
Critical Role of Specific Ions for Ligand-Induced Changes Regulating Pyruvate
Dehydrogenase Kinase Isoform 2†

Yasuaki Hiromasa and Thomas E. Roche*

Department of Biochemistry, Kansas State UniVersity, Manhattan, Kansas 66506

ReceiVed July 25, 2007; ReVised Manuscript ReceiVed December 18, 2007

ABSTRACT: In the complete absence of K+ and phosphate (Pi), pyruvate dehydrogenase kinase isoform 2
(PDHK2) was catalytically very active but with an elevatedKm for ATP, and this activity is insensitive
to effector regulation. We find that K+ or 5-fold lower levels of NH4+ markedly enhanced quenching of
Trp383 fluorescence of PDHK2 by ADP and ATP. K+ binding caused an∼40-fold decrease in the
equilibrium dissociation constants (Kd) for ATP from ∼120 to 3.0µM and an∼25-fold decrease inKd

for ADP from ∼950 to 38µM. Linked reductions inKd of PDHK2 for K+ were from∼30 to∼0.75 mM
with ATP bound and from∼40 to ∼1.7 mM with ADP bound. Without K+, there was little effect of
ADP on pyruvate binding, but with 100 mM K+ and 100µM ADP, theL0.5 of PDHK2 for pyruvate was
reduced by∼14 fold. In the absence of K+, Pi had small effects on ligand binding. With 100 mM K+, 20
mM Pi modestly enhanced binding of ADP and hindered pyruvate binding but markedly enhanced the
binding of pyruvate with ADP; theL0.5 for pyruvate was specifically decreased∼125-fold with 100µM
ADP. Pi effects were minimal when NH4+ replaced K+. We have quantified coupled binding of K+ with
ATP and ADP and elucidated how linked K+ and Pi binding are required for the potent inhibition of
PDHK2 by ADP and pyruvate.

The pyruvate dehydrogenase complex (PDC)1 has a critical
role in restraining the consumption of carbohydrate (1-4).
Passage of pyruvate carbons through this reaction leads to
the depletion of body carbohydrate reserves in mammals.
To conserve carbohydrate, PDC activity is reduced by
phosphorylation by the pyruvate dehydrogenase kinase
(PDHK). There are four PDHK isozymes (PDHK1, PDHK2,
PDHK3, and PDHK4) (3-6). PDHK2 is nearly universally
distributed among tissues (7, 8) and is particularly sensitive
to signals indicating changes in fuel supply and energy
demand (8-13). Use of fatty acids and ketone bodies is
registered via increases in the NADH to NAD+ and acetyl-
CoA to CoA ratios fostering enhanced PDHK2 inactivation
of PDC (3, 4, 8-10, 12). A sufficient supply of carbohydrate
is recognized via adequate pyruvate levels and the need for
energy by a reduction in phosphate potential [ATP/ADP+
phosphate (Pi)] (3, 4, 11, 13). The combination of ADP and
pyruvate potently inhibits PDHK2 activity (8, 9, 11). Because

activation of PDC is an important target in medical condi-
tions, such as heart ischemia and insulin resistant diabetes,
PDHKs have been a target for development of specific
inhibitors ranging from the early use of dichloroacetate
(DCA) as a pyruvate analogue to development of the potent
binding 3,3,3-trifluoro-2-hydroxy-2-methylpropanoyl-con-
taining inhibitors, such as Nov3r, AZD7545, and compound
K (14-17). These inhibitors potently inhibit PDHK2 (17)
and have been shown to lower blood glucose levels in Zucker
diabetic fatty rats (18, 19).

Efficient catalysis by PDHK2 and stimulation by elevated
levels of NADH and acetyl-CoA require binding of PDHK2
to the inner lipoyl domain (L2) of the dihydrolipoyl acetyl-
transferase (E2) component (9, 12, 20, 21). Stimulation by
elevated NADH and acetyl-CoA levels is mediated by
reduction and acetylation of the lipoyl group of L2 via the
reverse of the reactions catalyzed by dihydrolipoyl dehy-
drogenase (E3) and E2 components. Nov3r and related
compounds bind at the lipoyl group binding site of PDHK2
(22) and hinder binding of PDHK2 to E2.2

Crystal structures of PDHK2 and PDHK3 dimers provide
insights into the nature of the sites for binding ATP/ADP,
pyruvate (DCA), the L2 domain, and the lipoyl group
(Nov3r) (22-24). As shown in Figure 1, the ATP (ADP)
binding site is in the catalytic (Cat) domain (residues 178-
366) (23) and the DCA (pyruvate) and Nov3r (lipoyl group)
binding sites are in the regulatory domain (residues 6-169)
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(22, 24). The ATP/ADP binding site in the Cat domain is
located at one end of an extended interface between the R
and Cat domains at each end of the PDHK2 dimer. In the
middle of the large active site cavity, the binding of DCA
shows the location of the pyruvate binding site in the R
domain in a position just above the Cat domain-R domain
interface (Figure 1) (22). Opposite this outward-facing cavity,
the Cat domains of each subunit associate, and rising from
this base, the R domains frame a large trough opening. In
some PDHK2 structures, C-terminal cross arms (residues
366-383) span this trough region between subunits (Figure
1) (22). On the basis of the PDHK3‚L2 complex, a
combination of this intersubunit cross arm and most of the
remaining part of the C-terminus (residues 383-405)
combine with the trough side of the R domain to bind the
L2 domain of E2 (Figure 1 of the companion paper2) (24).
The lipoyl group of L2 (24) or Nov3r (Figure 1) (22) binds

in a deep, narrow cleft on this trough side of the R domain.
Prior studies indicate that theKm of PDHK for ATP is

decreased by including K+ ion (11, 25), that effective
stimulation of PDHK increases when kinase activity is
restrained by elevating ion levels (especially K+ and Pi) (11,
26), and that K+-aided binding of ADP favors pyruvate
inhibition (11, 27). Detailed kinetic and other studies on
PDHK2 indicate that, using buffers with near-physiological
levels of K+ (100-130 mM), dissociation of ADP limits
PDHK2 activity and that reductive acetylation of E2 ac-
celerates dissociation of ADP from PDHK2 (11, 12). Crystal
structures revealed K+ binding at the entrance to the active
site of the related branched chain dehydrogenase kinase
(BCDK) (28) and the PDHK3 isoform (24) with an oxygen
of the R-phosphate of bound ATP or ADP contributing to
K+ binding. Similar binding was readily modeled in PDHK2
structures (22). These findings suggest that enforcing or
removing trapdoor binding of K+ after ATP or ADP binding3

may play a critical role in regulating PDHK2 activity. We
provide direct quantitative evidence that supports the hy-
pothesis of K+ slowing ADP dissociation and also reveal a
major K+-dependent role of Pi in supporting coupled binding
of ADP and pyruvate. The companion paper2 provides
evidence consistent with weakened binding of K+/ADP at
the active site due to binding at the lipoyl binding site;
moreover, Pi has important intervening roles in transmitting
this effect as well as in ADP with pyruvate interfering with
lipoyl domain binding and causing PDHK2 to form a
tetramer.

We have recently found that binding of ATP, ADP, or
pyruvate induces substantial conformational changes in
PDHK2 as reported by Trp fluorescence quenching, primarily
involving Trp383 (13). In the trough region, Trp383 is
located at the end of each trough-spanning intersubunit cross
arm (Figure 1), well away from ligand binding sites (13,
22). Each Trp383 is wedged into the surface of the other
subunit at the trough-side interface between the Cat and R
domains. Using potassium phosphate buffer, we found that
theL0.5 for pyruvate was reduced 150-fold via the introduc-
tion of ADP (13). Here, Trp fluorescence quenching is used
to quantify the coupled binding of ATP, ADP, and K+ and
to demonstrate the essential roles of K+ and Pi for high-
affinity binding of pyruvate with ADP.

EXPERIMENTAL PROCEDURES

Materials. Using human PDC components, PDHK2 (9),
E1 (11), and E2 [Supporting Information (29)] were prepared
by recombinant techniques as previously described. To
prepare PDHK2 in the absence of monovalent metals,
PDHK2 was exhaustively dialyzed against or gel filtered into
20 mM Hepes-Tris buffer (pH 7.5) containing 0.5 mM
EDTA. For some experiments, the buffer was changed further
(e.g., EDTA removed) by further dialysis or gel filtration.

Fluorescence Quenching. Steady state fluorescence spectra
were recorded with a Cary Eclipse fluorescence spectropho-

3 ATP appears to dissociate slower than ADP, but that does not limit
catalysis which appears to proceed by an ordered mechanism with ATP
binding first (11, 12). Capture of ATP by coupled binding of K+ likely
contributes to the observed findings. With such an ordered mechanism,
theKm for ATP is independent of rate constant for dissociation of ATP
and dependent on the rate constant for dissociation of ADP (11).

