplus carbohydrate
or urgent energy requirements, upregulation of PDC activity
allows carbohydrate to be oxidatively used and is needed
for the conversion of surfeit dietary carbohydrate to fatty
acids. Control of the downregulation and upregulation of
PDC activity primarily occurs via effector control of the
phosphorylation state of the PDC. Phosphorylation with
inactivation of the pyruvate dehydrogenase (E1) component
is catalyzed by pyruvate dehydrogenase kinase (PDHK) and
dephosphorylation with reactivation by pyruvate dehydro-
genase phosphatase (6).

PDC activity is restricted in many tissues when fatty acids
and/or ketone bodies are used as the primary fuel sources,
resulting in elevated levels of intramitochondrial acetyl-CoA
and NADH, which enhances PDHK activity (1-5, 7-10).

To increase PDHK activity, these products are first used to
reductively acetylate lipoyl domains of dihydrolipoyl acetyl-
transferase oligomer (E2) component of PDC via the reverse
of the dihydrolipoyl dehydrogenase (E3) and E2 reactions.
PDHK activity is then stimulated by interaction with acety-
lated-lipoyl domains (3, 4, 11-15). E2 has two lipoyl
domains (L1 and L2) (3, 16) and the E3 binding protein
(E3BP) has one lipoyl domain (3, 17). Particularly important
for PDHK2 stimulation is the reductive acetylation of the
inner L2 domain that most effectively binds PDHK2 (3, 4,
15, 18-20). On a per lipoyl domain basis, PDHK2 binding
is appreciably stronger to the bifunctional GST-L2 dimer
(or E2 60mer) than to the L2 monomer (21). Lipoyl group
reduction and to a greater extent successive acetylation
enhance PDHK2 binding to GST-L2 and E2 (20, 21). In the
opposite direction, ADP and pyruvate inhibit PDHK2 activity
(19, 22) and reduce the binding of PDHK2 to L2 (23). The
companion paper2 shows that K+ and Pi greatly increase
binding by ADP and pyruvate; here we show that these ions
also play critical roles in ADP and pyruvate interfering with
binding of PDHK2 to the L2 domain. However, we addition-
ally find evidence that K+ enhances PDHK2 binding to GST-
L2 by binding at a site that differs from the site promoting
ADP/ATP binding.
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PDHK subunits have a catalytic (Cat) domain and a
regulatory (R) domain (24-27). ATP/ADP are bound by the
Cat domain (24); pyruvate/DCA (26) and the lipoyl group
of L2 (25) are bound by the R domain (Figure 1). Catalytic
cavities are formed between these domains at opposite ends
of the PDHK dimer. The dimer structure is formed by
association of the Cat domains. A secondary interaction
between subunits involves cross arms produced by the near
C-terminal ends of the Cat domains spanning a trough region
that has the interacting Cat domains as a base and R domains
as the upper walls (25-27). At the end of the cross arm, a
tryptophan residue (Trp383, PDHK2; Trp381, PDHK3,
labeled with W in Figure 1) lodges between the interface of
the R and Cat domain of the other subunit. The PDHK3
isoform, which binds L2 domain tighter than PDHK2, has
been crystallized with two L2 domains bound (Figure 1) (25,
27). The L2 domain interacts with the intersubunit cross arms
and with C-terminal extensions of these cross arms that pass
under the lipoyl domain and then alongside the lipoyl group
binding site of the other subunit (Figure 1). The importance
of equivalent (25) versus nonequivalent (27) binding of L2
by PDHK3 needs to be established.

In potassium phosphate buffer, ADP and pyruvate caused
a marked reduction in binding of PDHK2 to the GST-L2
(23). Furthermore, these ligands caused the PDHK2 dimer
to associate as a tetramer (23). Both changes act to greatly
hinder PDHK2 activity, helping to explain the potent
inhibition by the combination of these effectors. Here we
use these approaches to establish critical roles of K+ and Pi

in effector modulation of PDHK2 dimer binding to GST-L2
and the conversion of the PDHK2 dimer to a tetramer.
Evidence is provided for low K+ levels aiding L2 associating
with the L2 domain by K+ binding at a site that is distinct
from the site at which K+ or NH4

+ assist ATP and ADP
binding2. Because it is almost certainly the case and for ease
of referencing the different K+ roles/sites, we will assume
here that the latter constitutes K+ being bound at the active
site that includes direct chelation to an oxygen of the
R-phosphate group of ATP and ADP (25, 26). Interestingly,
a bound K+ ion is found in the PDHK3•L2 structure (25)
located in the R domain adjacent to the L2 binding site
(Figure 1). We show that Pi is required for strong effector
interference with L2 binding and for tetramer formation.

FIGURE 1: PDHK•L2 dimer structure. The PDHK3•L2•ATP (25; 1Y8O), PDHK3•L2•ADP (25; 1Y8P), and PDHK2•ADP•DCA (26; 2bu8)
structures were aligned using DeepView magic align and then specific structure exhibited from different pdb with proteins as ribbon structures.
The close alignment of the backbone 3-D structures of PDK2 and PDK3 were previously exhibited (Supporting Information,ref 26). The
regulatory (R) and catalytic (Cat) domains of PDHK3 are shown in red and orange in the left subunit and blue and violet in the right
subunit. At the top, one L2 domain (left) is shown in dark green with lipoyl-lysine (space filled) and the other L2 domain (right) in lighter
green without the lipoyl lysine for clarity. Near upper center of trough region, the cross arms are marked with a bright green double arrow.
Space-filled Trp (W) are shown at the end of the cross arms (Trp381 of PDHK3, which aligns with Trp383 of PDHK2; residue numbering
and alignment of mature PDHK isoforms are as shown in Supporting Information (ref 26). The C-terminal extension beyond W381 for the
cross arm comes from the Cat subunit on right is labeled on the left; parts of the equivalent structure (orange) can be seen behind the R
domain on right. The location of the DCA in the right subunit is based on DCA binding site in PDHK2 (26). The figure locates the Mg2+

(dark cyan in each subunit) that chelate to an oxygen ofâ-phosphate of ATP and ADP and an oxygen of theγ-phosphate of ATP at the
active site. The K+ ions are shown in magenta. These include K+ that chelate to an oxygen ofR-phosphate of ATP (stick structure, right
subunit) and to ADP (space filled, left subunit) and K+ that are bound on the trough side of R domain in each subunit.
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Related trifluoro-2-hydroxy-2-menthylpropionate com-
pounds (Nov3r, AZD7545, AZ12, compound K) are potent
inhibitors of PDHK activity (4, 28-31). PDC activity is
markedly reduced in diabetic animals due to high PDHK
activity (1-5, 32-35); the very low PDC activity hinders
use of glucose as an energy source. AZD7545 and compound
K have been used to inhibit PDHK activity and increase PDC
in Zucker fa/fa obese rats (a model for insulin resistant
diabetes) (36, 37). Treatment of obsese Zucker rats with
compound K reduced the aberrantly high blood glucose to
extents similar to the commonly used drug, rosiglitazone (37).
PDHK2 crystal structures have been obtained with Nov3r
and AZ12 bound at the lipoyl binding site (26) (see Figure
1, the companion paper2). Based on comparative modeling
of K+ binding at the active site in PDHK2 crystal structures,
the binding of Nov3r appeared to introduce a conformational
change in PDHK2 that hinders K+ binding by the PDHK2
active site containing a bound ATP (26). Such a change
would be expected to weaken ATP and ADP binding and
speed up PDHK2 catalysis in which ADP dissociation
appears to be rate limiting (20).

