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ABSTRACT: In the complete absence offkand phosphate (R pyruvate dehydrogenase kinase isoform 2
(PDHK2) was catalytically very active but with an elevated for ATP, and this activity is insensitive
to effector regulation. We find that Kor 5-fold lower levels of NH™ markedly enhanced quenching of
Trp383 fluorescence of PDHK2 by ADP and ATP:"Kinding caused an-40-fold decrease in the
equilibrium dissociation constantk{) for ATP from ~120 to 3.0uM and an~25-fold decrease iy

for ADP from ~950 to 38uM. Linked reductions irKq of PDHK2 for Kt 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"Kand 100uM ADP, theLo s of PDHK2 for pyruvate was
reduced by~14 fold. In the absence of K R, had small effects on ligand binding. With 100 mM K20
mM P, modestly enhanced binding of ADP and hindered pyruvate binding but markedly enhanced the
binding of pyruvate with ADP; thég s for pyruvate was specifically decreased 25-fold with 100uM
ADP. R effects were minimal when NH replaced K. We have quantified coupled binding of"Kvith
ATP and ADP and elucidated how linked"kand R binding are required for the potent inhibition of

PDHK2 by ADP and pyruvate.

The pyruvate dehydrogenase complex (PD@k a critical
role in restraining the consumption of carbohydrdte 4).

activation of PDC is an important target in medical condi-

tions, such as heart ischemia and insulin resistant diabetes,

Passage of pyruvate carbons through this reaction leads td®DHKs have been a target for development of specific
the depletion of body carbohydrate reserves in mammals.inhibitors ranging from the early use of dichloroacetate
To conserve carbohydrate, PDC activity is reduced by (DCA) as a pyruvate analogue to development of the potent

phosphorylation by the pyruvate dehydrogenase kinasebinding 3,3,3-trifluoro-2-hydroxy-2-methylpropanoyl-con-

(PDHK). There are four PDHK isozymes (PDHK1, PDHK2,
PDHK3, and PDHK4) 8—6). PDHK2 is nearly universally
distributed among tissueg,(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 NARNd acetyl-
CoA to CoA ratios fostering enhanced PDHK2 inactivation
of PDC (3, 4, 8—10, 12). A sufficient supply of carbohydrate

taining inhibitors, such as Nov3r, AZD7545, and compound

K (14—17). These inhibitors potently inhibit PDHK2LY)
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) componer, (L2, 20, 21). Stimulation by

is recognized via adequate pyruvate levels and the need forelevated NADH and acetyl-CoA levels is mediated by

energy by a reduction in phosphate potential [ATP/ABP
phosphate (f (3, 4, 11, 13). The combination of ADP and
pyruvate potently inhibits PDHK2 activityd( 9, 11). Because
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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 PDHK?2
(22) and hinder binding of PDHK2 to E2.

Crystal structures of PDHK2 and PDHK3 dimers provide
insights into the nature of the sites for binding ATP/ADP,
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(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)
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in a deep, narrow cleft on this trough side of the R domain.
Prior studies indicate that thi€,, of PDHK for ATP is
decreased by including Kion (11, 25), that effective
stimulation of PDHK increases when kinase activity is
restrained by elevating ion levels (especially &d R) (11,
26), and that K-aided binding of ADP favors pyruvate
inhibition (11, 27). Detailed kinetic and other studies on
PDHK?2 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 PDHK2I( 12). Crystal
structures revealedKbinding at the entrance to the active
site of the related branched chain dehydrogenase kinase
(BCDK) (28) and the PDHK3 isoform24) with an oxygen
of the a-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 Kafter ATP or ADP binding
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 ofifh supporting coupled binding
of ADP and pyruvate. The companion pape@rovides
evidence consistent with weakened binding off KDP at
the active site due to binding at the lipoyl binding site;
moreover, Phas 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

FiGure 1: PDHK2 dimer structure. Viewed from opposite sides tetramer. o

in the two views, ribbon structures are shown for the backbone of We have recently found that binding of ATP, ADP, or
the subunits of the PDHK2 dimer. One subunit of the dimer has pyruvate induces substantial conformational changes in
an orange Cat domain that binds ATP at the active site and a redppHk?2 as reported by Trp fluorescence quenching, primarily

R domain that binds Nov3r at the lipoyl group binding site. The . . . -
other subunit has a violet Cat domain holding ADP at the active involving Trp383 (3). In the trough region, Trp383 is

site and a blue R domain with the R domain that binds DCA in located at the end of each trough-spanning intersubunit cross
both views and also Nov3r in the bottom view. Intersubunit cross arm (Figure 1), well away from ligand binding sites3(

arms are also shown with Trp383 residues (space-filled) which play 22). Each Trp383 is wedged into the surface of the other
a key role in anchoring the intersubunit cross arms via an interaction subunit at the troughside interface between the Cat and R

between the R and Cat domains of the other sub@f}. (The . : .
figures were prepared using the DeepView program; all protein domains. Using potassium phosphate buffer, we found that

structure was from the PDHK2 dimer structure binding ATP and theLos for pyruvate was reduced 150-fold via the introduc-
Nov3r (PDB entry 2bu2)32). The PDHK2 monomer with ADP  tion of ADP (13). Here, Trp fluorescence quenching is used

and DCA bound (PDB entry 2bug2®) was aligned with one of g quantify the coupled binding of ATP, ADP, and knd

the subunits of the dimer; this PDB entry was used only for ; i h
introducing ADP and DCA. The backbones of PDHK2 from these to .d(_amo.nst_rate the essenua! roles of &nd R for high
¢ affinity binding of pyruvate with ADP.

two PDB entries are tightly superimposed so that the locations o
bound ligands are presented accurately.

EXPERIMENTAL PROCEDURES
(22, 24). The ATP/ADP binding site in the Cat domain is

located at one end of an extended interface between the R_Materials Using human PDC components, PDHKS),(
and Cat domains at each end of the PDHK2 dimer. In the E1 (11), and E2 [Supporting Informatior2)] were prepared

middle of the large active site cavity, the binding of DCA Py recombinant techniques as previously described. To
shows the location of the pyruvate binding site in the R Prépare PDHK2 in the absence of monovalent metals,
domain in a position just above the Cat domai domain PDHK2 was exhaustively dialyzed against or gel filtered into
interface (Figure 1)22). Opposite this outward-facing cavity, 20 MM Hepes-Tris buffer (pH 7.5) containing 0.5 mM
the Cat domains of each subunit associate, and rising fromEDTA. For some experiments, the buffer was changed further
this base, the R domains frame a large trough opening. in(e.g., EDTA removed) t_)y further dialysis or gel filtration.
some PDHK2 structures, C-terminal cross arms (residues Fluorescence Quenchin§teady state fluorescence spectra
366—383) span this trough region between subunits (Figure Were recorded with a Cary Eclipse fluorescence spectropho-
1) (22). On the basis of the PDHKB2 complex, a
combination of this intersubunit cross arm and most of the 3 ATP appears to dissociate slower than ADP, but that does not limit
remaining part of the C-terminus (residues 38®5) catalysis which appears to proceed by an ordered mechanism with ATP

; ; ; ; ; binding first L1, 19. Capture of ATP by coupled binding of'Kikely
combine with the trough side of the R domain to bind the contributes to the observed findings. With such an ordered mechanism,