FIGURE 1: PDHK2 dimer structure. Viewed from opposite sides
in the two views, ribbon structures are shown for the backbone of
the subunits of the PDHK2 dimer. One subunit of the dimer has
an orange Cat domain that binds ATP at the active site and a red
R domain that binds Nov3r at the lipoyl group binding site. The
other subunit has a violet Cat domain holding ADP at the active
site and a blue R domain with the R domain that binds DCA in
both views and also Nov3r in the bottom view. Intersubunit cross
arms are also shown with Trp383 residues (space-filled) which play
a key role in anchoring the intersubunit cross arms via an interaction
between the R and Cat domains of the other subunit (22). The
figures were prepared using the DeepView program; all protein
structure was from the PDHK2 dimer structure binding ATP and
Nov3r (PDB entry 2bu2) (22). The PDHK2 monomer with ADP
and DCA bound (PDB entry 2bu8) (22) was aligned with one of
the subunits of the dimer; this PDB entry was used only for
introducing ADP and DCA. The backbones of PDHK2 from these
two PDB entries are tightly superimposed so that the locations of
bound ligands are presented accurately.
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tometer (Varian, Inc.) at 20°C (13). Studies were conducted
with 20 mM Hepes-Tris buffer (pH 7.5) normally containing
0.5 mM EDTA and 2.0 mM MgCl2. The MgCl2 level was
increased when high levels of ATP or ADP were used. When
K+, NH4

+, or Na+ was added, Hepes was used as the
counterion, and when Pi was added, Tris was used as the
counterion. The levels of counterions in concentrates were
adjusted such that a pH of 7.5 was obtained when the ion
being varied was diluted to 50 mM. Throughout, the total
ammonium concentration is reported as NH4

+; however,
∼1.75% is present as the neutral species at pH 7.5. Other
conditions for obtaining steady state fluorescence spectra
were as described previously (13). Using an initial level of
0.54 µM PDHK2 (0.050A280) in 2 mL, excitation was at
290-310 nm; higher wavelengths were used for excitation
when adenine nucleotide levels were elevated. Fluorescence
spectra were recorded from 320 to 420 nm using a standard
quartz (1 cm× 1 cm) cuvette. Varied ligands were added in
2-10 µL increments; data analysis included continuously
correcting the concentration of PDHK2 for the slight dilution
due to these additions. The change in fluorescence at 350
nm was used to assess fluorescence quenching. The data were
fit and standard deviations determined using either Sigma
Plot or Origin (13) using the Hill equation:

whereQobs is the observed quenching,n is the Hill coef-
ficient, Qmax is the extrapolated maximal quenching (cor-
rected in the fit forQmin), andL0.5 is the concentration giving
half-maximal quenching.

ATP and ADP bound to Mg2+ are the primary species
being bound and causing fluorescent quenching. Under
different buffer conditions, the levels of ATP‚Mg2-, ATP‚Mg-,
ATP‚K3-, free ATP4- and ATP3-, ADP‚Mg-, ADP‚K2-, free
ADP3- and ADP2-, free Mg2+, and Mg‚HPO4 were evaluated
using the stability constants and pKa values previously
reported (30). Without K+ or Pi, a direct algebraic solution
was possible. With those ions, the calculations involved
repeated calculation cycles as previously employed in
estimating the level of free Ca2+ when based on added
EGTA, EDTA, and Mg2+ at a given pH using the appropriate
stability constants and pKa values (31-33). Under our
standard conditions of addition of 2 mM MgCl2 and 0.5 mM
EDTA at pH 7.5 and even with 100 mM K+, >97% ATP is
complexed to Mg2+ for ATP levels of<0.2 mM (e.g., with
100 µM ATP and 100 mM K+, ∼97.5% ATP‚Mg2-/-,
∼1.5% ATP‚K3-, and∼1% free ATP). Because of the small
error involved, plots of ATP concentration and parameters
derived are based on total ATP concentrations. Prior to the
addition of the varied ligand, free Mg2+ was normally 1.5
mM; higher levels were normally not used because MgCl2

also modestly quenched (Supporting Information). However,
as ATP or ADP levels exceeded 0.5 mM, higher levels of
MgCl2 were used. With just Mg2+ and ADP, we plot the
ADP‚Mg- level in our evaluation of quenching with an
increasing ADP level (Supporting Information). However,
for ease in comparisons to prior results obtained with
potassium phosphate buffer (13) and results with NH4+ for
which we could not obtain a trustworthy stability constant
for ADP‚NH4

2-, we show results with elevated K+ levels
(Figure 3 and 4B) based on the total ADP concentration.

Nevertheless, data were analyzed for variation in quenching
with the ADP‚Mg- level; L0.5 values are reported for both
ADP and ADP‚Mg- from studies with 100 mM K+ (Table
3). The analysis of coupling with K+ (procedures below)
uses theL0.5 values determined for ADP‚Mg-.

Data Fitting and Linkage Analysis for Two Ligands
(ternary complex formation). The degree of allosteric cou-
pling in the binding of two ligands can be quantified in terms
of the coupling constant,Č ) KiA

0/KiA
b ) KiB

0/KiB
a, the ratio

of the equilibrium dissociation constant (useKd in specific
cases) in the absence of the second ligand over the equilib-
rium dissociation constant at a saturating concentration of
the second ligand (34, 35). Equality of those ratios derives
from the relationKiA

0KiB
a ) KiB

0KiA
b based on the principles

of microscopic reversibility which requires EAB to be an
equivalent state whether created with A or B binding first.
Therefore, the coupling constant,Č, is a quantitative measure
of the mutual effect that each of these ligands has on the
change in the binding affinity of the other ligand; the
coupling free energy ln∆G ) RT ln(Č). In theory,Č can be
directly calculated from the bindingKd estimated in the
absence of the saturating presence of the second ligand. In
practice, the full set ofKd values for A and B is often not
directly obtainable (e.g., when binding of a ligand by itself
cannot be observed or when extrapolation is needed to
evaluate the change at saturating levels of one of the ligands).

For linkage analysis with two ligands forming a ternary
complex, we use two approaches. The first assumes random
equilibrium binding. For two ligands A and B, data were fit
using GOSA to random equilibrium eq 2

in which c andd are the fraction of maximum fluorescence
quenching by EA and EB, respectively, over the maximum
quenching (Qmax

ab) by EAB. Thus, this approach allowed us
to account for different levels of quenching to fit data in
which either ligand was varied at different fixed levels of
the other ligand. In our studies, a typical case is one in which
KiA, Qmax for EAB, andc ) Qmax

a/Qmax
ab (and, if needed,d

) Qmax
b/Qmax

ab) have been determined andKiB
a andKiA

b are
fit. In the assessment of the statistical output, optimization
was based on minimizing the sum of squared errors, the
standard deviations in parameter fits, and maximizing the
global correlation coefficient in that order of priority. The
remaining equilibrium constant (KiB

0 in the form of param-
eters in eq 2) is then calculated from the equations given
above for microscopic reversibility or from the estimate
derived for Č. This approach assumes noncooperative
(hyperbolic) binding of ligands which was not met in the
case of the ATP level being varied at higher K+ levels.
Therefore, the data were also fit by the approach of Reinhart
(34, 35). When, for instance,L0.5 values for ligand A have
been determined from varying the A concentration at a series
of different fixed levels of B using eq 1, the data are then fit
by eq 3:

The data are presented in a plot of log(L0.5A) on they-axis
for varied ligand levels versus log[B] on thex-axis for the

Qobs) (Qmax[A] n)/(L0.5
n + [A] n) (1)

Qobs/Qmax
ab ) [(cKiB

a)/B + (dKiA
b)/A + 1]/[(KiA

0KiB
a)/

(AB) + KiB
a/B + KiA

b/A + 1] (2)

L0.5A ) KiA
0(KiB

0 + [B])/(KiB
0 + Č[B]) (3)
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different concentrations of the fixed ligands. The measured
and extrapolated fits atB ) 0 and at saturatingB yield log-
(KiA

0) and log(KiA
b), respectively, which are observed as

plateau regions on they-axis in the log-log plot. Č is
estimated from the maximal change: log(KiA

0) - log(KiA
a)

) log(Č). When separate data analysis givesKiB
a (or S0.5

for saturating A levels with 1, n . 1), this can be imposed
on the above fit usingČKiB

a for KiB
0. This fit has an

advantage in that it deals with cooperative responses as a
ligand is varied, but it fails to deal with partial fluorescence
quenching in forming EA or EB relative to the quenching
by EAB. We note that since pH was not varied that estimates
of Č and dissociation constants are conditional since the
proton concentration probably affects these values. Large
ligand effects demonstrating coupling are described for
higher-order complexes (quaternary, etc.) that clearly involve
multiple linkages in the binding of these ligands.