Here, we demonstrate that Nov3r prevents PDHK2 binding
to L2 and dissect the effects of Nov3r binding at the lipoyl
group binding site on PDHK2 binding of other ligands.
Again, we establish critical roles of ions for high affinity
binding of Nov3r, for Nov3r interfering with binding of L2,
and for Nov3r altering the binding of other ligands. In
addition to K+, Pi is found to play a critical role in Nov3r,
bound at the lipoyl binding site, influencing ligand binding
at other sites, including weakening ADP and pyruvate
binding. Our studies establish key linkage roles of K+ and
Pi in the transmission of regulatory effects that reduce and
enhance PDHK2 activity.

EXPERIMENTAL PROCEDURES

Materials. Along with those indicated in the companion
paper (19, 22, 38), the additional human PDC components
purified were E2•E3BP (Supporting Information,(38)), GST-
L2 (39), and E3 (40). PDHK2 was prepared in 50 mM
potassium phosphate buffer, pH 7.5 or 20 mM Hepes-Tris
buffer, pH 7.5 (buffer A) free of K+ and Pi as described
(23).2 Nov3r (28) was provided as the pure stereoisomer by
Roger J. Butlin at AstraZeneca, Macclesfield, Great Britain.

Fluorescence Quenching.To evaluate ligand binding, Trp-
fluorescence quenching was carried out and analyzed as
previously described (23).2 Unless otherwise indicated,
studies were conducted with 2 mM free Mg2+ initially
available prior to addition of ligands. Nov3r is maximally
added at 10µM in fluorescence quenching studies; this level
of Nov3r has an absorbance<0.01 at 295 nm and no
absorbance above 310 nm. The conditions for studies using
fluorescence quenching with high levels of PDHK2 dimer
(4.3 µM) with and without 12.8µM GST-L2 dimer are
described in the Supporting Information section.

Analytical Ultracentrifuge (AUC) Experiments. Sedimen-
tation velocity experiments were conducted as previously
described (20, 21, 23, 38, 41) using an Optima XL-I
ultracentrifuge using the An-60 Ti rotor at 20°C in buffer
A with 5 mM dithiothreitol, 0.5 mM EDTA and the indicated
ligands. Sedimentation was monitored at 280 nm using
double sector cells with a final loading of 400µL per cell.

Sedimentation was at 49,000 rpm with scans made at 5 min
intervals. Ligand-induced changes in the interaction of
PDHK2 with GST-L2 and ligand-induced self-association
of PDHK2 were evaluated by sedimentation velocity studies
using the concentrations of components indicated in figure
legends.

Sedimentation data were analyzed using DCDT+ software
version 1.16 and sedimentation coefficients were calculated
by usingg(s*) fitting function in DCDT+ software (42, 43).
Buffer density and viscosity were calculated by Sednterp
version 1.08 (www.jphilo.mailway.com) or were measured
as previously described (38). The partial specific volumes
of proteins (21, 38) were calculated from their amino acid
composition using Sednterp (0.734 for human PDHK2 at
20 °C). The apparent sedimentation coefficient distribution
functiong(s*) versuss* provides useful boundary shape for
evaluating associating systems (42-45). With the different
concentrations of ions (K+, NH4

+, or Na+ and counterions),
the sedimentation velocity profiles were converted for
comparison to a low salt condition using the changes in the
sedimentation of GST-L2, PDHK2, and E3 alone as stan-
dards for adjusting the effects of changes in density and
viscosity. Support for this approach was obtained using
different KCl levels in potassium phosphate buffer. Adjust-
ments based on the known changes in density and viscosity
gave the same correction ofg(s*) versuss* profiles within
experimental error for E3, fitting little if any change in the
frictional coefficient of E3. The change with different ligands
in the equilibrium binding of PDHK2 to GST-L2 was
assessed by simulating theg(s*) profiles using the SedAnal
program (43-45) and theA + B ) C model, as previously
described (23, 41). The self-association of PDHK2 dimer to
a tetramer was analyzed by monomer-dimer equilibrium
model using the SEDPHAT 2.02 program (46, 47). All of
the softwares used in these analyses are available from the
RASMB site (www.asmb.bbri.org/RASMB/rasmb.html).

PDHK2 ActiVity Assays. The inhibition of PDHK2 activity
by Nov3r and related inhibitors was first evaluated with
buffer systems containing 100 mM K+ and (Cl-) or minimal
(<15 mM) K+ ion and measuring the32P-incorporation at
30 °C using just E1 (12µg) or E2-E1 (7µg E1, 10µg E2)
as substrate in 25µL final volume (14, 19, 20, 22). The
standard buffer contained 40 mM Mops adjusted to pH 7.4
with Tris and 13 mM KxPO4 (pH 7.4) with 2 mM dithio-
threitol, 2 mM MgCl2, 0.1 mM EDTA, and 0.1% Pluronics
F68. Additionally 40 mM K+ (prepared with KOH adjusted
to pH 7.4 with Hepes) and 60 mM KCl were included for
high salt buffer. The activity of 0.15µg PDHK2 (E2‚E1
substrate) or 0.3µg E1 (E1 as substrate) was initiated by
addition of [γ-32P]ATP to 100µM and terminated after 60
s or 120 s, respectively. Even at 100µM Nov3r comes out
of solution with time (decreasing absorbance observed)
unless it is maintained with at least 5% DMSO. A 50µM
Nov3r concentrate was prepared in 10% DMSO; kinase
reaction mixtures did not contain>0.5% DMSO. Assays
were conducted at least in duplicate; average values with
standard deviations are shown.