L2 domain of E2 (Figure 1 of the companion pa@()e(_24). theKr, for ATP is independent of rate constant for dissociation of ATP
The lipoyl group of L2 24) or Nov3r (Figure 1) 22) binds and dependent on the rate constant for dissociation of ATIP (
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tometer (Varian, Inc.) at 28C (13). Studies were conducted Nevertheless, data were analyzed for variation in quenching
with 20 mM Hepes-Tris buffer (pH 7.5) normally containing with the ADPMg~ level; Ly s values are reported for both
0.5 mM EDTA and 2.0 mM MgGCl The MgC} level was ADP and ADPMg~ from studies with 100 mM K (Table
increased when high levels of ATP or ADP were used. When 3). The analysis of coupling with K (procedures below)
K*, NH4t, or Na- was added, Hepes was used as the uses the s values determined for ADRIg™.

counterion, and when;Rvas added, Tris was used as the  Data Fitting and Linkage Analysis for Two Ligands
counterion. The levels of counterions in concentrates were (ternary complex formation)The degree of allosteric cou-
adjusted such that a pH of 7.5 was obtained when the ion pling in the binding of two ligands can be quantified in terms
being varied was diluted to 50 mM. Throughout, the total of the coupling constan€; = Kix%Kia? = Kig%Kg?, the ratio
ammonium concentration is reported as NHhowever, of the equilibrium dissociation constant (ukein specific
~1.75% is present as the neutral species at pH 7.5. Othercases) in the absence of the second ligand over the equilib-
conditions for obtaining steady state fluorescence spectrarium dissociation constant at a saturating concentration of
were as described previousl¥3). Using an initial level of the second ligand3d, 35). Equality of those ratios derives
0.54 uM PDHK2 (0.050Az30) in 2 mL, excitation was at  from the relatiorkix°Kig® = Kig°Kia? based on the principles
290-310 nm; higher wavelengths were used for excitation of microscopic reversibility which requires EAB to be an
when adenine nucleotide levels were elevated. Fluorescenceequivalent state whether created with A or B binding first.
spectra were recorded from 320 to 420 nm using a standardTherefore, the coupling constaf, is a quantitative measure
quartz (1 cmx 1 cm) cuvette. Varied ligands were added in  of the mutual effect that each of these ligands has on the
2—-10 uL increments; data analysis included continuously change in the binding affinity of the other ligand; the
correcting the concentration of PDHK2 for the slight dilution coupling free energy IAG = RTIn(C). In theory,C can be

due to these additions. The change in fluorescence at 350directly calculated from the binding(y estimated in the
nm was used to assess fluorescence quenching. The data werbsence of the saturating presence of the second ligand. In
fit and standard deviations determined using either Sigma practice, the full set oKy values for A and B is often not

Plot or Origin (L3) using the Hill equation: directly obtainable (e.g., when binding of a ligand by itself
cannot be observed or when extrapolation is needed to
Qops= (Quad A1 (Lo g + [A]") (1) evaluate the change at saturating levels of one of the ligands).

For linkage analysis with two ligands forming a ternary
where Qqps is the observed quenching,is the Hill coef- complex, we use two approaches. The first assumes random

ficient, Qmax iS the extrapolated maximal quenching (cor- equilibrium binding. For two ligands A and B, data were fit
rected in the fit forQmin), andLo s is the concentration giving ~ using GOSA to random equilibrium eq 2
half-maximal quenching. ab 0

ATP and ADP bound to M are the primary species  QopdQmar = [(CKig)/B + (dKix VA + 1V[(Kin oKig/
being bound and causing fluorescent quenching. Under (AB) + K ¥B + K,,%A+ 1] (2)
different buffer conditions, the levels of ATg?~, ATP-Mg~, B A

ATP-K®", free ATP™ and ATP~, ADP-Mg~, ADP-K*", free  jn which ¢ andd are the fraction of maximum fluorescence
ADP*~ and ADF~, free Mg**, and MgHPQ, were evaluated  quenching by EA and EB, respectively, over the maximum
using the stability constants andKp values previously  quenching Qna2) by EAB. Thus, this approach allowed us
reported 80). Without K* or R, a direct algebraic solution  to account for different levels of quenching to fit data in
was possible. With those ions, the calculations involved which either ligand was varied at different fixed levels of
repeated calculation cycles as previously employed in the other ligand. In our studies, a typical case is one in which
estimating the level of free €a when based on added g, Qmax for EAB, andc = QuadQmad® (and, if neededd
EGTA, EDTA, and M@" at a given pH using the appropriate — Qma’/Qmad? have been determined aKg2 andKiP are
stability constants and Ky values 81-33). Under our it |n the assessment of the statistical output, optimization
standard conditions of addition of 2 mM MgGind 0.5 MM was based on minimizing the sum of squared errors, the
EDTA at pH 7.5 and even with 100 MM'K>97% ATPis  standard deviations in parameter fits, and maximizing the
complexed to M§" for ATP levels of<0.2 mM (e.g., with  global correlation coefficient in that order of priority. The
100 uM ATP and 100 mM K, ~97.5% ATPMg*', remaining equilibrium constank( in the form of param-
~1.5% ATPK?", and~1% free ATP). Because of the small  eters in eq 2) is then calculated from the equations given

error involved, plots of ATP concentration and parameters aphove for microscopic reversibility or from the estimate
derived are based on total ATP concentrations. Prior to the derived for C. This approach assumes noncooperative
addition of the varied ligand, free Mgwas normally 1.5  (hyperbolic) binding of ligands which was not met in the
mM; higher levels were normally not used because MgCl case of the ATP level being varied at higher HKevels.
also modestly quenched (Supporting Information). However, Therefore, the data were also fit by the approach of Reinhart
as ATP or ADP levels exceeded 0.5 mM, higher levels of (34, 35). When, for instancel,os values for ligand A have
MgCl, were used. With just M and ADP, we plot the  peen determined from varying the A concentration at a series

ADP-Mg™ level in our evaluation of quenching with an  of different fixed levels of B using eq 1, the data are then fit
increasing ADP level (Supporting Information). However, py eq 3:

for ease in comparisons to prior results obtained with
potassium phosphate buffet3) and results with Nii* for Losa = Kin°(Kig? + [BD/(Kg® + C[B]) (3)
which we could not obtain a trustworthy stability constant
for ADP-NH/>~, we show results with elevated*Kevels The data are presented in a plot of logé,) on they-axis
(Figure 3 and 4B) based on the total ADP concentration. for varied ligand levels versus log[B] on theaxis for the
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different concentrations of the fixed ligands. The measured
and extrapolated fits & = 0 and at saturating yield log-
(Kia®) and logKia?), respectively, which are observed as
plateau regions on thg-axis in the log-log plot. C is
estimated from the maximal change: 18gC) — log(Kis?

= log(C). When separate data analysis gives* (or S5

for saturating A levels with 3 n> 1), this can be imposed
on the above fit usingCKig2 for Kig® This fit has an
advantage in that it deals with cooperative responses as
ligand is varied, but it fails to deal with partial fluorescence
qguenching in forming EA or EB relative to the quenching
by EAB. We note that since pH was not varied that estimates
of C 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 Actwity Assays PDHK2 activity assays were
conducted using methods previously describ@dl(). In
short, PDHK activity was measured in duplicate or triplicate
as the initial rate of incorporation o¥?P]phosphate into E1
using the indicated level of [*P]ATP (150-500 cpm/pmol)

at 30°C. PDHK?2 assays, conducted with E2, routinely used
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Ficure 2: Dependence onKconcentration of quenching of Trp
fluorescence by ATP or ADP in the absence or presence of 20
mM P.. Fluorescence was measured at 350 nm as described in
Experimental Procedures with 1.5 mM Kfg(beyond EDTA) and
100uM ATP (A) or 200uM ADP (B). Data with 20 mM Pwith

Na" replacing K as the varied ligand are also shown. The
quenching profiles with K were fit using eq 1.