PDHK2 ActiVity Assays. PDHK2 activity assays were
conducted using methods previously described (9, 11). In
short, PDHK activity was measured in duplicate or triplicate
as the initial rate of incorporation of [32P]phosphate into E1
using the indicated level of [γ-32P]ATP (150-500 cpm/pmol)
at 30°C. PDHK2 assays, conducted with E2, routinely used
0.1-0.15µg of PDHK2, 10µg of E2, and 10-14 µg of E1
in a final volume of 25µL. The enzyme components were
preincubated at 4°C for 1 h as aconcentrate with 0.2 mM
dithiothreitol, and aliquots were diluted at least 3-fold in the
final assay mixture. Studies were conducted using the same
buffer systems that were used in fluorescence studies.
Average rates from assays, performed at least in duplicate,
are reported. Assays for one condition were performed in
duplicate at the beginning and end of a set of assays to
evaluate enzyme stability. Repetitions or closely related
experiments gave results that agreed within experimental
error with the reported results.

RESULTS

As indicated in the introductory section, there is consider-
able evidence for K+ contributing to mechanisms affecting
the function and regulation of PDHK (25-27, 36), including
PDHK2 (9, 11, 12). However, neither the affinity of a kinase
isoform for K+ nor the quantitative effects of ligands on K+

binding or the reciprocal effects of K+ on ligand binding to
a PDHK have been described. Structural studies are consis-
tent with ATP/ADP-dependent binding of K+ at the active
site involving strong coordination to an oxygen of the
R-phosphate of ATP/ADP (22, 24). This proposed coordina-
tion and the location of the K+ binding site toward the
exterior of the ATP/ADP site suggest that binding of K+

will occur with either ATP or ADP. In prior studies
conducted using 50 mM potassium phosphate buffer (pH
7.5), ATP, ADP, pyruvate, and synergistically ADP in
combination with pyruvate led to both marked quenching
of Trp fluorescence of PDHK2 and a reduced level of binding
of PDHK2 to the L2 domain of the E2 component (13). Here,
we present evidence that specific ions (K+ and Pi) directly
contribute to the allosteric coupling to produce the large
change in ligand binding that results in the “synergistic”
inhibition of PDHK2 activity. We have used NH4+ as an
effective analogue of K+ ion; via these studies and those in
the companion paper,2 we have obtained evidence using
NH4

+ for variation in K+ action. We also uncover weaker

fluorescence quenching by ATP and ADP alone (Supporting
Information) that allowed us to carry out limited linkage
analyses of the coupling in ATP or ADP binding with K+.
We show the linkage between pyruvate and ADP requires
K+ and is enhanced by Pi. The companion paper2 establishes
critical roles of Pi in other interactions.

K+ Requirement for Strong Quenching of Trp383 Fluo-
rescence of PDHK2.In potassium phosphate buffer, fluo-
rescence quenching of PDHK2 by ATP or ADP was
completely removed with the W383F-PDHK2 mutant (13).
By themselves, increasing levels of K+ or Na+ up to 100
mM gave<1% quenching of Trp fluorescence and 50 mM
NH4

+ gavee3% quenching; even with 100 mM K+, 20 mM
Pi causede3% quenching (Figure 1SA, Supporting Informa-
tion). With initially 1.5 mM free Mg2+, Figure 2 shows that
increasing the K+ level greatly enhances fluorescence
quenching with 100µM ATP (>97.5µM ATP‚Mg2-/- and

FIGURE 2: Dependence on K+ concentration of quenching of Trp
fluorescence by ATP or ADP in the absence or presence of 20
mM Pi. Fluorescence was measured at 350 nm as described in
Experimental Procedures with 1.5 mM Mg2+ (beyond EDTA) and
100 µM ATP (A) or 200 µM ADP (B). Data with 20 mM Pi with
Na+ replacing K+ as the varied ligand are also shown. The
quenching profiles with K+ were fit using eq 1.

FIGURE 3: Quenching of Trp fluorescence by ADP and ATP in
the presence of 100 mM K+ and effects of addition of 20 mM Pi
(A and B) and 100µM pyruvate (B). Measurements were taken as
described in the legend of Figure 2 and in Experimental Procedures.
When the ADP level was varied, the change in quenching was also
analyzed with the change in ADP‚Mg- (calculated as described in
Experimental Procedures) with thoseL0.5 values also reported in
Table 3. Data points were collected with concentrations of ADP
of up to ∼310 µM.

Specific Ion Effects Biochemistry, Vol. 47, No. 8, 20082301



<1.5 µM ATP‚K3- even at 100 mM K+) and 200µM ADP
(170-160µM ADP‚Mg- and 0-14.4µM ADP‚K2- as the
level of K+ is varied from 0 to 80 mM). Na+ ion did not
replace K+ ion in supporting quenching in the presence
(Figure 2) or absence of Pi anion (data not shown). Therefore,
specific ion effects rather than ionic strength effects are
involved. Without Pi, quenching occurred with a near-
hyperbolic dependence on the K+ concentration, with lower
K+ concentrations being more effective with 100µM ATP
than with 200µM ADP (Figure 2; seeL0.5 values in Table
1).

These data demonstrate a critical role of K+ for strong
Trp fluorescence quenching by ATP and ADP and that lower
levels of ATP‚Mg-2 than ADP‚Mg- promote tight binding
of K+. K+-based stabilization of the ATP bound to PDHK2
is probably the primary basis for ATP being retained bound
to PDHK2 upon dilution at 0°C (cold-capture binding assay)
and for the rate constant for ATP dissociation being smaller
thankcat (11). TheL0.5 for K+ decreases with an increase in
the level of ATP [e.g., 5, 50, 100, and 1000µM (Table 1)].

Pi minimally altered K+-dependent quenching of the Trp
fluorescence of PDHK2 with ATP (slightly increased) but
enhanced quenching with ADP (Figure 2 and Table 1). With
200µM ADP, 20 mM Pi reduced theL0.5 of PDHK2 for K+

from 12 to 5.3 mM and with 800µM ADP from 3.8 to 1.3
mM which equates with theL0.5 for K+ observed with 100
µM ATP. When 20 mM Pi was included, the quenching
profiles generated with an increasing K+ level were fit best
by ann somewhat>1 (with 200 or 800µM ADP, n ) 1.2
or 1.3, respectively).

Effects of MgCl2, ATP‚Mg2-, ADP‚Mg-, and PyruVate in
the Absence of K+. In the studies described above, modest
quenching by ATP and ADP was noted prior to addition of
K+. Additionally, there is very weak quenching by MgCl2

(Supporting Information). When the ATP level was varied
with different Mg2+ levels in the absence of K+ ion (data
with 10 mM MgCl2 Supporting Information, Figure 2SA),
the total quenching estimated for ATP was∼20% (∼18%
quenching beyond the initial quenching by 1.5 mM MgCl2).
With correction for the effects of MgCl2, the analysis fit

hyperbolic dependencies for ATP with a commonKd of 150
( 20 µM for ATP (Table 2).

In the analyses of quenching by ADP in the absence of
K+ using different fixed Mg2+ concentrations, the level of
ADP‚Mg- was calculated for each ADP level (Supporting
Information, Figure 2SB). With corrections for the effects
of MgCl2, we estimate aQmax of 17.5 ( 2.5% and aKd of
0.95( 0.25 mM for ADP‚Mg- in the absence of K+ (Table
2). Addition of 20 mM Pi significantly increased theL0.5 for
ADP from 0.95 to∼2.2 mM while also supporting a modest
increase inQmax from ∼17 to∼22% (Table 2). The increase
in L0.5 is in marked contrast to the effect of Pi in decreasing
the L0.5 with an elevated K+ level (below).

Pyruvate was the only ligand that gave extensive quench-
ing (Qmax) in the absence of K+. The quenching profile with
an increasing pyruvate level is well-behaved and hyperbolic
(Figure 6A and Table 2). AKd of ∼460 µM was estimated
for the binding of pyruvate to PDHK2 in the absence of other
ligands.