To estimate the IC50 of Nov3r, the following PDC
inactivation assay was used so that PDHK2 concentration
could be reduced to 1.2 nM. The inactivation of PDC (0.9
µg E1, 1.0µg E2•E3BP, 0.4µg E3) by 0.011µg PDHK2
was initiated in 100µL final volume of 50 mM Mops-K
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(pH 7.3), 50 mM KCl, 1 mM EDTA, 2 mM dithiothreitol,
2 mM MgCl2, 0.5 mM EDTA, 0.1% Pluronics F68, and 0.2
mg/mL BSA by addition of ATP to100µM. At 120 and 240
s, 40µL samples were pulled and added to10µL containing
50 mM glucose and 1µg hexokinase to stop PDHK2 reaction
by converting ATP to ADP; this mixture was maintained
on ice until PDC activity was measured. PDC activity was
measured in duplicate by adding 20µL samples to 200µL
final volume in cuvettes pre-equilibrated at 30°C for 3-5
min that additionally contained 1µg E2‚E3BP, 1.25µg E3
and 50 mM Mops-K, pH 7.4, 2.5 mM NAD+, 0.3 mM
thiamine pyrophosphate, 0.25 mM CoA, 2.5 mM cysteine,
2 mM MgCl2, and 0.1 mg/mL BSA. After incubation for 60
s, four assays were initiated simultaneously by addition of
pyruvate to 2.0 mM with mixing; NADH production was
measured at 340 nm for 5-10 min using a Beckman DU670
spectrophotometer. Control PDC activity was measured in
duplicate at the beginning and end of the experiments by
substituting water for ATP. These four measures of control
PDC activity at the beginning and the end of assay series
established that the control PDC activity remained constant
within experimental error; inclusion of Nov3r even at levels
above those tested had no effect on PDC activity. No more

than 40% reduction of PDC activity was used in measuring
PDHK2-catalyzed inactivation of PDC; within this range,
the reduction of PDC activity at 4 min was generally twice
that at 2 min. The standard deviation from the average was
less than(2% for control activity and generally below(
4% for estimates of the reduction in PDC activity. A few
assays were conducted just using 0.9µg E1 as a substrate in
the absence of E2 using reaction times of 10 and 25 min;
after removal of ATP by hexokinase reaction, 1.0µg
E2•E3BP and 0.4µg E3 were added (volume 55µL) and
the reconstituted PDC activity subsequently was measured
on 22µL as described above. Other properties of these assays
are described under Results.

RESULTS

Effects of Ions on Binding of PDHK2 to the L2 Domain.
The co-localization of PDHK and the E1 substrate on E2
oligomer and movement of PDHK between lipoyl domains
greatly enhances kinase activity (3, 4, 14, 19-21, 48).
PDHK2 preferentially binds to the L2 domain (19, 21). In
potassium phosphate buffer, there was a strong correlation
between conditions that led to ligand-induced quenching of
PDHK2 fluorescence and those that diminished binding of

FIGURE 2: Cation effects and concentration dependence for binding of PDHK2 to GST-L2 in the absence and presence of ATP. All buffers
contained 5 mM dithiothreitol and 0.5 mM EDTA. The series in the left column (bottom three panels) show the change ing(s*) profiles
for sedimentation velocity studies conducted with 4.3µM PDHK2 plus 5.7µM GST-L2 (21, 23) with indicated K+ levels; control with no
K+ (or NH4

+) is shown in top panel in center column. The top panel in the left column shows theg(s*) profiles for the same levels of
PDHK2 and GST-L2, alone, and for the combination with 20 mM Pi in the absence of K+ (or NH4

+). The middle column shows the effects
of 50 and 100 mM NH4+ and 100 mM Na+ on the sedimentation velocity patterns with the same level of protein components. The right
column shows a series ofg(s*) profiles in which the level of K+ was varied in the presence of 100µM ATP with 4.3 µM PDHK2 with the
GST-L2 level increased to 8.5µM. Theg(s*) profiles are corrected for changes in viscosity and density using the approach described under
Experimental Procedures. Sedimentation velocity studies were conducted at additional levels of ions as indicated in the text.
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the dimeric PDHK2 to dimeric GST-L2 containing a reduced
lipoyl groups (23); a condition that strengthens binding by
PDHK2 (21) and was used in the following studies. In the
absence of K+ or NH4

+, some binding of 4.3µM PDHK2
to 5.7µM GST-L2 was observed (Figure 2, top panel, center
column) and this level of binding was not significantly
changed by 20 mM Pi (Figure 2, top panel column 1)
Simulation of the sedimentation profiles (21) indicated∼45%
of PDHK2 was associated with GST-L2 in the absence of
K+, which fits a 1:1 complex with aKd of 4-5 µM. Inclusion
of 25 mM K+ ion enhanced binding (∼66% PDHK2 bound);
further increases to 50 or 100 mM K+ supported formation
of only slightly more complex (Figure 2, left column series).
With 150 mM K+, there was no further increase in binding
(data not shown). The fractional binding of 0.69-0.75
estimated at these higher levels of K+ corresponds to aKd

of ∼1 µM, which is similar to results obtained in 50 mM
potassium phosphate buffer (21, 23).

Higher levels of NH4
+ than K+ were needed to give any

enhancement in binding with some increase in complex
formation as the level of NH4+ was increased from 25 (data
not shown) to 50 and then 100 mM (Figure 2, middle
column). 100 mM Na+ also supported some increase in
complex formation (Figure 2, bottom panel, middle column)
though much less effectively than 25 mM K+ but nearly as
well as 100 mM NH4

+. Although these results demonstrate
an enhancement in PDHK2 binding to GST-L2 by the
monovalent cation, the results diverge from the monovalent
cation requirements for ATP/ADP-induced Trp-fluorescence
quenching2. The concentration dependence for near saturation
of the K+ in supporting PDHK2•GST-L2 complex formation
is below theKd estimated for K+ binding to free PDHK2
(Table 4, companion paper2). Higher rather than lower NH4+

levels are required, and even then the NH4
+ ion is much

less effective than K+ in supporting lipoyl domain binding.
Thus, these results raise the question whether the monovalent
ions are binding at a different site or whether GST-L2
binding alters monovalent cation binding at the same site,
presumably the active site. The latter would require strength-
ening of K+ binding while weakening NH4+ binding.
Enhanced K+ binding at the active site would be expected
to enhance ADP and ATP binding2 but the opposite was
found (below). The capacity of 100 mM Na+ to support some
enhancement in binding to GST-L2 also supports a separate
site.

Impact of K+ and NH4
+ on PDHK2‚GST-L2 Complex

Formation in the Presence of ATP. With 100 µM ATP
included, the concentration dependence for K+ and NH4

+

enhancing binding of 4.3µM PDHK2 to 8.5µM GST-L2
was evaluated. ATP decreases PDK2 binding to GST-L2
with 50 mM K+ (Figure 3, below). There was a substantial
increase in complex formation as K+ was introduced and
increased (Figure 2, third column) but only a small increase
above 50 mM K+. With increasing K+ (0, 10, 20, 50, and
100 mM), the estimatedSwav also increased (5.01, 5.26, 5.47,
5.53, and 5.61 S; errors( 0.07 S). Under these conditions
but with saturating K+, the maximalSwav is projected to be
5.72 S. The half-maximal increase inSwav is then attained at
<20 mM K+. In the absence of ATP, the half-maximal
increase inSwav was reached with<7 mM K+. The increase
in K+ dependence contrasts with the effects of ATP in greatly
enhancing K+ binding at the active site as measured by Trp-

fluorescence quenching2. With the NH4
+ ion varied with 100

µM ATP, the increases in complex formation with increasing
NH4

+ ion were much smaller (Swav only increased from 5.01
S to 5.04, 5.13, and 5.19 S with 10, 50, and 100 mM NH4

+).
If the binding affinity of NH4

+ is the only limitation, for
NH4

+ being as effective as K+ in aiding PDHK2 binding to
GST-L2, then aKd >150 mM NH4

+ would be required for
NH4

+ supporting full GST-L2 binding under these conditions.
That is>500 fold higher thanL0.5 for NH4

+ binding at the
active site in the presence of 100µM ATP. Again, these
results are most easily explained by K+ binding at a separate
site from the active site being weakened by ATP and by
very weak NH4

+ ion binding at that alternative site that is
further weakened by ATP binding at the active site. The
possibility that only changes in monovalent cation binding
at the active site of PDHK2 produce the above results is
very unlikely.