60 80 20 60 80

0.1-0.15ug of PDHK2, 10ug of E2, and 16-14 ug of E1 100 MM K" A 400 mMK B

in a final volume of 25uL. The enzyme components were b 100 HMpyruvate

preincubated at 4C for 1 h as aconcentrate with 0.2 mM ® A AP (ZomMP)

dithiothreitol, and aliquots were diluted at least 3-fold in the ' ‘ &

final assay mixture. Studies were conducted using the sameg * Y o ATP.(20mMP.)

buffer systems that were used in fluorescence studies.g - A ADP ‘
4 ADP,(20mMP)

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*

60 |-

Fluorescence (%)

50 |-

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 PDHR%—27, 36), including
PDHK2 (9, 11, 12). However, neither the affinity of a kinase
isoform for K* nor the quantitative effects of ligands oK
binding or the reciprocal effects ofKon ligand binding to
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Ficure 3: Quenching of Trp fluorescence by ADP and ATP in
the presence of 100 mM"Kand effects of addition of 20 mM;P

(A and B) and 10Q«M 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 ADMg~ (calculated as described in
Experimental Procedures) with thokgs values also reported in
Table 3. Data points were collected with concentrations of ADP

a PDHK have been described. Structural studies are consisof up to ~310 uM.

tent with ATP/ADP-dependent binding of*Kat the active
site involving strong coordination to an oxygen of the
a-phosphate of ATP/ADP22, 24). This proposed coordina-
tion and the location of the Kbinding 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 componeh8). Here,

we present evidence that specific ionst(End P) 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 NH as an
effective analogue of Kion; via these studies and those in
the companion papérwe 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.Prhe companion papgestablishes
critical roles of Rin other interactions.

K" Requirement for Strong Quenching of Trp383 Fluo-
rescence of PDHK2In potassium phosphate buffer, fluo-
rescence quenching of PDHK2 by ATP or ADP was
completely removed with the W383F-PDHK2 mutah8
By themselves, increasing levels of Kor Na" up to 100
mM gave <1% quenching of Trp fluorescence and 50 mM
NH,t gave<3% quenching; even with 100 mM*20 mM
P, caused<3% quenching (Figure 1SA, Supporting Informa-
tion). With initially 1.5 mM free Mg@™, Figure 2 shows that
increasing the K level greatly enhances fluorescence
guenching with 10tM ATP (>97.5uM ATP-Mg?~'~ and
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Table 1: K" and NH;* lon Concentration Dependence for Quenching of Trp Fluorescence of PDHK?2

K* varied NH;* varied

fixed ligand(s) Lo (MM) mad (%0) Qud (%) Log (MM) ma (%0)
5uM ATP 11+2 42.0+ 1.5 ~42.5
50uM ATP 2.1+0.3 405+ 1.3 ~43.5
100uM ATP 1.33+0.5 43.0+ 0.35 ~47.0 0.264+ 0.01 46.04+ 0.2
1000uM ATP 0.844+ 0.06 36.0+ 1.0 ~49.0
100uM ATP, 20 MM R 2.204+ 0.07 43.3+ 0.3 ~48.5 0.374+ 0.07 464+ 2
50uM ADP 20.5+ 4 24+ 25 ~25
200uM ADP 12+ 1.5 345+ 2.0 ~37 2.8+ 0.15 38.0+£ 0.5
200uM ADP, 20 mM R 53+0.2 43+ 1 ~45 2.4+ 0.15 34.0+£ 0.5
800uM ADP 3.8+0.3 38+ 0.5 ~43
800uM ADP, 20 mM R 1.3+0.2 40+ 0.5 ~46

aThe results show how quenching varies with & NH,;™ concentration when coupled with binding of ATP or ADP and the influence of 20
mM P.. Most studies were conducted with 1.5 mM Mg@ihich caused~2% quenching (treated as 0% quenching and not includegin or
Quor). Qut includes quenching due to a fixed ADP or ATP level prior to any K the study with 1.0 mM ATP, the initial free Mg concentration
was 2.0 mM (caused 2.7% quenching) prior to the addition of ATP which increased quenchitig%oprior to Kt addition.Qmax does not include
guenching by ATP or ADP in the absence of Kut Qi« does include this quenching. Under all conditions, the values of the Hill coefficient,
estimated in the fitting of data were between 1.0 and 1.2 with the exception of the experiment in whichdbeckntration was varied with 800
uM ADP and 20 mM R for whichn = 1.3 + 0.1.° Error range based on the standard error from the Hill plots (eq 1) using Origin; asymmetric

deviations are averagetiStandard errord Rounded to nearest 0.5%; error ranges of-B5%.

<1.5uM ATP-K3" even at 100 mM K) and 200uM ADP
(170-1604M ADP-Mg~ and 0-14.4uM ADP-K?" as the
level of Kt is varied from 0 to 80 mM). Naion did not

Table 2: Binding Parameters Estimated for Ligands by
Fluorescence Quenching in the Absence ofatd P (except where
P, is indicated)

replace K ion in supporting quenching in the presence ligand varied at fixed ligand Kd? (mM) Quma? (%)
(Figure 2) or absence of Bnion (data not shown). Therefore, ATP-Mg? 0.150+ 0.02 20.0+ 2
specific ion effects rather than ionic strength effects are ﬁgg'mg’ 420 mM P g?gi 8-25 ggi ig
; ; ; ; _ ‘Mg~ an mM K . . . .
involved. Without B, quenching occurred with a near Dyruvate 046G 0.20 55 £t 0.7

hyperbolic dependence on thé Koncentration, with lower
K* concentrations being more effective with 1001 ATP
than with 200uM ADP (Figure 2; sed s values in Table
1).

These data demonstrate a critical role of for strong
Trp fluorescence quenching by ATP and ADP and that lower
levels of ATPMg~2 than ADPMg~ 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 OC (cold-capture binding assay)
and for the rate constant for ATP dissociation being smaller
thanke (11). TheLosfor K™ decreases with an increase in
the level of ATP [e.g., 5, 50, 100, and 100 (Table 1)].

P, 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
200uM ADP, 20 mM R reduced the. s of PDHK2 for K*
from 12 to 5.3 mM and with 80@M ADP from 3.8 to 1.3
mM which equates with theg s for K™ observed with 100
uM ATP. When 20 mM Pwas included, the quenching
profiles generated with an increasing kevel were fit best
by ann somewhat>1 (with 200 or 800uM ADP, n = 1.2
or 1.3, respectively).

Effects of MgGl, ATPMg?~, ADP-Mg~, and Pyrwate 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 MgCl
(Supporting Information). When the ATP level was varied
with different M@ levels in the absence of'Kion (data
with 10 mM MgClL Supporting Information, Figure 2SA),
the total quenching estimated for ATP wa20% (~18%
guenching beyond the initial quenching by 1.5 mM MgCI
With correction for the effects of Mgl the analysis fit

aValues are rounded to the nearest 5 in the last decimal place.

hyperbolic dependencies for ATP with a commniGnof 150
+ 20 uM for ATP (Table 2).