Effects of K+ Ion on ATP and ADP Binding to PDHK2
and Linkage Analysis.Inclusion of 100 mM K+ caused ATP
quenching of Trp fluorescence to have a 2.4-fold greaterQmax

and an∼45-fold lowerL0.5 for ATP (Figure 3A and Table
3). Furthermore, the response at 100 mM K+ exhibited
positive cooperativity (n ) 1.7). This contrasts with the near-
hyperbolic response when the ATP level was varied in the
absence of K+ (Table 2) and for K+-dependent quenching
with fixed ATP levels (Table 1). Figure 4A shows a log-
log plot of the change inL0.5 for ATP with different fixed
K+ levels (from 0.1 to 400 mM) with data fit using eq 3. As

Table 1: K+ and NH4
+ Ion Concentration Dependence for Quenching of Trp Fluorescence of PDHK2a

K+ varied NH4
+ varied

fixed ligand(s) L0.5
b (mM) Qmax

c (%) Qtot
d (%) L0.5

b (mM) Qmax
c (%)

5 µM ATP 11 ( 2 42.0( 1.5 ∼42.5
50 µM ATP 2.1( 0.3 40.5( 1.3 ∼43.5
100µM ATP 1.33( 0.5 43.0( 0.35 ∼47.0 0.26( 0.01 46.0( 0.2
1000µM ATP 0.84( 0.06 36.0( 1.0 ∼49.0
100µM ATP, 20 mM Pi 2.20( 0.07 43.3( 0.3 ∼48.5 0.37( 0.07 46( 2
50 µM ADP 20.5( 4 24( 2.5 ∼25
200µM ADP 12 ( 1.5 34.5( 2.0 ∼37 2.8( 0.15 38.0( 0.5
200µM ADP, 20 mM Pi 5.3( 0.2 43( 1 ∼45 2.4( 0.15 34.0( 0.5
800µM ADP 3.8( 0.3 38( 0.5 ∼43
800µM ADP, 20 mM Pi 1.3( 0.2 40( 0.5 ∼46

a The results show how quenching varies with K+ or NH4
+ concentration when coupled with binding of ATP or ADP and the influence of 20

mM Pi. Most studies were conducted with 1.5 mM MgCl2 which caused∼2% quenching (treated as 0% quenching and not included inQmax or
Qtot). Qtot includes quenching due to a fixed ADP or ATP level prior to any K+. In the study with 1.0 mM ATP, the initial free Mg2+ concentration
was 2.0 mM (caused 2.7% quenching) prior to the addition of ATP which increased quenching to∼14% prior to K+ addition.Qmax does not include
quenching by ATP or ADP in the absence of K+, but Qtot does include this quenching. Under all conditions, the values of the Hill coefficient,n,
estimated in the fitting of data were between 1.0 and 1.2 with the exception of the experiment in which the K+ concentration was varied with 800
µM ADP and 20 mM Pi, for which n ) 1.3 ( 0.1. b Error range based on the standard error from the Hill plots (eq 1) using Origin; asymmetric
deviations are averaged.c Standard error.d Rounded to nearest 0.5%; error ranges of 0.5-3.0%.

Table 2: Binding Parameters Estimated for Ligands by
Fluorescence Quenching in the Absence of K+ and Pi (except where
Pi is indicated)

ligand varied at fixed ligand Kd
a (mM) Qmax

a (%)

ATP‚Mg2- 0.150( 0.02 20.0( 2
ADP‚Mg- 0.95( 0.25 17.5( 2.5
ADP‚Mg- and 20 mM Pi 2.15( 0.2 22.0( 1.5
pyruvate 0.460( 0.20 55.5( 0.7
a Values are rounded to the nearest 5 in the last decimal place.
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K+ levels were decreased, the rise inL0.5 for ATP (Figure
4A) occurred with a decrease inn (n ) 1.7, 1.45, 1.15, and
0.98 at 100, 20, 5.0, and 1.0 mM K+, respectively). The
extrapolatedy-intercept in Figure 4A gives aKd for ATP in
the absence of K+ of 135 µM, and this fit to eq 3 yields a
Kd of 3.1 µM ATP at saturating K+ levels based theČ of
∼44 which equalsKiATP

0/KiATP
K+ (fit 1, Table 4). The fit to

eq 3 yielded aKd of PDHK2 for K+ in the absence of ATP
of 22 mM. A binding affinity for K+ of ∼0.5 mM with a
saturating level of ATP (Table 4) is derived on the basis of
the value ofČ.

To further evaluate coupling andKd values, the K+ level
was varied at fixed ATP levels from 1 to 3000µM ATP
and the resulting changes inL0.5 for K+ with fixed ATP levels
analyzed in Figure 4B. The level of Mg2+ was varied to
maintain essentially all ATP bound to Mg2+. From fitting
the data with eq 3 (fit 2, Table 4) and calculating all
constants, we obtained aČ of 37 andKd values for ATP of
105 and 2.85µM for the transition from ATP binding to

free PDHK2 and PDHK2‚K+, respectively. This was linked
to a change from 27 to 0.73 mM for K+ binding without
and with ATP bound (fit 2, Table 4). In combination, the
fitting of the data in panels A and B of Figure 4 supports an
∼40-fold increase in affinity due to coupled binding of these
ligands.

The fitting approach described above did not account for
the weaker quenching in the binding of ATP alone. Data
were globally fit using the random equilibrium assumption
(eq 2) and the fitting conditions described in the footnotes
of Table 4. The analysis set quenching of 18% for ATP
binding to free PDHK2 (0% quenching with 1.5 mM Mg2+)
and 49% for formation of the ternary complex. Global fitting
of the data when the ATP level was varied at different K+

levels was performed withKiK+0 ) KiB
0 (fit 3) or KiATP

0 )
KiA

0 (fit 4) being varied untilKiB
a andKiA

b values gave the
smallest deviations along with obtaining the highest global
correlation coefficient. Fitting of all the data when either
the ATP or K+ level was varied at fixed levels of the other
ligand gave substantially lower values for ATP binding to
free PDHK2 and higher values for K+ binding but a poor
global fit (footnote b of Table 4). This approach imposes a
hyperbolic fit on the data analysis which agrees with profiles
when the K+ level was varied at different ATP levels but
not the cooperative profiles for ATP at high K+ levels. A
rigorous fit to the cooperative ligand binding cannot be made
for the PDHK2 dimer since we cannot assign the differences
in quenching for different forms (e.g., EA vs EA/A, EA/B
or EAB vs EAB/A, EAB/B, or EAB/AB). Regardless of the
approach used to fit the data, substantial coupling in the
binding of ATP and K+ is supported by these linkage
analyses. Overall on the basis of data in Tables 2 and 4,
ATP is estimated to bind in the absence of K+ with an
affinity between 100 and 150µM (average estimate of∼120
µM) and with an affinity of∼3 µM to PDHK2‚K+, yielding
a Č of ∼40.

In the presence of 100 mM K+, the L0.5 for ADP‚Mg-

was ∼57 µM with a Qmax of ∼43%; the profile was
hyperbolic (n ) 1.0( 0.05) (Figure 3A and Table 3). These
data and those in which the K+ level was varied at fixed
ADP levels (Table 1) were globally fit using eq 2. Fit 5 in
Table 4 set theKd of 0.95 mM estimated for binding of
ADP‚Mg- alone (Table 2) along with aQmax of 15% for
ADP binding in the absence of K+. Although the values
estimated forKd and Qmax for ADP‚Mg binding in the
absence of K+ have substantial error ranges, smaller errors
are introduced in the global fit since formation of the
PDHK2‚ADP‚Mg-‚K+ complex dominates the quenching
profile. The fit 6 analysis, which had a global correlation
coefficient of 0.996, gave aČ of ∼24 with a saturating K+

level lowering theKd for ADP to ∼38 µM (Table 4). When
KiB

0 was varied to obtain the optimum fit, similar values were
estimated (fit 6, Table 4). The independent estimate ofKd

of ∼40 mM for K+ binding to PDHK2 (Table 4) should be
more accurate than the value derived from ATP/K+ studies
because of the uniform near-hyperbolic nature of all the
profiles along with accounting for differentQmax values by
ADP bound with and without K+. On the basis of theČ
values of∼40 for ATP/K+ and∼25 for ADP/K+ (Table 4),
substantially stronger coupling in the binding of ATP than
ADP with K+ is supported.

FIGURE 4: Dependence of the change inL0.5 for K+ on the
concentration of ATP (A) and inL0.5 for ATP on the concentration
of K+ (B). Data were analyzed with eq 3 as described in
Experimental Procedures. The lowest level of 1µM ATP (A) was
the lowest order-of-magnitude concentration at which Trp fluores-
cence quenching could be measured without having a significant
correction of the free concentration of ATP for bound ligand since
at least 3 nM PDHK2 dimer was required for taking measurements
with sufficient accuracy.
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Effect of Pi on Quenching.With 100 mM K+, theL0.5 for
ADP‚Mg- was decreased by 20 mM Pi from 57 to 28µM
with little change in the maximal quenching by saturating
ADP levels (Figure 3 and Table 3). In contrast, 20 mM Pi

modestly increased theL0.5 for ATP (Table 3). Further
increasing the Pi level only slightly decreased theL0.5 for
ADP which remained 2-fold higher than that observed in
potassium phosphate buffer (13). At pH 7.5, ∼200 mM
Hepes is required to provide the counterion for 100 mM K+;
possibly, this elevated Hepes level fosters an increase inL0.5

for ADP. Results below (pyruvate effects) indicate that Pi is
not binding where theγ-Pi of ATP binds at the active site.

Variation of the Pi level with 100 mM K+ and 100µM
ADP invariably gave a complex profile in which fluorescence
quenching at first increased and then decreased at higher Pi

levels (Figure 3SA, Supporting Information). Fitting of the
data with opposing hyperbolic changes gave anL0.5 of ∼3.2
mM Pi and aQmax of 21% for the first phase (Table 3), and
a very weak affinity (150 mM Pi) but with a substantial
maximum fluorescence increase (∼32%) in the second phase
(see the Supporting Information). The decrease in fluores-
cence, in part, results from ADP binding since with an
increasing Pi level there was some decrease inL0.5 for ADP.
The increase in fluorescence as the Pi level was increased

FIGURE 5: NH4
+ ion-facilitated quenching by ATP and ADP with minimal effects of Pi. Panel A shows the dependence on NH4

+ concentration
and panel B the dependence on ATP and ADP at 50 mM NH4

+. Measurements were taken under standard conditions, including 1.5 mM
free Mg2+ prior, to addition of ATP or ADP as described in Experimental Procedures.