We were unable to evaluate whether the concentration
dependencies of the NH4+ ion in supporting quenching of
Trp fluorescence by ATP or ADP were altered by GST-L2
binding because fluorescence could not be evaluated at the
very high levels of GST-L2 and PDHK2 that are required

FIGURE 3: Change in binding of PDHK2 with GST-L2 due to
addition of ligands. The changes in sedimentation velocityg(s*)
profiles of 4.3µM PDHK2 with 8.5µM GST-L2 were evaluated
with 50 mM K+, 5 mM dithiothreitol, and 0.5 mM EDTA included
in all studies along with the indicated ligands. The left panel at the
top shows the sum of profiles for PDHK2 plus GST-L2 alone as
an indicator of profile expected with binding prevented. The top
panels show the effects of 20 mM Pi; the middle panels show the
effects of 100µM ATP (left) or 100 µM ADP (right) with and
without 20 mM Pi; and the bottom panels include 100µM pyruvate
along with the conditions used in the middle panels. Sedimentation
velocity patterns were corrected for changes in density and viscosity
as described under Experimental Procedures.
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to have predominantly PDHK2•GST-L2 complex formed in
the absence of added ions.

Critical Role of Pi in Support of Ligands interfering with
PDHK2 Binding to GST-L2.Prior studies (23) in potassium
phosphate buffer demonstrated that ADP or ATP plus
pyruvate greatly reduced PDHK2 binding to GST-L2. We
evaluated the effects of ligands (100µM ATP or ADP alone
or with 100 µM pyruvate) in reducing PDHK2•GST-L2
complex formation with or without 20 mM Pi in the presence
of 50 mM K+ (Figure 3) or 50 mM NH4+ (Figure 2S,
Supporting Information). Pi had a very small effect by itself
as did ATP or ADP in the absence of Pi. With 50 mM K+,
Pi enhanced interference with binding PDHK2 to GST-L2
with ATP or ADP (middle panels Figure 3). When Pi was
included along with pyruvate and ATP or ADP, complex
formation was nearly eliminated (bottom panels, Figure 3).
Thus, 20 mM Pi works synergistically with pyruvate plus
ADP or ATP in blocking formation of the PDHK2•GST-L2
complex just as Pi acts with these ligands to maximize
fluorescence quenching. At higher levels of components,
some complex formation could be demonstrated in the
presence of these ligand combinations (data not shown). The
substantial effect of Pi with ATP without pyruvate is counter
to the trend of minimal effects of Pi on fluorescence
quenching with ATP. Based on fluorescence quenching
results,2 pyruvate was subsaturating at 100µM with 100µM
ATP and 20 mM Pi (see below).

In potassium phosphate buffer, 5 mM pyruvate caused
some reduction in PDHK2 binding to GST-L2 (23). Without
Pi, 3 and 10 mM pyruvate (Supporting Information, Figure
1S), caused a somewhat smaller reduction in complex
formation. Even though Pi weakens pyruvate binding2, Pi acts
with bound pyruvate in reducing PDHK2 binding to GST-
L2; however, the decrease inKd is small (∼2-fold, and∼5-
fold in total) in comparison to the weakening in binding when
ATP and ADP were also included (>50-fold decrease inKd

required).
These ligands whether added alone or in combination, had

qualitatively similar effects in reducing the lower level of
PDHK2•GST-L2 complex formation in the presence of 50
mM NH4

+ (Figure 2S). Under all conditions, 20 mM Pi

greatly enhanced interference with complex formation. That
contrasts with Pi in combination with NH4

+ enhancing
fluorescence quenching only with ADP and pyruvate2. Again,
the full set of ligands (Pi, ATP or ADP, and pyruvate) was
particularly effective in reducing binding of PDHK2 to GST-
L2. Therefore, NH4+ is much less effective than K+ in
supporting complex formation, but NH4

+ supported ligand-
induced interference with binding of PDHK2 to the L2
domain.

Pi Effect on changes in PDHK2 Tetramer Formation. In
potassium phosphate buffer, we reported that PDHK2 dimer
self-associates to form a tetramer in the presence of pyruvate
and ADP (or ATP) (23); a Kd of ∼7.5 µM PDHK2 was
determined for this interaction from sedimentation velocity
and equilibrium studies using a range of PDHK2 concentra-
tions (23). Even at concentrations as high as 31µM PDHK2,
no tetramer formation was observed in the absence of these
ligands (23). Here we evaluate the self-association of 5.3
µM PDHK2 in the presence of 50 mM K+ and 100µM ADP
or ATP with 100µM pyruvate in the absence and presence
of 20 mM Pi. Some tetramer forms in the absence of Pi (more

so with ADP than ATP) but much more tetramer is formed
when 20 mM Pi is also included (Figure 4). With ADP,
pyruvate and 20 mM Pi the extent of tetramer formation was
somewhat less than that observed with the same PDHK2,
ADP and pyruvate concentrations in potassium phosphate
buffer suggesting the equilibrium binding constant is slightly
higher with 2.5-fold lower Pi. Our studies using fluorescence
quenching(23)2, indicatethat thePDHK2•ADP•K+•pyruvate•Pi

complex is stabilized by K+-dependent coupled binding of
these ligands. We conclude that this pentanary complex
induces one or more conformation that greatly enhances self-
association of PDHK2 dimer. Pi appears to play a critical
role in inducing/stabilizing the required conformational
change(s). This equilibrium probably hinders PDHK2 binding
to GST-L2. On the other hand, extensive ligand-induced
interference with binding of PDHK2 to GST-L2 occurs at
low protein concentrations in which there is limited tetramer
formation (23). In the other direction at higher protein levels,
GST-L2 has some capacity to hinder tetramer formation
because, even with the greatly weakened binding of PDHK2
dimer to GST-L2 with the full set of ligands, there is less
tetramer formation (bottom panels in Figure 3) than expected
on the basis of the results in Figure 4. The physiological
relevance of tetramer formation is considered in the Discus-
sion.