In the analyses of quenching by ADP in the absence of
K* using different fixed M§" concentrations, the level of
ADP-Mg~ was calculated for each ADP level (Supporting
Information, Figure 2SB). With corrections for the effects
of MgCl,, we estimate @max 0f 17.5+ 2.5% and &gy of
0.95+ 0.25 mM for ADPMg™ in the absence of K(Table
2). Addition of 20 mM R significantly increased thieg 5 for
ADP from 0.95 to~2.2 mM while also supporting a modest
increase iMmax from ~17 to~22% (Table 2). The increase
in Losis in marked contrast to the effect of iR decreasing
the Lo s with an elevated K level (below).

Pyruvate was the only ligand that gave extensive quench-
ing (Qmay in the absence of K The quenching profile with
an increasing pyruvate level is well-behaved and hyperbolic
(Figure 6A and Table 2). A4 of ~460uM was estimated
for the binding of pyruvate to PDHK?2 in the absence of other
ligands.

Effects of K lon on ATP and ADP Binding to PDHK2
and Linkage Analysidnclusion of 100 mM K caused ATP
guenching of Trp fluorescence to have a 2.4-fold gre@tex
and an~45-fold lowerLqs for ATP (Figure 3A and Table
3). Furthermore, the response at 100 mM Kxhibited
positive cooperativityr{ = 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 leg
log plot of the change iy s for ATP with different fixed
K* levels (from 0.1 to 400 mM) with data fit using eq 3. As
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Ficure 4: Dependence of the change ips for K* on the
concentration of ATP (A) and ibg s for ATP on the concentration
of K* (B). Data were analyzed with eq 3 as described in
Experimental Procedures. The lowest level afN ATP (A) was

the lowest order-of-magnitude concentration at which Trp fluores-
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free PDHK2 and PDHK&K ", respectively. This was linked
to a change from 27 to 0.73 mM for*Kbinding 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 K19
and 49% for formation of the ternary complex. Global fitting
of the data when the ATP level was varied at differert K
levels was performed with+° = Kig® (fit 3) or Kiatp® =
Kia® (fit 4) being varied untilKig® andK,? 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*Kbinding 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*Kevels. 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 Mith an
affinity between 100 and 150M (average estimate 0120
uM) and with an affinity of~3 uM to PDHK2:K™, yielding
a C of ~40.

In the presence of 100 mM K the Lo s for ADP-Mg~
was ~57 uM with a Qmax Oof ~43%; the profile was

cence quenching could be measured without having a significant hyperbolic ¢ = 1.0+ 0.05) (Figure 3A and Table 3). These

correction of the free concentration of ATP for bound ligand since

data and those in which the'Klevel was varied at fixed

at least 3 nM PDHK2 dimer was required for taking measurements ADP |evels (Table 1) were globally fit using eq 2. Fit 5 in

with sufficient accuracy.

K* levels were decreased, the riseligs for ATP (Figure
4A) occurred with a decreaseim(n = 1.7, 1.45, 1.15, and
0.98 at 100, 20, 5.0, and 1.0 mM*Krespectively). The
extrapolated/-intercept in Figure 4A gives Ky for ATP in
the absence of Kof 135uM, and this fit to eq 3 yields a
Kq of 3.1 uM ATP at saturating K levels based th€ of
~44 which equaliarp/KiareX™ (fit 1, Table 4). The fit to
eq 3 yielded &y of PDHK2 for K* in the absence of ATP
of 22 mM. A binding affinity for Kt of ~0.5 mM with a
saturating level of ATP (Table 4) is derived on the basis of
the value ofC.

To further evaluate coupling ar values, the K level
was varied at fixed ATP levels from 1 to 30Q0M ATP
and the resulting changeslips for K* with fixed ATP levels
analyzed in Figure 4B. The level of Mg was varied to
maintain essentially all ATP bound to Mg From fitting
the data with eq 3 (fit 2, Table 4) and calculating all
constants, we obtained@of 37 andKy values for ATP of
105 and 2.8M for the transition from ATP binding to

Table 4 set theky of 0.95 mM estimated for binding of
ADP-Mg~ alone (Table 2) along with &max of 15% for
ADP binding in the absence of 'K Although the values
estimated forKy 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 & of ~24 with a saturating K
level lowering theKq for ADP to ~38 uM (Table 4). When
Kig® was varied to obtain the optimum fit, similar values were
estimated (fit 6, Table 4). The independent estimat&pof
of ~40 mM for K* binding to PDHK2 (Table 4) should be
more accurate than the value derived from ATPAfudies
because of the uniform near-hyperbolic nature of all the
profiles along with accounting for differef@max values by
ADP bound with and without K. On the basis of th&
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.
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Ficure 5: NH,4" ion-facilitated quenching by ATP and ADP with minimal effects pfffanel A shows the dependence on/NEoncentration
and panel B the dependence on ATP and ADP at 50 mM*™NMleasurements were taken under standard conditions, including 1.5 mM
free Mg prior, to addition of ATP or ADP as described in Experimental Procedures.
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Ficure 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 100uM ATP (B) or 1004M ADP (C) with or without 20 mM R The studies in panel B and C were conducted with 1.5 mM

Mg?*; the level of ADPMg~ was~70«M in the study in panel C. Panel A also shows the effect of addition gfMat the end of each

titration. Panels B and C show the effects of addition aoRhe titration lacking P in panel B, the resulting point falls directly under the

point for the other titration. Parameters are listed in Table 5.

Effect of Ron QuenchingWith 100 mM K*, theLq s for Variation of the Plevel with 100 mM K" and 100uM
ADP-Mg~ was decreased by 20 mM ffom 57 to 28uM ADP invariably gave a complex profile in which fluorescence
with little change in the maximal quenching by saturating quenching at first increased and then decreased at higher P
ADP levels (Figure 3 and Table 3). In contrast, 20 mM P levels (Figure 3SA, Supporting Information). Fitting of the
modestly increased thegs for ATP (Table 3). Further  data with opposing hyperbolic changes gavé ggof ~3.2
increasing the Plevel only slightly decreased tHe, s for mM P, and aQmax of 21% for the first phase (Table 3), and
ADP which remained 2-fold higher than that observed in a very weak affinity (150 mM P but with a substantial
potassium phosphate buffet3). At pH 7.5, ~200 mM maximum fluorescence increase32%) in the second phase
Hepes is required to provide the counterion for 100 mM K (see the Supporting Information). The decrease in fluores-
possibly, this elevated Hepes level fosters an increakgsn  cence, in part, results from ADP binding since with an
for ADP. Results below (pyruvate effects) indicate thasP  increasing Plevel there was some decrease iy for ADP.
not binding where the-P, of ATP binds at the active site.  The increase in fluorescence as thdevel was increased
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Table 3: Concentration Dependence for Quenching of Trp Fluorescence of PDHK2 by ATP, ADRn ¢hd®Presence of 100 mM*Kor 50
mM NH4*