FIGURE 6: Pyruvate quenching of Trp fluorescence in the absence and presence of the indicated ions (A) and in the presence of 100 mM
K+ with 100 µM ATP (B) or 100µM ADP (C) with or without 20 mM Pi. The studies in panel B and C were conducted with 1.5 mM
Mg2+; the level of ADP‚Mg- was∼70 µM in the study in panel C. Panel A also shows the effect of addition of 50µM at the end of each
titration. Panels B and C show the effects of addition of Pi to the titration lacking Pi; in panel B, the resulting point falls directly under the
point for the other titration. Parameters are listed in Table 5.
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was not due to weakened ADP binding at higher Pi levels;
indeed, tighter ADP binding was observed with 50 mM Pi

with no decrease inQmax (13). A potential cause of the
biphasic response for Pi with ADP is considered in the
Discussion. The second phase involving the fluorescence
increase becomes more prominent when Nov3r is bound
(companion paper2). In contrast, with 100 mM K+ and 100
µM ATP, Pi had no effect on quenching (Figure 3SB,
Supporting Information).

With the Pi level varied in the presence of both ADP and
pyruvate, apparent tight Pi binding was observed (L0.5 ) 0.85
mM); an increase in fluorescence was not observed at higher
Pi levels. The best data fits required the introduction of
positive cooperativity (Figure 3SA and Table 3). With ADP
and pyruvate included at 100µM, both increased ADP and
pyruvate binding are predicted (∼11 and∼27%, respectively,
with 20 mM Pi using a rough estimate that treats theL0.5

values in Table 3 as apparent dissociation constants). The
binding of these ligands provides most of the observed
increase in quenching with an increasing Pi level. Positive
cooperativity may be the result of quenching produced by
the binding of multiple ligands under these conditions (35).
With saturating ADP and pyruvate levels (see the Supporting
Information), Pi caused only∼3.2% additional quenching.
Under these conditions (K+, ADP, and pyruvate), Pi binding
alters other interactions of PDHK2.2

With 100 µM ATP and 100µM pyruvate, Pi-dependent
quenching was observed with a higherL0.5 of ∼12.5 mM Pi

(Figure 3SB and Table 3). Again, this Pi-dependent quench-
ing increased in a highly cooperative manner (n ) 2.0) with
a minimal change in fluorescence above 40 mM Pi. No
change in ATP binding is projected, but some increase in
the level of pyruvate binding contributes to the Pi-dependent
quenching and may contribute to the cooperative profile.
Thus, the data suggest that Pi accumulated in the PDHK2‚
K+‚ADP‚pyruvate‚Pi complex with an ∼10-fold tighter
apparent binding affinity than in the PDHK2‚K+‚ATP‚
pyruvate‚Pi complex. However, an improved understanding
of coupling and contributions of binding of other ligands to
the observed profiles is needed to evaluate true differences
in binding affinity.

NH4
+ Ion Substitution for K+. Unlike Na+, NH4

+ ion was
effective in supporting quenching by 100µM ATP and 200
µM ADP and did so with∼5-fold lower concentration
dependencies than K+ (Table 1 and Figure 5A). As with K+,
the L0.5 for NH4

+ was∼10 fold lower with 100µM ATP
(0.26 mM) than with 200µM ADP (2.8 mM). In the presence
of 200 µM ADP, Pi did not significantly decrease theL0.5

for NH4
+ (Figure 5A) as it did with K+. Therefore, with 20

mM Pi and 200µM ADP, the difference inL0.5 for NH4
+

and K+ was reduced to∼2-fold, and there was a significantly
higherQmax with K+ (Table 1).

With 50 mM NH4
+ ion (Figure 5B), theL0.5 values of

PDHK2 for ATP and ADP were∼2- and∼4-fold lower than
those obtained with 100 mM K+ (Table 3). In the presence
of 50 mM NH4

+, there was little effect of K+ on ATP and

Table 3: Concentration Dependence for Quenching of Trp Fluorescence of PDHK2 by ATP, ADP, or Pi in the Presence of 100 mM K+ or 50
mM NH4

+

with 100 mM K+ with 50 mM NH4
+

fixed ligand(s)
varied
ligand L0.5

a (µM) nb Qmax
b (%) Qtot (%) L0.5

a (µM) nb Qmax
b (%) Qtot (%)

ATP 3.1( 0.07 1.7( 0.11 47.5( 1.0 1.7( 0.07 1.9( 0.15 46.2( 0.6
20 mM Pi ATP 3.9( 0.15 1.6( 0.11 49.5( 1.0 2.5( 0.07 1.9( 0.1 46( 0.5
100µM pyr ATP 2.8( 0.08 2.05( 0.1 45.5( 0.9 ∼52 2.45( 0.05 1.72( 0.05 42.2( 0.3 54.5
100µM pyr,

20 mM Pi

ATP 3.6( 0.1 1.95( 0.07 56.0( 1.0 ∼65 2.4( 0.1 2.0( 0.15 48.0( 0.8 ∼54

ADP 72( 2.5 1.0( 0.05 43.0( 0.9 17.5( 1.0 1.35( 0.1 34.0( 0.8
as ADP‚Mg- 57.5

20 mM Pi ADP 35( 2 1.1( 0.05 44.5( 0.9 14.0( 0.6 1.4( 0.1 33( 0.6
as ADP‚Mg- 28

100µM pyr ADP 18.0( 0.5 1.4( 0.05 51.0( 1.0 ∼58 11.3( 0.5 1.1( 0.06 40.5( 0.3 ∼53
as ADP‚Mg- 14.5

100µM pyr,
20 mM Pi

ADP 4.0( 0.15 2.05( 0.1 62.0( 1.1 ∼67 4.45( 0.1 1.85( 0.06 52.5( 0.4 ∼60

as ADP‚Mg- 3.2
300µM pyr,

20 mM Pi

ADP 2.6( 0.9 2.0( 0.2 18.3( 0.8 ∼70

as ADP‚Mg- 2.1
100µM ATP Pi <3 ∼45 <1c ∼43
100µM ATP

and pyr
Pi 12.5( 0.7 mM 2.0( 0.2 15.0( 0.4 ∼64 <5c ∼49

100µM ADP Pi 3.2( 0.3 mMd 1.0d 21.0( 2d ∼40d <8 mM, >2 mMd ∼8d ∼34d

100µM ADP
and pyr

Pi 0.85( 0.05 mM 1.3( 0.1 21.0( 0.4 ∼66 ∼1.5 mM ∼12 ∼54

a Range based on the standard error from the Hill plot (eq 1) using Origin; asymmetric deviations are averaged.b Standard error.c With 50 mM
NH4

+ and inclusion of 100µM ATP, there was no detectable effect of Pi in the absence of 100µM pyruvate and the change due to Pi concentration
with 100 µM pyruvate was too small to accurately measure theL0.5. d Complex profiles, when the Pi concentration was varied with 100µM ADP
and either 100 mM K+ or 50 mM NH4

+, involved an initial decrease with and then an increase in fluorescence with a higher Pi concentration. The
estimates ofL0.5 andQmax for Pi with K+/ADP that were derived from the first phase of quenching (Figure 3SA, Supporting Information) were
estimated by a fit assuming a hyperbolic response is being opposed by a second hyperbolic response at a higher Pi concentration. With 50 mM
NH4

+, the sharp transition to a rise in fluorescence after a steep decrease occurred before there was sufficient data to fit the first phase of the profile.
Minimum and maximumL0.5 values were estimated. TheQmax with 50 mM NH4

+ and theQtot with both monovalent cations reflect the maximum
quenching observed as the Pi concentration was increased.
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ADP binding affinity, supporting these monovalent cations
acting at the same site (data not shown). In contrast to the
results with 100 mM K+, inclusion of 20 mM Pi had a
minimal impact when the ADP level was varied with 50 mM
NH4

+ (e.g., Figure 5B and Table 3). Total quenching by ADP
was not as high with 50 mM NH4+ as with 100 mM K+

whether ADP was added alone or with 20 mM Pi, or with
100 µM pyruvate and 20 mM Pi. However, similarQmax

values were achieved with higher pyruvate levels. Therefore,
NH4

+ ion was effective at lower concentrations than K+ in
supporting ATP/ADP quenching of the Trp fluorescence of
PDHK2, but NH4

+ did not match the capacity of K+ to foster
Pi-enhanced quenching by ADP.