GST-L2 Effects on Ligand Binding and Effects of Ions.
As shown in Figure 3S (Supporting Information), the Trp
fluorescence by the combination of PDHK2 and GST-L2
proteins was close to the sum of the fluorescence intensities
(320-420 nm) of the individual proteins. Under conditions
in which >90% of PDHK2 is associated with GST-L2 with
reduced lipoyl groups, theL0.5 for ATP was increased by
GST-L2 from 1.5µM to 5.0 µM in studies using 50 mM

FIGURE 4: Effects of Pi on ligand-induced self-association of
PDHK2 dimers. With ADP and pyruvate or ATP and pyruvate
levels at 100µM, the change in the sedimentation velocity pattern
of 5.3 µM PDHK2 dimer in the absence and presence of 20 mM
Pi is shown. Data were analyzed as described under Experimental
Procedures with corrections for changes in buffer density and
viscosity.
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potassium phosphate buffer (Figure 4SA, Supporting Infor-
mation). The latter is within experimental error, the same as
the “Kd” estimated for ATP binding by PDHK2 associated
with E2 using a cold trap procedure also using the same
potassium phosphate buffer (22). Using a different buffer
and isothermal calorimetry, Tunganova and Popov (49)
derived a larger increase in theKd for ATP from 1.6µM to
12 µM with inclusion of 40µM L2 monomer that was also
treated with 5 mM dithiothreitol. We find that GST-L2
binding increased theL0.5 for ADP from 12 to 46µM (Figure
4SB). With 100 mM K+, there was little effect on ADP
binding without Pi included and, with 100µM pyruvate also
included, the tight binding of ADP was decreased by only
2-fold (Figure 5SA). With 100 mM K+ and 20 mM Pi, GST-
L2 also caused nearly a 4-fold increase inL0.5 for pyruvate
from ∼5 µM to ∼25 µM in the presence of 100µM ADP
but had a smaller change in the absence of ADP or absence
of Pi (Figure 5SB and other results, Supporting Information).
It seems likely that much of the Pi-dependent effects of GST-
L2 in reducing the coupled ADP and pyruvate binding are
due to binding interactions of the lipoyl prosthetic group of
L2.

Effects of NoV3r on PDHK2 ActiVity and Lipoyl Domain
Binding.Lipoamide or even lipoyl-peptides with the lipoyl
group reduced and acetylated bind to PDHK2 too weakly to
evaluate their effects. Effects of these structures on activity
can be observed with PDHK3 (50). The affinity and
requirements for Nov3r inhibiting PDHK2 activity by binding
at the lipoyl group binding site were evaluated. In the absence
of E2, there was minimal inhibition by 2µM Nov3r of
PDHK2 activity in the presence or absence of K+. Inclusion
of elevated K+ markedly reduces PDHK2 activity in the
absence of E2 (Figure 5). In the presence of E2, weak
inhibition is observed in the absence of K+ with 2 µM Nov3

causing only 60% inhibition (Figure 5). However, 2µM
Nov3r caused 91( 1% inhibition with 100 mM K+ using a
MOPS-K buffer that also contained 13 mM Pi and 60 mM
Cl-. Higher levels of Nov3r did not cause greater inhibition.
With E2 and elevated K+, 0.2µM Nov3r gave 83% inhibition
(Figure 5), which was 91% of the maximum inhibition
observed with 2µM Nov3r. Because 65 nM PDHK2 (130
nM binding sites) was used in these assays, occupancy of
91% of Nov3r binding sites would reduce free Nov3r to
about 80 nM. This suggests that Nov3r binds with an affinity
below 10 nM.

To obtain a better measure of the IC50 for Nov3r PDHK2,
assays were conducted under conditions in which the
inhibitor exceeded the level of PDHK2. PDHK2 activity was
evaluated using low component levels and measuring
PDHK2-catalyzed inactivation of PDC as described under
Experimental Procedures. Under these assay conditions, 1.2
nM PDHK2 reversibly binds to 0.29 nM E2•E3BP (14 nM
E2 subunits) with only about 15% of PDHK2 bound (21).
Whereas with high concentrations of complex (32P-phosphate
incorporation assay above), PDHK2 activity at near saturating
Nov3r (2 µM) was reduced to∼9%, it is reduced to 2.5(
1% under these assay conditions.3 Again the latter corre-
sponds to the ratio of control rates of PDHK2 activity
determined without and with E2 under these dilute conditions
(i.e., PDHK2 inactivated free E1 at 2.1( 0.9% as fast as it
inactivated E2-bound E1).3 Nov3r caused half-maximal
inactivation of PDHK2 activity at 8.5( 0.5 nM (Figure 6);
correcting the free Nov3r concentration for binding to 1.2
nM PDHK2 reduces this to∼7.8 nM4. Similar potent
inhibition was observed with AZD7545 and other related
compounds provided by AstraZeneca (31).5 Using a higher
level of rat PDHK2 (∼220 nM), an IC50 of∼110 nM
AZD7545 was obtained probably due to titration of PDHK2
with the tight-binding AZD7545 (52).

As shown in Figure 7, 20µM Nov3r (lower panel)
completely prevented binding of 4.3µM PDHK2 to 5.7µM
GST-L2. Binding of PDHK2 to the E2 60mer was also
prevented (data not shown). This is consistent with the
binding of Nov3r at the lipoyl binding site (26); prior studies
established that the lipoyl prosthetic group makes a critical
contribution to lipoyl domain binding by PDHK (14, 25, 50,
53, 54). With rat PDHK2, evidence for the Nov3r-related
AZD7545 interfering with PDHK2 binding to GST-L2 was

3 With free PDHK2 phosphorylating free E1, PDHK2 has a very
high Km for E1 (22) and the specific activity falls off steeply as E1 is
diluted from∼2.6µM (standard assay conditions giving∼8% rate with
E2 with free E1) to 0.065µM E1 used in these dilute assays. In contrast,
with E2-bound PDHK2 (Kd ) 0.4µM (21)) phosphorylating E2-bound
E1 (Kd for up to 20 E1 bound∼0.03µM and even tighter for first six
(51)), there is a much smaller (∼7.5-fold) fall off in the specific activity
of PDHK2, which primarily reflects the fraction of E2-bound PDHK2.
The fraction of bound PDHK2 is estimated as∼0.15 with the
concentration of components used.

4 Inhibition should be achieved by just one Nov3r molecule binding
to PDHK2 dimer because this should prevent the tight bifunctional
binding of PDHK2 to E2, which would be required at the low
concentration of complex used in these studies. This conclusion is based
on the much tighter binding of PDHK2 dimer to GST-L2 (or E2) than
to the L2 monomer (21). Figure 6 shows the added concentration. When
half the PDHK2 dimers have no Nov3r bound, random binding at
independent binding sites leads to 20.6% of the remaining 50% of
dimers having two Nov3r bound.