with 100 mM K* with 50 mM NH,*
varied
fixed ligand(s) ligand Lo (uM) nP Qmad (%)  Qiot (%) Lo.2 (uM) nP Qmad (%)  Qut (%)
ATP 3.1+ 0.07 1.7£0.11 475+ 1.0 1.7+ 0.07 1.9+ 0.15 46.2£0.6
20mM R ATP 3.9+ 0.15 1.6+£0.11 49.5+1.0 2.5+ 0.07 1.9+0.1 46+ 0.5
100uM pyr ATP 2.84+0.08 2.05£0.1 455+09 ~52 2.45+ 0.05 1.72+0.05 42.2+0.3 54.5
100uM pyr, ATP 3.6+0.1 1.95+0.07 56.0+1.0 ~65 24+0.1 2.0+ 0.15 48.0+0.8 ~54
20mM R
ADP 72+25 1.0+ 0.05 43.0+£0.9 17.5+ 1.0 1.35+0.1 34.0+0.8
as ADPMg~ 575
20mMR ADP 35+ 2 1.1+ 0.05 44.5+0.9 14.0+ 0.6 14+0.1 33+ 0.6
as ADPMg~ 28
100uM pyr ADP 18.0+ 0.5 144+0.05 51.0+1.0 ~58 11.3+ 0.5 1.1+ 0.06 40.5+0.3 ~53
as ADPMg~ 145
100uM pyr, ADP 4.0+ 0.15 2.05£0.1 62.0+11 ~67 4.45+0.1 1.85+0.06 52.5+0.4 ~60
20mMR
as ADPMg~ 3.2
300uM pyr, ADP 2.6+0.9 20+£0.2 183+0.8 ~70
20mMR
asADPMg~ 2.1
100uM ATP i <3 ~45 <1° ~43
100uM ATP PR 12.54+ 0.7 mM 2.0+ 0.2 15.0+£04 ~64 <5¢ ~49
and pyr
100uM ADP PR, 3.2+ 0.3 mw 1.0¢ 21.04+ 2d ~40 <8 mM, >2 mMd ~gd ~34d
100uM ADP P, 0.85+0.05mM 1.3£0.1 21.0£04 ~66 ~1.5mM ~12 ~54
and pyr

2Range based on the standard error from the Hill plot (eq 1) using Origin; asymmetric deviations are aVestayetard error¢ With 50 mM
NH,4* and inclusion of 10@M ATP, there was no detectable effect gfifPthe absence of 10@0M pyruvate and the change due tocBncentration
with 100 uM pyruvate was too small to accurately measurelthe ¢ Complex profiles, when the; Boncentration was varied with 1Q0M ADP
and either 100 mM K or 50 mM NH;,", involved an initial decrease with and then an increase in fluorescence with a hjgiercentration. The
estimates ols and Qmax for P 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;abrgieetration. 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 maximunig s values were estimated. Ti@nax with 50 mM NH," and theQ with both monovalent cations reflect the maximum
guenching observed as thed®ncentration was increased.

was not due to weakened ADP binding at higheleRels; (Figure 3SB and Table 3). Again, this-@pendent quench-
indeed, tighter ADP binding was observed with 50 mM P ing increased in a highly cooperative manner<2.0) with
with no decrease iQmax (13). A potential cause of the a minimal change in fluorescence above 40 miM Mo
biphasic response for; Rvith ADP is considered in the change in ATP binding is projected, but some increase in
Discussion. The second phase involving the fluorescencethe level of pyruvate binding contributes to thed@pendent
increase becomes more prominent when Nov3r is boundquenching and may contribute to the cooperative profile.
(companion papé). In contrast, with 100 mM K and 100 Thus, the data suggest thatdecumulated in the PDHK2
uM ATP, P, had no effect on quenching (Figure 3SB, K*-ADP-pyruvateP, complex with an~10-fold tighter
Supporting Information). apparent binding affinity than in the PDHKR"-ATP-
With the R level varied in the presence of both ADP and pyruvateP, complex. However, an improved understanding
pyruvate, apparent tight Binding was observed.{s = 0.85 of coupling and contributions of binding of other ligands to
mM); an increase in fluorescence was not observed at higherthe observed profiles is needed to evaluate true differences
P, levels. The best data fits required the introduction of in binding affinity.
positive cooperativity (Figure 3SA and Table 3). With ADP NH4* lon Substitution for K. Unlike Na, NH,* ion was
and pyruvate included at 1Q0M, both increased ADP and  effective in supporting quenching by 1061 ATP and 200
pyruvate binding are predicted-{1 and~27%, respectively, =~ «M ADP and did so with~5-fold lower concentration
with 20 mM R using a rough estimate that treats thg; dependencies than'Table 1 and Figure 5A). As with K
values in Table 3 as apparent dissociation constants). Thethe Los for NHst was ~10 fold lower with 100uM ATP
binding of these ligands provides most of the observed (0.26 mM) than with 20&M ADP (2.8 mM). In the presence
increase in quenching with an increasingeé¥el. Positive of 200uM ADP, R did not significantly decrease the s
cooperativity may be the result of quenching produced by for NHt (Figure 5A) as it did with K. Therefore, with 20
the binding of multiple ligands under these conditio8s)( mM P, and 200uM ADP, the difference in_qs for NH4"
With saturating ADP and pyruvate levels (see the Supporting and K" was reduced te-2-fold, and there was a significantly
Information), P caused only~3.2% additional quenching.  higher Qmax with K* (Table 1).
Under these conditions (K ADP, and pyruvate), ®inding With 50 mM NH,;* ion (Figure 5B), thelLqs values of
alters other interactions of PDHK2. PDHK2 for ATP and ADP were-2- and~4-fold lower than
With 100 uM ATP and 100uM pyruvate, Rdependent  those obtained with 100 mM K(Table 3). In the presence
gquenching was observed with a highgrs of ~12.5 mM R of 50 mM NH,*, there was little effect of K on ATP and
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Table 4: Binding Constants Estimated by Global Fitting of Multiple Data Sets Using Fractional Quenching by Singled.igands

ligands varied (fit)

A B Kia® (uM) Kig? (mM) Kig® (mM)  Kia® (uM) ¢ Quot (%) c andd ratios

ATP-Mg? K+

Figure 4A, fit 135+ 7 0.50 22+ 2 3.1 44+ 2

Figure 4B, fit 2 105+ 10 0.73 2+ 1 2.85 37+ 15

global fit 3 101 0.78+ 0.11 28.0* 2.85+0.1 36 49 ¢ =18/49, A varied

global fit 4° 100* 0.724+0.04 23 3.14+0.3 325 49 c=18/49, B varied
ADP-Mg~ K+

global fit 5 950 1.68+0.11 42 38+ 3 25 43 c=15/43,d=0

global fit & 935 1.65+ 0.25 40* 385+11 24 43 c=15/43,d=0
pyruvate ADPMg~

global fit 7 460 0.450+ 0.055 0.830 295-45 155 69 ¢ =55.5/69,d = 15/69

global fit 8 585 0.400+ 0.070 0.940* 250+40 235 69 ¢ =55.5/69,d = 15/69

2When 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 relatiokslifis? = Kig®Kia? or C = Kia%Kia? = Kig%Kg?, the
answers are shown without experimental errors incluli&hta were fit using eq 3. In using eq 3, A is'tand B is ATP for fit 1 (Figure 4A) and
Ais ATP and B is K for fit 2 (Figure 4B).Kig® andKis” values were calculated from the fit valuéata were fit using the random equilibrium
(eq 2) or modified forms of eq 2 (i.e., Kig® was known while keeping this equilibrium constant). Whether A or B is vadeedd 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
Mg?*. In fits 3 and 4, the full set of data in which the ATP level was varied at different levels ofi&s fit. The fitting approach shown varied
the value ofKig? = Ki+© (fit 3) or Kia® = Kiare® (fit 4) to minimize errors in fittingKis® and Ki” values (see Experimental Procedurd&y? (fit
3) or K (fit 4) and C were calculated from these results. The data in which either the ATP level was varied at a fixedeKor 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 vs0.985 for fits 3 and 4 and yielded a lowkate® (67 «M) and a higheKix+° (40 mM). ¢ 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 th&ape® value of 95uM (Table 2). In fit 6,Ki+° was varied to minimize error&(+T" andKiarp" with smallest deviations
along with the best global correlation coefficierftpll 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 estimateiy of 460uM for pyruvate was used,; in fit 8, the level of ADP was varied until the smallest error in the global
fit and Kipy® were obtained.