Highly Modulated Fluorescence Quenching by PyruVate.
As described above, pyruvate in the absence of any K+ or
NH4

+ (Figure 6A) gave significant quenching of Trp
fluorescence (Table 2). Addition of 20 mM Pi modestly
increasedQmax but also slightly increased theL0.5 for
pyruvate-dependent quenching (Figure 6A and Table 5). K+

also caused a small increase in theL0.5 of PDHK2 for
pyruvate without a significant increase inQmax (Figure 6A
and Table 5). TheL0.5 for pyruvate was further increased by
the combination of 100 mM K+ and 20 mM Pi (Figure 6A
and Table 5). In contrast, inclusion of 50 mM NH4

+, alone,
did not increase theL0.5 for pyruvate; including 20 mM Pi
with NH4

+ caused a definite but modest increase inL0.5 and
Qmax (Table 5).

Without K+ ion, 1.0 mM ADP (0.73 mM ADP‚Mg-) had
a minimal effect on pyruvate quenching. The binding
dissociation constants shown in the bottom data set of Table
4 were obtained from fitting of these data with random
equilibrium binding of pyruvate and ADP‚Mg- and using
asQmax values: 15% quenching by ADP‚Mg- alone, 55.5%

by pyruvate alone, and 69% by the combination. Using the
Kd of 460 µM for binding of pyruvate, alone, to PDHK2
(Table 2), aKd for binding of ADP‚Mg- to free PDHK2 of
830 µM was estimated (fit 7, Table 4). This indicates that
there is little or no coupling in binding of ADP and pyruvate
in the absence of K+ and Pi. In close agreement with Table
2, aKd of 940µM for ADP‚Mg- gave the lowest error ranges
(fit 8), and this fit yielded a value of 585µM for Kd for
binding of pyruvate to PDHK2, somewhat above the
measured value. Fit 8 supported slightly greater but still very
weak coupling (Č < 2.4) in the binding of ADP and pyruvate
in the absence of K+ and Pi (Table 4).

In the absence of K+, the combination of 20 mM Pi and
1.0 mM ADP gave only a 4-fold decrease inL0.5 for pyruvate
(Table 5). In marked contrast, in potassium phosphate buffer,
ADP caused 150-fold decreases inL0.5 for pyruvate (13).
ATP caused only a 10-fold effect using potassium phosphate
(13). Those results had raised questions of whether Pi acts
only with ADP and not with ATP and how the role of K+ in
pyruvate binding is changed by other ligands.

With 100 mM K+, other ligands caused marked changes
in theL0.5 values for pyruvate. Just as K+ alone or Pi alone
increased theL0.5 for pyruvate (Table 5), the combination
caused a further increase. With K+, 100µM ATP supported
an only ∼3-fold decrease in theL0.5 for pyruvate (Figure
6B) but with an increase inQtot and introduction of some
negative cooperativity (n ) 0.82). However, ATP with Pi,
via a K+-dependent allosteric mechanism, lowered theL0.5

for pyruvate by g10-fold below that found with Pi/K+

(Figure 6B and Table 5). This strongly indicates that Pi

produces this effect by binding at a location separate from
the binding site of theγ-phosphate of ATP at the active site.

Table 4: Binding Constants Estimated by Global Fitting of Multiple Data Sets Using Fractional Quenching by Single Ligandsa

ligands varied (fit)

A B KiA
0 (µM) KiB

b (mM) KiB
0 (mM) KiA

c (µM) Č Qtot (%) c andd ratiosc

ATP‚Mg2- K+

Figure 4A, fit 1b 135( 7 0.50 22( 2 3.1 44( 2
Figure 4B, fit 2b 105( 10 0.73 27( 1 2.85 37( 1.5
global fit 3c 101 0.78( 0.11 28.0* 2.85( 0.1 36 49 c ) 18/49, A varied
global fit 4c 100* 0.72( 0.04 23 3.1( 0.3 32.5 49 c ) 18/49, B varied

ADP‚Mg- K+

global fit 5d 950 1.68( 0.11 42 38( 3 25 43 c ) 15/43,d ) 0
global fit 6d 935 1.65( 0.25 40* 38.5 ( 1.1 24 43 c ) 15/43,d ) 0

pyruvate ADP‚Mg-

global fit 7e 460 0.450( 0.055 0.830 295( 45 1.55 69 c ) 55.5/69,d ) 15/69
global fit 8e 585 0.400( 0.070 0.940* 250( 40 2.35 69 c ) 55.5/69,d ) 15/69

a When values were set in the fitting of data, they are shown in bold; if the set value was varied to minimize the error, it is shown with an
asterisk. When values are calculated from values obtained in fitting using the relationshipsKiA

0KiB
a ) KiB

0KiA
b or Č ) KiA

0/KiA
b ) KiB

0/KiB
a, the

answers are shown without experimental errors included.b Data were fit using eq 3. In using eq 3, A is K+ and B is ATP for fit 1 (Figure 4A) and
A is ATP and B is K+ for fit 2 (Figure 4B).KiB

a andKiA
b values were calculated from the fit values.c Data were fit using the random equilibrium

(eq 2) or modified forms of eq 2 (i.e., ifKiB
0 was known while keeping this equilibrium constant). Whether A or B is varied,c andd are the fraction

of Qmax for EAB by forming EA and EB, respectively, based on values experimentally determined but not including the quenching by 1.5 mM
Mg2+. In fits 3 and 4, the full set of data in which the ATP level was varied at different levels of K+ was fit. The fitting approach shown varied
the value ofKiB

0 ) KiK+0 (fit 3) or KiA
0 ) KiATP

0 (fit 4) to minimize errors in fittingKiB
a andKiA

b values (see Experimental Procedures).KiB
0 (fit

3) or Kia
0 (fit 4) and Č were calculated from these results. The data in which either the ATP level was varied at a fixed K+ level or the K+ level

was varied at a fixed ATP level were also globally fit using the same fitting approach as in fit 3. That fit gave a significantly poorer global
correlation coefficient of 0.97 vs>0.985 for fits 3 and 4 and yielded a lowerKiATP

0 (67 µM) and a higherKiK+0 (40 mM). d All the data with ADP
(ADP‚Mg- calculated) or K+ levels varied at fixed levels of the other ligand were fit with eq 2. In fit 5, a global correlation coefficient of 0.999
was obtained using theKiADP

0 value of 950µM (Table 2). In fit 6,KiK+0 was varied to minimize errors (KiK+ATP andKiATP
K+ with smallest deviations

along with the best global correlation coefficient).e All data when the ADP or pyruvate level was varied at fixed levels of the other ligand were
fit using eq 2. In fit 7, the estimatedKd of 460µM for pyruvate was used; in fit 8, the level of ADP was varied until the smallest error in the global
fit and Kipyr

0 were obtained.
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These results are in accord with K+, ATP, and pyruvate
enhancing Pi binding above. Due to the qualitatively similar
effects with K+ and pyruvate, Pi is assumed to bind at a
common site in producing linked effects with ADP and ATP.
However, with 100µM pyruvate with or without Pi, theL0.5

values estimated for ATP were not reduced below theL0.5

for ATP with just 100 mM K+; the responses with 100µM
pyruvate were highly cooperative [n ∼ 2.0 (Table 3)]. Again,
cooperativity may result from enhanced pyruvate binding and
quenching as ATP levels are increased. Using higher but
nonsaturating pyruvate levels and 20 mM Pi, L0.5 values for
ATP were not decreased below the value of 3.6µM found
with 100µM pyruvate, but ATP-dependent quenching could
be observed only over small intervals.

In studies that included Pi, ADP had a pronounced effect
on pyruvate binding or inhibition of PDHK2 (11, 13). With
100 mM K+, even in the absence of added Pi, 100µM ADP
supported ag10-fold decrease inL0.5 for pyruvate to∼55
µM (Figure 6C and Table 5), exceeding the effect of ATP
and Pi in lowering theL0.5 for pyruvate. With 20 mM Pi also
included (Figure 6C), theL0.5 for pyruvate was further
decreased to 8.5µM in the presence of 100µM ADP (Table
5). Increasing the ADP concentration to 200µM did not
further decrease theL0.5 for pyruvate. Therefore, coupled
binding with ADP, K+, and Pi results in a pronounced
gain in pyruvate binding. In agreement with linked effects
with these ligands, theL0.5 for ADP‚Mg- (Figure 3 and
Table 3) was reduced 2-fold by inclusion of 100µM pyruvate
and further reduced∼9 fold by additionally including 20
mM Pi (Figure 3B and Table 3). With 300µM pyruvate
(near saturating under these conditions), theL0.5 for ADP
was reduced to 2.6µM (2.1 µM ADP‚Mg2+) with 20 mM
Pi and 100 mM K+. Clearly, there is coupled binding of
these ligands, but the linkages are not simple (see the
Discussion).