5 Xiaohua Yan, Thomas E. Roche, Roger J. Butlin, and Rachel M.
Mayers, unpublished work.

FIGURE 5: Effect of Nov3r on PDHK2 activity in the presence or
absence of E2 with and without elevated K+ and Cl-. PDHK2
activity was measured by the standard32P-phosphate incorporation
assay using assay conditions described under Experimental Proce-
dures, which invariably include 13 mM Pi. Control assays in each
set were performed with and without DMSO (0.5%); the full set
of values were averaged because the activities were within
experimental error. The level of PDHK2 was 0.15µg in assays
with E2 and 0.3µg in assays without E2.
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recently described (53). Nov3r did not foster PDHK2 forming
a tetramer and had a small effect in hindering tetramer
formation (data not shown) that is explained by effects of
Nov3r on ligand binding (below).

Effect of NoV3r on Ligand-Induced Trp-Fluorescence
Quenching of PDHK2 and Coupling to Pi Binding. As
described elsewhere (4, 26), Nov3r appears to be an analog
of the acetyl-dihydrolipoyl group. Nov3r, alone, had no effect
on Trp fluorescence in the presence or absence of K+.
However, ligand-induced changes in Trp fluorescence can
readily be observed with fully saturated binding of Nov3r.
We have presented evidence that reductive acetylation speeds
up dissociation of ADP and that this means of stimulating
PDHK2 activity requires not only K+ but also anions (Cl-

or Pi, with the largest fractional increase in PDHK2 activity
with both) (20). Nov3r did not significantly change the
concentration dependence for K+/ATP-dependent quenching
of Trp fluorescence when either K+ or ATP was varied at
fixed levels of the other with or without 20 mM Pi (Table
1S, Supporting Information). With ADP varied, there was a
substantial change from Pi enhancing quenching and lowering
L0.5 for ADP or K+ (companion paper2) to Pi hindering
quenching and increasing theL0.5 for these ligands with
Nov3r bound (Figure 8A). In the presence of Pi, Nov3r
increased theL0.5 for ADP at different K+ levels (Table 1)
or theL0.5 for K+ with different ADP levels (Table 1S) by
1.6-1.8-fold along with decreasing inQmax. This is consistent
with binding at the lipoyl group binding site reducing ADP/
K+ binding at the distant active site by a Pi-dependent
mechanism.

Nov3r had no detectable effect on the weak binding of
pyruvate by PDHK2 in the presence of 100 mM K+ and 20

mM Pi. There was minimal interference by Nov3r with the
higher affinity pyruvate binding with 200µM ADP and 100
mM K+ (Table 1). However, the tight pyruvate binding with
100 mM K+, 20 mM Pi and 200µM ADP was markedly
weakened by Nov3r with an 8-fold increase inL0.5 (Figure
8C, Table 1). Under these conditions with 200µM ADP,
∼88 and∼82% of active sites of PDHK2 are predicted to
bind ADP in the absence and presence of Nov3r, prior to
addition of pyruvate. Therefore, the marked interference by
Nov3r with pyruvate binding apparently occurs when K+/
ADP are bound at the active site and Pi is bound. When
ADP was varied with 100 mM K+ and 20 mM Pi and either
100µM (Figure 8B) or 300µM pyruvate, Nov3r weakened
ADP binding causing∼6-fold increase inL0.5 for ADP (Table
1). However, theL0.5 of ADP with Nov3r remained lower
than without pyruvate (3-fold with 300µM pyruvate).
Because of the weak binding by pyruvate with K+/Pi in the
absence of ADP, there was a substantial increase in pyruvate
binding as the ADP level was increased. Although pyruvate
binding increased even with Nov3r, a significant portion of
the decrease inQmax with Nov3r compared to the control is
due to less pyruvate binding. We suggest that Pi plays a key
role in transmitting the interfering signal of Nov3r to affect
pyruvate binding and ADP binding at the active site. The
transformation with ADP/K+ to Pi-dependent reduction in
binding of pyruvate with Nov3r rather than enhancing
binding is not due to the decrease in ADP binding. Two
alternatives may explain Nov3r interfering with the capacity
of ADP and Pi to strengthen pyruvate binding. One possibility
is that allosterically coupled Pi and Nov3r binding hinders
binding at the pyruvate binding site and the active site.

FIGURE 6: Concentration dependence for Nov3r inhibition PDHK2
activity. PDHK2 (1.2 nM) catalyzed inactivation of reconstituted
PDC was measured as described under Experimental Procedures.
The data were fit by the equation: % activity) ((100- B‚0.85)/
(1 + I/Ki)) + B‚0.85 + (B‚0.15(1- (Ki/(Ki + I)), whereB is %
activity of free PDHK2 (85% free initially) andKi is the inhibition
constant for Nov3r (I) inhibition of E2-activated PDHK2 activity
(97% activity by 15% PDHK2 bound to E2 initially). The data
were fit with Ki ) 8.5 nM andB ) 3%3. This equation treats the
removal of E2-activated PDHK2 activity (97% of the initial activity;
IC50 at loss 48.5% activity) with a noncompetitive inhibition format
with an equivalent gain of 15% of the low activity of free PDHK2
as the kinase is dislodged from E2 due to Nov3r binding.

FIGURE 7: Nov3r prevention of PDHK2 binding to GST-L2. The
upper panel showsg(s*) profile for sedimentation velocity of
individual components in the presence of Nov3r and for 4.3µM
PDHK2 and 5.7µM GST-L2 in the absence of Nov3r (repeated in
the lower panel). The lower panel shows theg(s*) profile of the
same levels of PDHK2 and GST-L2 in the presence of 20µM
Nov3r. Also shown are the sum of theg(s*) profiles for PDHK2
and GST-L2 alone (dotted lines both panels). Sedimentation velocity
was conducted in 50 mM potassium phosphate buffer containing
0.5 mM EDTA and 5 mM dithiothreitol.
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Alternatively, Nov3r may greatly hinders Pi binding and
therefore removes the positive effects of Pi on ADP/pyruvate
binding.

To evaluate this further, Pi was varied in the presence of
100 mM K+ and 100µM ADP (Figure 6SA, Supporting
Information) and with those ligands plus 100µM pyruvate
(Figure 6SB) in the presence and absence of Nov3r. With
just ADP, the pattern of increasing Pi causing a transition
from decreasing to increasing fluorescence (described in the
companion paper2) was favored with Nov3r at lower levels
of Pi. These data suggest that Pi binding at a second site is
enhanced by Nov3r.

With 100µM pyruvate also included (Figure 6SB), Nov3r
caused an immediate transition from fluorescence quenching
to increased fluorescence with the level of Pi. As explained
under Supporting Information, this transition due to Nov3r
for the interval from 0 to 20 mM Pi can be attributed to the
change that Nov3r causes in PDHK2 binding of ADP and
pyruvate (Table 1). We conclude the interfering effects of
Nov3r on pyruvate and ADP binding are greatly enhanced
by Pi due to coupled binding of Nov3r and Pi. These results
indicate that PDHK2-bound Pi plays an important role in
the transmission of regulatory effects from the lipoyl group
binding site.