ADP binding affinity, supporting these monovalent cations by pyruvate alone, and 69% by the combination. Using the
acting at the same site (data not shown). In contrast to theKy of 460 uM for binding of pyruvate, alone, to PDHK2
results with 100 mM K, inclusion of 20 mM Phad a (Table 2), aKq for binding of ADPMg™ to free PDHK2 of
minimal impact when the ADP level was varied with 50 mM 830 uM was estimated (fit 7, Table 4). This indicates that
NH," (e.g., Figure 5B and Table 3). Total quenching by ADP there is little or no coupling in binding of ADP and pyruvate
was not as high with 50 mM NF as with 100 mM K in the absence of Kand R. In close agreement with Table
whether ADP was added alone or with 20 mM & with 2, aKq4 of 940uM for ADP-Mg~ gave the lowest error ranges
100 uM pyruvate and 20 mM P However, similarQmax (fit 8), and this fit yielded a value of 58M for Kq4 for
values were achieved with higher pyruvate levels. Therefore, hinding of pyruvate to PDHK2, somewhat above the
NH," ion was effective at lower concentrations thanh i measured value. Fit 8 supported slightly greater but still very

supporting ATP/ADP quenching of the Trp fluorescence of \yeak coupling ¢ < 2.4) in the binding of ADP and pyruvate
PDHK2, but NH" did not match the capacity of Kto foster in the absence of Kand P (Table 4).

P-enhanced quenching by ADP.

Highly Modulated Fluorescence Quenching by Pyate.
As described above, pyruvate in the absence of ahyK
NH," (Figure 6A) gave significant quenching of Trp
fluorescence (Table 2). Addition of 20 mM; Fhodestly
increasedQmax but also slightly increased thégs for
gl)ggv(?;is:dpe;dser:;ﬁﬂﬁgf:;gge (:;Igtlljji:f:% a;SH'I';glefoﬁr). K only with A_DP. anq not with ATP and hoyv the role of'Kn
pyruvate without a significant increase @nax (Figure 6A pyruvate binding is changed by other ligands.
and Table 5). Thégs for pyruvate was further increased by ~ With 100 mM K*, other ligands caused marked changes
the combination of 100 mM Kand 20 mM P (Figure 6A in the Lo s values for pyruvate. Just as"kalone or Palone
and Table 5). In contrast, inclusion of 50 mM i alone, increased thé.os for pyruvate (Table 5), the combination
did not increase thégs for pyruvate; including 20 mM P caused a further increase. With KLOOuM ATP supported
with NH;" caused a definite but modest increaségp and an only ~3-fold decrease in théos for pyruvate (Figure
Qmax (Table 5). 6B) but with an increase i@ and introduction of some

Without K* ion, 1.0 mM ADP (0.73 mM ADPMg~) had ~ negative cooperativityn(= 0.82). However, ATP with P
a minimal effect on pyruvate quenching. The binding Via a K*-dependent allosteric mechanism, lowered lthe
dissociation constants shown in the bottom data set of Tablefor pyruvate by =>10-fold below that found with #K*

4 were obtained from fitting of these data with random (Figure 6B and Table 5). This strongly indicates that P
equilibrium binding of pyruvate and ADRIg~ and using produces this effect by binding at a location separate from
asQmaxVvalues: 15% quenching by ADMg™~ alone, 55.5% the binding site of the>-phosphate of ATP at the active site.

In the absence of K the combination of 20 mM Rand
1.0 mM ADP gave only a 4-fold decreaseligs for pyruvate
(Table 5). In marked contrast, in potassium phosphate buffer,
ADP caused 150-fold decreasesligs for pyruvate (3).
ATP caused only a 10-fold effect using potassium phosphate
(13). Those results had raised questions of whethexcB
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Table 5: Quenching of Trp Fluorescence by Pyruvate and Effects of Various Additions on Pyruvate Quenching

pyruvate varied

fixed ligand(s) cation levél Lo (uM) Qmax (%) Qtot (%0)

none none 466 20 55.3+ 0.5

20mM R 565+ 30 64+ 3

1 mM ADP 420+ 10 65+ 2.5 ~72
1 mM ADP, 20 mM R 117+ 4 61.04+ 1.2 ~68
none 100 mM K 770+ 30 57+ 2d

20mM H 1070+ 210 69+ 64

100uM ATP 210+ 15 30.0+£ 1.2 ~67
100uM ATP, 20 MM R 84+ 8 30.0+ 0.6¢ ~71
100uM ADP 554+ 25 51.0+1.C¢ ~70
200uM ADP 18.3+1 33.0+ 1.5 ~68
100uM ADP, 20 MM R 85+0.2 43.0+ 0.9 ~76
200uM ADP, 20 mM R 8.3+ 0.25 29.0+ 0.9 ~74
none 50 mM NH* 395+ 20 584 2d

20mM R 530+ 10 64.0+ 1.0¢

100uM ATP 160+ 10 224 2¢ ~68
100uM ATP, 20 MM R 155+ 8 27+ 3¢ ~72
100uM ADP 115+ 15 38+ 1.5 ~68
100uM ADP, 20 MM R 32+15 39+ 1.5 ~70

@Values were derived with eq 1 using Origin. In the cases wherédbexceeds 30@M, Qnax Values estimated from reciprocal plots@lvs
[pyruvate]?) and standard deviations are shown. All estimates wkre within the range of 1.8 0.2; n values of<0.85 were estimated when
the pyruvate concentration was varied with 100 mM &d 100uM ATP or 200uM ADP. ° Other than Tris catiorf Standard errord Standard

deviation forQmax from the reciprocal plot.

These results are in accord with" KATP, and pyruvate
enhancing Pbinding above. Due to the qualitatively similar
effects with K" and pyruvate, Pis assumed to bind at a
common site in producing linked effects with ADP and ATP.
However, with 10Q«M pyruvate with or without R theLgs
values estimated for ATP were not reduced belowlthe