Although 50 mM NH4
+ was very effective in supporting

ATP and ADP binding and pyruvate-enhanced ADP binding
(Table 3), theL0.5 values for pyruvate with 100µM ADP or

100µM ADP and 20 mM Pi were significantly higher than
those observed with these ligands in the presence of 100
mM K+ (Table 5). With 50 mM NH4

+, Pi had small effects
on pyruvate, ATP, or ADP binding alone. However, along
with ADP, Pi significantly lowered theL0.5 for pyruvate with
NH4

+ replacing K+. Thus, with NH4
+, Pi has significant

effects on the coupled binding of ADP and pyruvate (Tables
3 and 5); inclusion of ADP has a particularly large effect in
decreasing theL0.5 for pyruvate with Pi (16.5-fold) compared
to a value of 3.4-fold in the absence of Pi (Table 5).

Changes in the Kinetic Properties of PDHK2 with Added
Ions. We previously found that a change from a buffer with
a low K+ level (∼12 mM) to one with an elevated K+

concentration (∼103 mM),∼13 mM Pi invariant, decreased
theKm for ATP and theKi for ADP of PDHK2 by∼3-fold
along with a decrease inkcat that was nearly as large (11). In
the complete absence of K+ and Pi, the Km for ATP was
elevated to 240µM (Figure 4S, Supporting Information, and
Table 6) which is somewhat above theKd value estimated
for ATP. Under these conditions, PDHK2 is catalytically very
active with aVmax of 815 nmol min-1 mg-1 (kcat ) 1.25 s-1)
(Table 6). Therefore, functional use of ATP does not depend
on K+ ion. Addition of 100 mM K+ or 50 mM NH4

+

modestly reduced theKm for ATP to ∼140 or ∼90 µM,
respectively (Table 6). With 100 mM K+, the Km that is
appreciably higher (Table 6) than theKd for ATP (Tables 3
and 4) is expected on the basis of the proposed ordered
reaction mechanism (11),3 but kinetic parameters may also
be influenced by the additional interactions of PDHK2 with
E2 and E1 (see the Discussion and the companion paper2).

Within experimental error, 20 mM Pi had no effect in the
absence of K+ on theKm for ATP. With 100 mM K+, 20
mM Pi supported a 3-fold decrease in theKm for ATP with
a similar decrease inVmax. Kinetic studies found that this
was due to Pi functioning as an uncompetitive inhibitor (appKi

∼ 12 mM). This suggests that K+-dependent Pi binding is
preferential with either PDHK2‚ATP, PDHK2‚ADP, or both.
The binding studies described above support Pi binding

Table 5: Quenching of Trp Fluorescence by Pyruvate and Effects of Various Additions on Pyruvate Quenchinga

pyruvate varied

fixed ligand(s) cation levelb L0.5
a (µM) Qmax (%) Qtot (%)

none none 460( 20 55.3( 0.5d

20 mM Pi 565( 30 64( 3d

1 mM ADP 420( 10 65( 2.5d ∼72
1 mM ADP, 20 mM Pi 117( 4 61.0( 1.2d ∼68
none 100 mM K+ 770( 30 57( 2d

20 mM Pi 1070( 210 69( 6d

100µM ATP 210( 15 30.0( 1.2c ∼67
100µM ATP, 20 mM Pi 84 ( 8 30.0( 0.6c ∼71
100µM ADP 55 ( 2.5 51.0( 1.0c ∼70
200µM ADP 18.3( 1 33.0( 1.5c ∼68
100µM ADP, 20 mM Pi 8.5( 0.2 43.0( 0.9c ∼76
200µM ADP, 20 mM Pi 8.3( 0.25 29.0( 0.9c ∼74
none 50 mM NH4

+ 395( 20 58( 2d

20 mM Pi 530( 10 64.0( 1.0d

100µM ATP 160( 10 22( 2c ∼68
100µM ATP, 20 mM Pi 155( 8 27( 3c ∼72
100µM ADP 115( 15 38( 1.5c ∼68
100µM ADP, 20 mM Pi 32 ( 1.5 39( 1.5c ∼70

a Values were derived with eq 1 using Origin. In the cases where theL0.5 exceeds 300µM, Qmax values estimated from reciprocal plots (1/Q vs
[pyruvate]-1) and standard deviations are shown. All estimates ofn were within the range of 1.0( 0.2; n values ofe0.85 were estimated when
the pyruvate concentration was varied with 100 mM K+ and 100µM ATP or 200µM ADP. b Other than Tris cation.c Standard error.d Standard
deviation forQmax from the reciprocal plot.
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primarily to PDHK2‚ADP in the absence of pyruvate. In
agreement with ADP dissociation being rate-limiting in
PDHK2 catalysis with elevated K+ levels and 13 mM Pi (11)
and with the larger decrease inL0.5 for pyruvate with ADP
than with ATP in the presence of K+/Pi (Table 5), the degree
of pyruvate inhibition was markedly increased when 20 mM
Pi was included along with 100 mM K+ (Table 6). Without
K+, there was very weak pyruvate inhibition that was
minimally enhanced by 20 mM Pi (Figure 5S); however, with
100 mM K+, Pi greatly enhanced pyruvate inhibition (Figure
5S). The results are consistent with Pi slowing catalytic
turnover by favoring retention of pyruvate and ADP.

DISCUSSION

Subsequent to the finding that K+ ion decreased theKm

for ATP and theKi for ADP (25), several studies reported
substantial effects of ions on PDHK catalysis and regulation
(11, 12, 26, 27, 36). As indicated in the introductory section,
crystal structures of the related BCDK and PDHK3‚L2
structures with ATP or ADP bound had a K+ ion held at the
active site with theR-phosphate of the adenine nucleotide
contributing to K+ chelation (24, 28). Using potassium
phosphate buffer, ATP, ADP, or pyruvate strongly quenched
the fluorescence of Trp383 of PDHK2 (13). Here we
establish that the quenching by ATP and ADP requires the
monovalent cations K+ and that this can be replaced by lower
levels of NH4

+ ion but not Na+. In contrast, pyruvate
quenched PDHK2 Trp fluorescence without K+ and pyruvate
binding was not enhanced by K+.

The coupled binding of K+ with other ligands had not been
treated quantitatively with any PDK isoform prior to this
study. We have determined the binding dissociation constants
for the highly coupled binding of ATP/ADP and K+ by
PDHK2. We have found that for ADP enhancing pyruvate
binding requires K+ for a significant (14-fold) effect.
However, this is a much weaker coupling effect than that
found in the prior studies conducted with potassium phos-
phate buffer (13). We have established that the deficit is due
to substantial effects of Pi which amplify the effects of ADP
to yield the 125-fold decrease in theL0.5 for pyruvate. This
K+-dependent result gains from the transition from Pi

weakening pyruvate binding to enhancing pyruvate binding
in the presence of ADP. Using fluorescence quenching, we
have provided the first estimates of theKd for binding of
ATP, ADP‚Mg-, K+, and pyruvate to free PDHK2.

With elevated K+ and Pi using E2-bound E1 as a substrate,
PDHK2 catalyzes a nonequilibrium steady state reaction

relatively insensitive to the concentration of the second
substrate (E1) (11); binding of PDHK2 to the lipoyl domains
of E2, particularly the L2 domain (9, 21), is required for
this outcome. In the absence of E2, PDHK2 catalysis is
minimally sensitive to effectors, including pyruvate (9), and
the reaction has a very highKm for E1 (11). These properties
prevent linkage analysis by steady state kinetic investigations.
As a consequence, analysis of allosteric interactions by
binding studies becomes particularly important. However,
quantitative characterization of the allosteric coupling in the
binding of different ligands by studies of fluorescence
quenching is made challenging even for just two ligands due
to K+ or Pi, alone or in combination, not causing significant
quenching of the Trp fluorescence. Additionally, ATP or
ADP caused weaker quenching in the absence of K+ (or
NH4

+) ion. One estimate of∼50 for coupling constantČ
for ATP and K+ binding is derived from our estimates of
the Kd values for ATP binding in the absence of K+ [150
µM (Table 2)] and with 100 mM K+ [3.1 µM (Table 3)].
Lower values ofČ of 37-44 were obtained from the data
in Figure 4. The best estimate of∼40 mM for binding of
K+ to free PDHK2 was derived from global fitting of the
uniformly hyperbolic data from studies of ADP/K+ fluores-
cence quenching. We find somewhat stronger coupling of
K+ with ATP than with ADP (Table 4). A large impact of
K+ on the affinities of ATP and ADP at the active site of
PDHK2 is predicted with K+ levels of 100-130 mM which
are found within the mitochondrial matrix space.

These coupling results provide mechanistic insights that
help to explain kinetic studies in which with elevated K+

levels (113 mM) the rate of ATP dissociation was determined
to be slower thankcat and ADP dissociation was found to be
a rate-limiting step (11). Here we show that PDHK2 is highly
active in the complete absence of K+. However, effector-
altered modulation of PDHK2 activity requires elevated K+

levels. In agreement with a nonequilibrium mechanism in
which ADP dissociation limits PDHK2 catalysis, we find
that theKm for ATP is 143µM with 100 mM K+, well above
the Kd of ∼3 µM for binding of ATP. A change toward a
near-equilibrium mechanism in the absence of K+ is indicated
by theKm for ATP of ∼250µM and theKd for ATP of ∼120
µM. We propose that the more rapid dissociation of ATP
and even weaker binding of ADP in the absence of K+ lead
to the loss of regulatory sensitivity to inhibitory and
stimulatory effectors of PDHK2 activity (9, 11, 12).