DISCUSSION

We previously reported a strong correlation between the
effects of ligands in quenching Trp fluorescence and in
reducing binding of PDHK2 to the GST-L2 dimer containing
reduced lipoyl groups (23). Furthermore, the combination
of ADP and pyruvate caused the PDHK2 dimer to associate
and form a tetramer (23). Here we find that K+ aids binding
of PDHK2 to GST-L2 and that ligand interference with
binding to the L2 domain is K+ dependent. However, in
contrast to ligand effects on fluorescence quenching2, the
NH4

+ ion was not effective in replacing the K+ ion in aiding
binding of PDHK2 to GST-L2, but NH4+ did promote ligands
interfering with the limited complex that was formed. These
observations indicate that K+ is acting at a second site in
facilitating L2 binding to PDHK2 and that binding of K+ at
both sites is required for ligand-induced interference with
GST-L2 binding. The PDHK3•L2 structure (27) (Figure 1)
reveals that K+ is bound at a site that is conserved in PDHK2
(Figure 9). The Phe14 side chain of PDHK3 directly interacts
with Leu140 of the L2 domain; the K+ binding site is
equidistant between the Trp that anchors the cross arm and
the lipoyl group binding site. Phe364 of PDHK3 precedes
the short helix 13, which contains three residues (conserved
in PDHK2) that interact with the L2 domain. This conserved

FIGURE 8: Effects of Nov3r on fluorescence quenching by ADP in the presence and absence of Pi (panel A), by ADP in the presence of
Pi and pyruvate (panel B), and by pyruvate in the presence of Pi and ADP (panel C). Fluorescence excitation was at 295 nm and the
fluorescence measured at 320-420 nm in mixtures containing 0.3µM PDHK2, 2.0 mM Mg2+ and 100 mM K+. Fixed ligands were added
at the concentrations indicated in the insets in figure panels. Data are plotted as % quenching based on the initial fluorescence (0% quenching)
after the addition of fixed ligands. Other condition and data analysis were as described under Experimental Procedures in this and the
companion paper.2

FIGURE 9: Stereoviews of K+ binding site on the trough side of PDHK3 and equivalent structure of the aligned residues in PDHK2. The
only change in chelating residues is a conservative substitution of Tyr366 in PDHK2 for Phe364 in PDHK2. Residue numbering is as
indicated in Figure 1.
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site would seem to be an excellent location for K+ binding
influencing L2 binding.

We also find that Pi has a pronounced effect in increasing
ligand interference with PDHK2 binding to GST-L2 and
PDHK2 dimer associating to a tetramer. Pi-enhancement of
pyruvate binding was dependent upon inclusion of K+ and
ADP2. Similarly, the full set of ligands (K+, ADP and
pyruvate) was required for potent Pi-enhanced interference
with PDHK2 binding to GST-L2 and Pi causing a marked
increase in ligand-induced formation of PDHK2 tetramer.
With these ligands, Pi bound to PDHK2 with an affinity of
0.85 mM2; free Pi in the mitochondrial matrix space can
apparently increase to concentrations above this level (55-
57).6 It is likely that tetramer formation interferes with
PDHK2 binding to GST-L2. However, nearly complete
interference with PDHK2 binding to GST-L2 can be
observed at concentrations of PDHK2 that form limited
tetramer (23). Thus, it seems likely that the conformational
transition that hinders GST-L2 binding may favor tetramer
formation, but tetramer formation is not a requisite step for
ligand binding hindering PDHK2 binding to L2.

Given theKd of ∼7.5 µM for tetramer formation (23), at
least a 10-fold stronger binding affinity would be needed
for tetramer formation to be significant at the levels PDHK2
that are estimated in matrix space. Interactions that are weak
with dilute protein concentrations are enhanced 10-100-fold
at the high protein concentrations found in the mitochondrial
matrix (>400 mg/mL (58, 59)) when, as usually occurs,
complex formation reduces molecular crowding (60, 61). We
have suggested that ligand-induced dislodging of the C-
terminal cross-arm may contribute to reduced PDHK2
binding to the L2 domain and to the formation of the tetramer
structure (23). We have found that ADP and pyruvate caused
a marked Pi-dependent decrease in Trp fluorescence polar-
ization that is consistent with greater Trp mobility.7 Both
Trp383 and Trp371 are located in the cross arm. Crystal
structures indicate that closure of the active site cavity

between the R and Cat domains may be linked to release of
the cross arms with increased opening of the trough region
between the subunits (25, 26).

Both the L2 domain structure and the lipoyl prosthetic
group contribute to L2 associating with PDHK (3, 14, 19,
20, 21, 25, 48-50, 52-54). We found that Nov3r prevents
binding of PDHK2 to GST-L2, which is in accord with this
ligand and related AZD7545 occupying the lipoyl group
binding site (26, 31, 52). We evaluated the ion requirements
for and effects of binding of Nov3r at the lipoyl binding
site on PDHK2 catalysis. Consistent with interference with
E2 binding being the primary way Nov3r reduces PDHK2
activity, we have found that Nov3r only modestly inhibits
the low activity in the absence of E2 but potently inhibits
E2-activated PDHK2 activity. Indeed, Nov3r reduced PDHK2
activity to near the low levels observed in the absence of
E2, which was∼8% of the E2-enhanced PDHK2 activity at
high component levels and∼2.5% with dilute components.
The potent and high affinity inhibition (IC50) 7.8 nM) by
Nov3r required inclusion of K+ and anions (Pi and Cl-). The
ion requirements are in complete accord with the suggestion
that Nov3r is a structural analog of acetyl-dihydrolipoamide
(3). Effective stimulation of PDHK2 by reductive acetylation
of the lipoyl groups of E2 requires these same ions (20).
Additionally, all the Nov3r-related compounds that potently
inhibit E2-activated PDHK2 activity stimulate the activity
of the PDHK4 isoform (4, 31);5 that stimulation also requires
K+, Pi, and Cl-. Given the distinguishing isoform properties
of PDHK4 (4),8 those results further support the concept that
these inhibitors act as analogs of acetyl-dihydrolipoamide.

To further assess how interactions of Nov3r at the lipoyl
group binding site influence the interactions of ligands at
other sites in PDHK2, we evaluated the capacity of Nov3 to
significantly change ligand-induced quenching of Trp fluo-
rescence. As can be recognized in Figure 1, the lipoyl group
(Nov3r) binding site is located a substantial distance from
the active site with the DCA/pyruvate site located in-between
(25, 26). Communication to the active site is of particular

6 31P NMR measurements most accurately measure cytoplasmic Pi

(55) although evidence for direct NMR detection of matrix Pi has been
described (56); the cytoplasmic level can be used to estimate intrami-
tochondrial Pi based on thermodynamic equilibria (55) or the ratio of
Pi maintained outside to inside mitochondria (up to 10 times higher
inside) (57). Matrix Pi concentrations of 1.0-2.5 mM are indicated.