100uM ADP and 20 mM Pwere significantly higher than
those observed with these ligands in the presence of 100
mM K™ (Table 5). With 50 mM NH*, P, had small effects

on pyruvate, ATP, or ADP binding alone. However, along
with ADP, R significantly lowered thé., s for pyruvate with
NH4" replacing K. Thus, with NH*, P has significant

for ATP with just 100 mM K'; the responses with 1QoM effects on the coupled binding of ADP and pyruvate (Tables
pyruvate were highly cooperativa {~ 2.0 (Table 3)]. Again, 3 and 5); inclusion of ADP has a particularly large effect in
cooperativity may result from enhanced pyruvate binding and decreasing theg s for pyruvate with P(16.5-fold) compared

quenching as ATP levels are increased. Using higher butto a value of 3.4-fold in the absence qf(Pable 5).
Changes in the Kinetic Properties of PDHK2 with Added
lons. 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 R invariant, decreased
the Ky, for ATP and theK; for ADP of PDHK2 by ~3-fold
along with a decrease . that was nearly as largé ). In
the complete absence offkand R, the K, for ATP was
elevated to 24@M (Figure 4S, Supporting Information, and
Table 6) which is somewhat above tKg value estimated
for ATP. Under these conditions, PDHK2 is catalytically very
active with aVmax 0f 815 nmol mint mg? (keas= 1.25 s%)
(Table 6). Therefore, functional use of ATP does not depend
on K ion. Addition of 100 mM K" or 50 mM NH,*
modestly reduced th&, for ATP to ~140 or ~90 uM,
respectively (Table 6). With 100 mM K the K, that is
appreciably higher (Table 6) than tKg for ATP (Tables 3
and 4) is expected on the basis of the proposed ordered
reaction mechanisni(),® but kinetic parameters may also
be influenced by the additional interactions of PDHK2 with
E2 and E1 (see the Discussion and the companion paper
Within experimental error, 20 mM;Rad no effect in the
absence of K on theKy, for ATP. With 100 mM K, 20
mM P, supported a 3-fold decrease in tkg for ATP with
these ligands, but the linkages are not simple (see thea similar decrease iWVmax Kinetic studies found that this
was due to Pfunctioning as an uncompetitive inhibitgP¥;
~ 12 mM). This suggests that*Kdependent Pbinding is
ATP and ADP binding and pyruvate-enhanced ADP binding preferential with either PDHKATP, PDHK2ADP, or both.
The binding studies described above suppartbiRding

nonsaturating pyruvate levels and 20 miMIR s values for
ATP were not decreased below the value of @\6 found
with 100uM pyruvate, but ATP-dependent quenching could
be observed only over small intervals.

In studies that included; PADP had a pronounced effect
on pyruvate binding or inhibition of PDHKZ2L{, 13). With
100 mM K*, even in the absence of added FoOuM ADP
supported & 10-fold decrease i s for pyruvate to~55
uM (Figure 6C and Table 5), exceeding the effect of ATP
and Rin lowering thel, s for pyruvate. With 20 mM Palso
included (Figure 6C), thdos for pyruvate was further
decreased to 8,8M in the presence of 100M ADP (Table
5). Increasing the ADP concentration to 20M did not
further decrease theys for pyruvate. Therefore, coupled
binding with ADP, K, and R results in a pronounced
gain in pyruvate binding. In agreement with linked effects
with these ligands, théos for ADP-Mg~ (Figure 3 and
Table 3) was reduced 2-fold by inclusion of 100 pyruvate
and further reduced-9 fold by additionally including 20
mM P, (Figure 3B and Table 3). With 30@M pyruvate
(near saturating under these conditions), tthe for ADP
was reduced to 2.6M (2.1 uM ADP-Mg?*) with 20 mM
P, and 100 mM K. Clearly, there is coupled binding of

Discussion).
Although 50 mM NH" was very effective in supporting

(Table 3), thel 5 values for pyruvate with 100M ADP or



2308 Biochemistry, Vol. 47, No. 8, 2008

Hiromasa and Roche

Table 6: Changes in Kinetic Parameters of PDHK2 with Inclusion of Various lons and Changes in Pyruvate IAhibition

% inhibition by pyruvaté

Km(ATP) Vimax
ion (uM) Kn(ATP)/Los(ATP) (nmol mim* mg™?) KealKm (STM7Y) 100uM 300uM
none 240+ 20 ~1.6¢ 815+ 55 0.52x 10* 10+ 4 23+5
K* (100 mMmy 143+ 8 46 1125+ 30 1.2x 10 21+3 44+ 4
NH4* (50 mM) 90+ 7 53 640+ 20 1.1x 0*
P, (20 mM) 265+ 30 ND 920+ 80 0.53x 10* 13+ 4 34+ 2
K* (100 mM), R (20 mM) 53+ 9 14 430+ 25 1.24x 10* 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 InformatioABased on th&q estimated by fluorescence guenching in the absence ¢T&ble 2). Averaging
the estimates of th&y for ATP binding to free PDHK2 in coupling studies (Table 4) with this value gives 183 uM, giving a Kn(ATP)/
Los(ATP) ratio of ~2. ¢ Data including variation in control activities in Figure 5S of the Supporting Information.

primarily to PDHK2ADP in the absence of pyruvate. In
agreement with ADP dissociation being rate-limiting in
PDHK?2 catalysis with elevatedKlevels and 13 mM R11)
and with the larger decrease lig s for pyruvate with ADP
than with ATP in the presence of P, (Table 5), the degree
of pyruvate inhibition was markedly increased when 20 mM
P, was included along with 100 mM K(Table 6). Without
K*, there was very weak pyruvate inhibition that was
minimally enhanced by 20 mM; fFigure 5S); however, with
100 mM K, P, greatly enhanced pyruvate inhibition (Figure
5S). The results are consistent with $bowing catalytic
turnover by favoring retention of pyruvate and ADP.

DISCUSSION

Subsequent to the finding that"Kon decreased thiy,
for ATP and theK; 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
structures with ATP or ADP bound had a kon held at the
active site with thex-phosphate of the adenine nucleotide
contributing to K chelation R4, 28). Using potassium

relatively insensitive to the concentration of the second
substrate (E1)1(1); binding of PDHK2 to the lipoyl domains

of E2, particularly the L2 domain9( 21), is required for
this outcome. In the absence of E2, PDHK2 catalysis is
minimally sensitive to effectors, including pyruva®,(and

the reaction has a very hidy, 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,
guantitative characterization of the allosteric coupling in the
binding of different ligands by studies of fluorescence
guenching is made challenging even for just two ligands due
to Kt or R, alone or in combination, not causing significant
guenching of the Trp fluorescence. Additionally, ATP or
ADP caused weaker quenching in the absence of(¢
NH;%) ion. One estimate of~50 for coupling constan€

for ATP and K" binding is derived from our estimates of
the Kq values for ATP binding in the absence of" K150

uM (Table 2)] and with 100 mM K [3.1 uM (Table 3)].
Lower values ofC of 37—44 were obtained from the data
in Figure 4. The best estimate 6f40 mM for binding of

K* to free PDHK2 was derived from global fitting of the

phosphate buffer, ATP, ADP, or pyruvate strongly quenched uniformly hyperbolic data from studies of ADP/Kluores-

the fluorescence of Trp383 of PDHK2LY). Here we

cence quenching. We find somewhat stronger coupling of

establish that the quenching by ATP and ADP requires the K™ With ATP than with ADP (Table 4). A large impact of

monovalent cations Kand that this can be replaced by lower
levels of NH* ion but not Nd. In contrast, pyruvate
guenched PDHK2 Trp fluorescence without Knd pyruvate
binding was not enhanced by'K

The coupled binding of Kwith other ligands had not been
treated quantitatively with any PDK isoform prior to this

K* on the affinities of ATP and ADP at the active site of
PDHK2 is predicted with K levels of 106-130 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

study. We have determined the binding dissociation constantsto be slower thaic.;and ADP dissociation was found to be

for the highly coupled binding of ATP/ADP and Kby
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 {3). We have established that the deficit is due
to substantial effects of,which amplify the effects of ADP

to yield the 125-fold decrease in thegs for pyruvate. This
K*-dependent result gains from the transition from P
weakening pyruvate binding to enhancing pyruvate binding

a rate-limiting stepX1). Here we show that PDHK2 is highly
active in the complete absence of KHowever, effector-
altered modulation of PDHK2 activity requires elevatet! K
levels. In agreement with a nonequilibrium mechanism in
which ADP dissociation limits PDHK2 catalysis, we find
that theK, for ATP is 143uM with 100 mM K*, well above
the Kq of ~3 uM for binding of ATP. A change toward a
near-equilibrium mechanism in the absence bdfikindicated

by theK, for ATP of ~250uM and theKq for ATP of ~120
uM. We propose that the more rapid dissociation of ATP

in the presence of ADP. Using fluorescence quenching, we and even weaker binding of ADP in the absence bfiéad

have provided the first estimates of thg for binding of
ATP, ADP-Mg~, K™, and pyruvate to free PDHK2.
With elevated K and Rusing E2-bound E1 as a substrate,

to the loss of regulatory sensitivity to inhibitory and
stimulatory effectors of PDHK2 activityd( 11, 12).