TheL0.5 of 460µM for pyruvate binding alone should be
a good measure of its equilibrium binding affinity. Although

Table 6: Changes in Kinetic Parameters of PDHK2 with Inclusion of Various Ions and Changes in Pyruvate Inhibitiona

% inhibition by pyruvated

ion
Km(ATP)

(µM) Km(ATP)/L0.5(ATP)
Vmax

(nmol min-1 mg-1) kcat/Km (s-1 M-1) 100µM 300 µM

noneb 240( 20 ∼1.6c 815( 55 0.52× 104 10 ( 4 23( 5
K+ (100 mM)b 143( 8 46 1125( 30 1.2× 104 21 ( 3 44( 4
NH4

+ (50 mM) 90( 7 53 640( 20 1.1× 04

Pi (20 mM) 265( 30 ND 920( 80 0.53× 104 13 ( 4 34( 2
K+ (100 mM), Pi (20 mM) 53( 9 14 430( 25 1.24× 104 74 ( 1 89( 1.5

a All kinetic constants are apparent constants; however, increasing the concentration of E2-bound E1 did not significantly increase initial rates.
b Data in Figure 4S of the Supporting Information).c Based on theKd estimated by fluorescence quenching in the absence of K+ (Table 2). Averaging
the estimates of theKd for ATP binding to free PDHK2 in coupling studies (Table 4) with this value gives 118( 23 µM, giving a Km(ATP)/
L0.5(ATP) ratio of ∼2. d Data including variation in control activities in Figure 5S of the Supporting Information.
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our results demonstrate that pyruvate binds to free PDHK2
in the absence of K+ or adenine nucleotides, the much tighter
pyruvate binding along with K+ and ATP or ADP are in
accord with past evidence that pyruvate is as an uncompeti-
tive inhibitor that binds to the PDHK2‚ATP‚Mg‚K complex
and even more tightly to the PDHK2‚ADP‚Mg‚K complex
(11). Therefore, potent pyruvate inhibition issues from K+

enhancing the binding of ATP and ADP. In contrast in the
absence of K+, we find only slight coupling in the binding
of ADP and pyruvate (Table 4).

In general, whether ADP, Pi, or pyruvate is the varied
ligand, marked reductions inL0.5 were observed when the
full set of these ligands was included with 100 mM K+, but
the transitions and linkages are complicated. By inclusion
of K+, Pi, and 300µM pyruvate, theL0.5 for ADP was
reduced∼530-fold from∼950 to 1.8µM ADP‚Mg2+. There
was a 10-fold smaller total decrease in theL0.5 for pyruvate
(from 460 to 8.5µM). However, due to the negative effects
of K+/Pi on pyruvate binding, ADP fostered a 125-fold
decrease inL0.5 for pyruvate (from 1070 to 8.5µM). The
13-fold decrease in theL0.5 for ADP upon addition of 300
µM pyruvate is modest by comparison. A conditional linkage
analysis (with 100 mM K and 20 mM Pi) reveals a>8-fold
discrepancy (Kipyr

0KiADP
pyr . KiADP

0Kipyr
ADP); the secondKd

in each term was obtained by extrapolation using eq 3, albeit
with limited data (1.4µM was the minimalKd for ADP
estimated at saturating pyruvate levels). It is clear that the
linkage between ADP/K+ and Pi greatly alters the effect of
Pi on pyruvate binding. Improved understanding of Pi binding
is needed to fully evaluate the coupling in the binding of
these ligands.

With just ADP and K+, we have repeatedly observed a
complex Trp fluorescence profile with the Pi level varied in
which low levels of Pi quenched fluorescence but higher Pi

levels increased Trp fluorescence. Future studies will be
needed to determine the cause of this effect. In the companion
paper,2 Nov3r favors the transition from quenching to
enhancing fluorescence at lower Pi levels. It seems either
that Pi binds at two sites in PDHK2 subunits or binding of
Pi to one subunit along with ADP greatly alters binding of
Pi to the second subunit of the PDHK2 dimer. With ADP,
K+, and pyruvate, only quenching was observed and a low
L0.5 of 0.85 mM Pi was obtained (Table 3). Pi binding greatly
enhances ADP and pyruvate inhibition (Figure 5S) (11), and
stimulation of PDHK2 activity involves reversing ADP, Pi,
or Cl- (or pyruvate) inhibition (12). The companion paper2

uncovers critical roles of Pi that are also K+-dependent and
involve coupled binding of Pi with other ligands. Pi appears
to play a special adapter role in intersite communication that
can only be fully dissected by identifying Pi binding sites in

PDHK2. Like ADP, an increased intramitochondrial Pi levels
is a very important indicator of energy demand.

NH4
+ often binds enzymes at K+ binding sites; NH4+ ion

has an ionic radius between those of K+ and Rb+, and the
proton character of the NH4+ ion often leads to unique
binding, including tighter or weaker binding at different K+

sites (e.g., refs37-39). We find that lower levels of NH4+

supported tight ADP/ATP binding and effective quenching
of Trp fluorescence. The interaction of NH4

+ with PDHK2
was distinguished from that by K+ in its inability to replicate
the capacity of K+ to support Pi-enhanced binding of ADP.
Only when ADP and pyruvate were included did NH4

+ ion
show any linkage to Pi. An intracellular role of NH4

+ in
regulating PDHK2 activity seems unlikely.4 A second K+

site, important for PDHK2 binding to L2, is indicated in the
companion paper2 and is distinguished by NH4+ ion being
quite ineffective at this site.

Modeling of K+ binding to the crystal structures of
PDHK2 indicated that the structure with ADP and DCA
bound positions residues for greatly favored chelation of K+

at the active site as compared to the positioning in the
apoenzyme or enzyme with ATP and Nov3r bound when
crystals were developed under the same (low K+) conditions
(22). Uncertainties arise in interpreting those data because
crystallization captures specific conformations among a larger
ensemble. Nevertheless, this interpretation is bolstered by
our finding that the binding of ADP and pyruvate is stabilized
by firm K+ binding which almost certainly occurs at the
active site. The combined allosteric coupling of K+, ADP,
pyruvate, and Pi explains the 150-fold decrease inL0.5 for
pyruvate due to inclusion of ADP in studies conducted in
potassium phosphate buffer (13). Extensive studies will be
needed to quantitatively evaluate the changes in binding
affinities and specific intersite couplings at work in these
higher-order complexes and the structural requirements that
underpin acquisition of these intersite linkages.

Overall, we have found that K+ enhances ATP and ADP
binding and that the enhancement in pyruvate binding by
ATP and especially ADP is K+-dependent. We have shown
that the effect of Pi in enhancing binding by ADP and the
combination of ADP and pyruvate is also K+-dependent. The
ADP-dependent change from Pi weakening to strengthening
pyruvate binding probably results from K+-aided ADP
binding altering Pi binding at the same site or fostering Pi

acting at an additional site. These linked binding roles of
K+ and Pi result in trapping of ADP and pyruvate on PDHK2
and thereby produce the potent (synergistic-appearing)
inhibition of PDHK2 activity by ADP and pyruvate. The
companion paper2 shows major effects of Pi on lipoyl domain
binding by PDHK2, in promoting the conversion of PDHK2
dimer to a tetramer, and in the transmission of allosteric
effects from the Nov3r/lipoyl binding site of PDHK2.
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SUPPORTING INFORMATION AVAILABLE

Effects of ions (K+, NH4
+, Na+, and MgCl2) on Trp

fluorescence quenching of PDHK2 (Figure 1S), fluorescence

4 When there is a need to neutralize acids excreted in the kidney,
NH4

+ ion and R-ketoglutarate are generated from glutamine. While
the majority of theR-ketoglutarate produced is normally used in
gluconeogenesis, some conversion of phosphoenolpyruvate to pyruvate
followed by the PDC reaction helps meet the energy demands of the
kidney. PDC catalysis (and activation) is required for full oxidative
utilization of R-ketoglutarate by repeated full rounds of the citric acid
cycle which consumes only acetyl-CoA. Elevation of NH4

+ ion levels
has been linked to activation of liver PDC (40). However, NH4

+-
enhanced ADP (and pyruvate) inhibition of PDHK2 which favors PDC
activation would not appear to have physiological significance since
the level of K+ within the mitochondrial matrix space remains near
saturating for supporting these regulatory effects.
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quenching by ATP‚Mg and ADP‚Mg in the absence of
monovalent cations (Figure 2S), effects of Pi level on
quenching with ADP or ATP without and with pyruvate
(Figure 3S), the change in kinetic parameters of E2-bound
PDHK2 with the ATP level varied with or without K+

(Figure 4S), and effects of ions on pyruvate inhibition of
PDHK2 (Figure 5S). This material is available free of charge
via the Internet at http://pubs.acs.org.
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