7 Yasuaki Hiromasa, Liangyan Hu, Thomas E. Roche, unpublished
work.

8 PDHK4 has high activity in the absence of E2 because PDHK4
has a much lowerKm for free E1 (4, 62). Although PDHK4 activity is
minimally enhanced by E2, reductive acetylation of E2 does stimulate
PDHK4 activity (4, 62, 63). Potentially contributing to the unique
response of PDHK4 to Nov3r, PDHK4 is the only PDHK isoform with
any amino acid difference in the R domain lipoyl (Nov3r) binding site
(Phe28 of PDHK2 is replaced with aligned Leu32 in PDHK4).

Table 1: Effects of Nov3r on Binding of Ligands to PDHK2a

L0.5 (nH)c of varied ligand (mM)

fixed ligand conditions varied ligand control +Nov3r
L0.5(+Nov3r)/
L0.5(-Nov3r)

∆Qmax

(+Nov3r)

∆%
none ADPb 1010( 40 1350( 20 1.3 -3
100 mM K+ ADP 47.5( 2.4 46.8( 1.7 1.0 -1
100 mM K+, 20 mM Pi ADP 25( 1 44.5( 3 1.8 -6.5
50 mM K+, 20 mM Pi ADP 35( 3 54.5( 4.5 1.55 -8
5 mM K+, 20 mM Pi ADP 225( 20 360( 35 1.6 -7
20 mM Pi ADPa 2300( 255 2680( 290 1.15 -4
100 mM K+, 100µM Pyr ADP 11( 2 (1.3) 56.5( 1.5 5.0 -2.5
100 mM K+, 20 mM Pi, 100µM Pyr ADP 3.9( 0.1 (2.1) 24.0( 0.6 6.1 -7
100 mM K+, 20 mM Pi, 300µM Pyr ADP 2.7( 0.07 (2.6) 14.5( 0.4 (1.3) 5.4 -7
100 mM K+, 200µM ADP Pyr 18.3( 1.5 (0.89) 26.2( 1.7 1.4 -2
100 mM K+, 20 mM Pi, 200µM ADP Pyr 8.3( 0.2 75.5( 3.5 9.1 +6d

a Most experiments were conducted with 2.0 mM Mg2+; however, Mg2+ was increased to 6.0 mMb when varied ADP exceeded 800µM. b Mg2+

was 6.0 mM.c The nH values are included only when they differ from 1.0 by>+0.20 or<-0.1. d There was 2% decrease inQtot with Nov3r.

Phosphate-Altered Binding Interactions Biochemistry, Vol. 47, No. 8, 20082321



interest because acetylation of the L2 domain of E2 is
suggested to stimulate PDHK2 activity by speeding up ADP
dissociation (20). We were also particularly interested in the
roles of K+ and Pi because these ions are needed for
significant stimulation by reductive acetylation.

In the absence of Pi, Nov3r had minimal effects on the
binding of ATP, ADP or K+ by PDHK2 as assessed by Trp-
fluorescence quenching. Pi effects changed from increasing
Qmax and enhancing ADP binding to reducingQmax and
reducing ADP binding with Nov3r (Figure 8A). With
inclusion of 20 mM Pi, 10 µM Nov3r only caused 1.5-2-
fold increases inL0.5 for ADP or K+ with lesser effects on
ATP binding. However, when either ADP or pyruvate was
varied with the other ligand held at a fixed level, Nov3r
caused large (6-9-fold) increases in theL0.5 values for these
ligands; again this required inclusion of both 100 mM K+

and 20 mM Pi. For conveying the transforming effects of
Nov3r on ADP and pyruvate binding, it seems likely that
the strong K+- and Pi-dependent linkage between bound ADP
and pyruvate is altered by a Pi-supported coupling. The
obvious choice for coupling is between the pyruvate and the
adjacent Nov3r binding site, in which case weakened ADP
binding might be a secondary effect of Nov3r weakening
pyruvate binding. However, in the absence of ADP with 100
mM K+ and 20 mM Pi, Nov3r had no detectable effect on
pyruvate binding, whereas, in the absence of pyruvate, Nov3r
increased theL0.5 of PDHK2 for ADP as indicated above.

Therefore, the effects of Pi were transformed from greatly
aiding the coupled binding of ADP and pyruvate to facilitat-
ing Nov3r-induced reduction in ADP and pyruvate binding
to PDHK2. This transition is exemplified when the Pi level
was varied by the marked change from fluorescence being
quenched to being enhanced with inclusion of Nov3r (Figure
6SB). Even though these changes in fluorescence with Nov3r
seem to be attributable primarily to changes in ADP and
pyruvate binding as the Pi level was increased, titration of
Pi with ADP and K+ produces a complex response that does
not seem to be due just to changes in ADP binding.
Introduction of Nov3r minimized the initial fluorescence
quenching phase and enhanced the fluorescence increase at
higher levels of Pi. Thus, the present studies reveal com-
plexities in K+ and Pi binding that suggest the involvement
of multiple Pi binding sites. Obtaining a PDHK2 crystal
structure with K+, ADP, pyruvate, and Pi bound (dimer or
tetramer) with and without Nov3r would be particularly
helpful for understanding the structural basis for these
important ligand-induced regulatory transitions.

Previously, it was known that Pi enhanced pyruvate
inhibition of PDHK (22, 64) and Pi also aided stimulation
of PDHK by reductive acetylation (12, 20). In the companion
paper2, we find Pi hinders pyruvate binding in the absence
of ADP but greatly strengthens pyruvate binding with ADP.
Here, we have demonstrated that Pi markedly increases the
capacities of ADP and pyruvate to interfere with PDHK2
binding to GST-L2 and to support PDHK2 tetramer forma-
tion. Additionally Pi greatly enhances communication of the
effects of Nov3r in reducing ADP and pyruvate binding.
Thus, the binding of ADP and pyruvate along with K+ is a
common requirement for Pi potently altering coupled ligand
binding and fostering the transmission of major conforma-
tional changes that alter protein interactions. Results with
PDHK2 mutants7 are consistent with Pi binding in the active

site cavity in a position in which it may form a bridging
interaction between the R and Cat domains. PDHK2 crystal
structures supporting this binding location are needed.
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SUPPORTING INFORMATION AVAILABLE

Effects of pyruvate on PDHK2 binding to GST-L2 with
100 mM K+ (Figure 1S); support by 50 mM NH4+ in ligands
weakening binding of PDHK2 to GST-L2 (Figure 2S);
fluorescence spectra of GST-L2, PDHK2, and the combina-
tion of these proteins (Figure 3S); effect of GST-L2 on Trp
fluorescence quenching by ATP and ADP (Figure 4S); effects
of GST-L2 with or without 20 mM Pi on the coupled binding
of ADP and pyruvate (Figure 5S); effects of Nov3r on
binding of K+ and adenine nucleotides by PDHK2 (Table
1S); and effects of Nov3r on fluorescence quenching by Pi

in the presence of ADP or ADP plus pyruvate (Figure 6S).
This information is available free of charge via the Internet
at http://pubs.acs.org.
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