The Ly s of 460uM for pyruvate binding alone should be

PDHK2 catalyzes a nonequilibrium steady state reaction a good measure of its equilibrium binding affinity. Although
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our results demonstrate that pyruvate binds to free PDHK2 PDHK?2. Like ADP, an increased intramitochondriald¥els
in the absence of Kor adenine nucleotides, the much tighter is a very important indicator of energy demand.
pyruvate binding along with K and ATP or ADP are in NH4" often binds enzymes at'Kbinding sites; NH" ion
accord with past evidence that pyruvate is as an uncompeti-has an ionic radius between those of EKnd R, and the
tive inhibitor that binds to the PDHKATP-Mg-K complex proton character of the Nfi ion often leads to unique
and even more tightly to the PDHKRDP-Mg-K complex binding, including tighter or weaker binding at different K
(11). Therefore, potent pyruvate inhibition issues from K sites (e.g., ref87—39). We find that lower levels of Nt
enhancing the binding of ATP and ADP. In contrast in the supported tight ADP/ATP binding and effective quenching
absence of K, we find only slight coupling in the binding  of Trp fluorescence. The interaction of IyHwith PDHK2
of ADP and pyruvate (Table 4). was distinguished from that by'kin its inability to replicate

In general, whether ADP,;Por pyruvate is the varied the capacity of K to support Renhanced binding of ADP.
ligand, marked reductions ihys were observed when the Only when ADP and pyruvate were included did NHon
full set of these ligands was included with 100 mM,Kout show any linkage to P An intracellular role of NH* in
the transitions and linkages are complicated. By inclusion regulating PDHK2 activity seems unliketyA second K
of K*, B, and 300uM pyruvate, thelLos for ADP was site, important for PDHK2 binding to L2, is indicated in the
reduced~530-fold from~950 to 1.8uM ADP-Mg?*. There companion papérand is distinguished by NFi ion being
was a 10-fold smaller total decrease in the for pyruvate quite ineffective at this site.
(from 460 to 8.5uM). However, due to the negative effects Modeling of K" binding to the crystal structures of
of K¥/P, on pyruvate binding, ADP fostered a 125-fold PDHK2 indicated that the structure with ADP and DCA
decrease irLos for pyruvate (from 1070 to 8.xM). The bound positions residues for greatly favored chelation bf K
13-fold decrease in thiegs for ADP upon addition of 300  at the active site as compared to the positioning in the
uM pyruvate is modest by comparison. A conditional linkage apoenzyme or enzyme with ATP and Nov3r bound when

analysis (with 100 mM K and 20 mM;Preveals a> 8-fold crystals were developed under the same (loWy ¢onditions

discrepancy Kipy°Kiapp" > Kiapp®Kipy*PP); the secondy (22). Uncertainties arise in interpreting those data because
in each term was obtained by extrapolation using eq 3, albeit crystallization captures specific conformations among a larger
with limited data (1.4uM was the minimalKy for ADP ensemble. Nevertheless, this interpretation is bolstered by

estimated at saturating pyruvate levels). It is clear that the our finding that the binding of ADP and pyruvate is stabilized
linkage between ADP/Kand R greatly alters the effect of by firm K* binding which almost certainly occurs at the

P, on pyruvate binding. Improved understanding dbiRding active site. The combined allosteric coupling of KADP,
is needed to fully evaluate the coupling in the binding of pyruvate, and Pexplains the 150-fold decrease ligs for
these ligands. pyruvate due to inclusion of ADP in studies conducted in

With just ADP and K, we have repeatedly observed a Potassium phosphate buffer3). Extensive studies will be
complex Trp fluorescence profile with thelBvel varied in ~ heeded to quantitatively evaluate the changes in binding
which low levels of Pquenched fluorescence but higher P affinities and specific intersite couplings at work in these
levels increased Trp fluorescence. Future studies will be higher-order complexes and the structural requirements that
needed to determine the cause of this effect. In the companionunderpin acquisition of these intersite linkages.
paper? Nov3r favors the transition from quenching to Overall, we have found that Kenhances ATP and ADP
enhancing fluorescence at lower IBvels. It seems either  binding and that the enhancement in pyruvate binding by
that R binds at two sites in PDHK2 subunits or binding of ATP and especially ADP is kdependent. We have shown
P. to one subunit along with ADP greatly alters binding of that the effect of Pin enhancing binding by ADP and the
P: to the second subunit of the PDHK2 dimer. With ADP, combination of ADP and pyruvate is alsd#lependent. The
K*, and pyruvate, only quenching was observed and a low ADP-dependent change fromweakening to strengthening
Losof 0.85 mM Rwas obtained (Table 3); Binding greatly pyruvate binding probably results from *kaided ADP
enhances ADP and pyruvate inhibition (Figure 58l)(and binding altering Pbinding at the same site or fostering P
stimulation of PDHK2 activity involves reversing ADP,,P  acting at an additional site. These linked binding roles of
or CI- (or pyruvate) inhibition {2). The companion paper ~ K* and Rresult in trapping of ADP and pyruvate on PDHK2
uncovers critical roles of;Rhat are also K-dependent and and thereby produce the potent (synergistic-appearing)
involve coupled binding of Rwith other ligands. Pappears  inhibition of PDHK2 activity by ADP and pyruvate. The
to play a special adapter role in intersite communication that companion papéshows major effects of;®n lipoyl domain
can only be fully dissected by identifying Binding sitesin ~ 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.

4“When there is a need to neutralize acids excreted in the kidney,
NH," ion and a-ketoglutarate are generated from glutamine. While
the majority of thea-ketoglutarate produced is normally used in ACKNOWLEDGMENT
gluconeogenesis, some conversion of phosphoenolpyruvate to pyruvate . .
followed by the PDC reaction helps meet the energy demands of the We thank Dr. Aron W. Fenton (University of Kansas
kidney. PDC catalysis (and activation) is required for full oxidative Medical Center, Kansas City, KS) for his advice and
utilization of a-ketoglutarate by repeated full rounds of the citric acid i, ndent analvsi
cycle which consumes only acetyl-CoA. Elevation of Nhbn levels dependent analysis of some of our data.
has been linked to activation of liver PD@Q). However, NH*-
enhanced ADP (and pyruvate) inhibition of PDHK2 which favors PDC SUPPORTING INFORMATION AVAILABLE
activation would not appear to have physiological significance since .
the level of K* within the mitochondrial matrix space remains near _ Effects of ions (K, NH,", Na', and MgC}) on Trp
saturating for supporting these regulatory effects. fluorescence quenching of PDHK2 (Figure 1S), fluorescence
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quenching by ATFRMg and ADPMg in the absence of
monovalent cations (Figure 2S), effects of IBvel 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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