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ABSTRACT. At the junction of glycolysis and the Krebs cycle in cellular metabolism, the pyruvate
dehydrogenase multienzyme complex (PDHc) catalyzes the oxidative decarboxylation of pyruvate to acetyl-
CoA. In mammals, PDHc is tightly regulated by phosphorylatidaphosphorylation of three serine residues

in the thiamin-dependent pyruvate dehydrogenase (E1) component. In vivo, inactivation of human PDHc
correlates mostly with phosphorylation of serine 264, which is located at the entrance of the substrate
channel leading to the active site of E1. Despite intense investigations, the molecular mechanism of this
inactivation has remained enigmatic. Here, a detailed analysis of microscopic steps of catalysis in human
wild-type PDHc-E1 and pseudophosphorylation variant Ser264Glu elucidates how phosphorylation of
Ser264 affects catalysis. Whereas the intrinsic reactivity of the active site in catalysis of pyruvate
decarboxylation remains nearly unaltered, the preceding binding of substrate to the enzyme’s active site
via the substrate channel and the subsequent reductive acetylation of the E2 component are severely
slowed in the phosphorylation variant. The structure of pseudophosphorylation variant Ser264Glu
determined by X-ray crystallography reveals no differences in the three-dimensional architecture of the
phosphorylation loop or of the active site, when compared to those of the wild-type enzyme. However,
the channel leading to the active site is partially obstructed by the side chain of residue 264 in the variant.
By analogy, a similar obstruction of the substrate channel can be anticipated to result from a phosphory-
lation of Ser264. The kinetic and thermodynamic results in conjunction with the structure of Ser264Glu
suggest that phosphorylation blocks access to the active site by imposing a steric and electrostatic
barrier for substrate binding and active site coupling with the E2 component. As a Ser264GiIn variant,
which carries no charge at position 264, is also selectively deficient in pyruvate binding and
reductive acetylation of E2, we conclude that mostly steric effects account for inhibition of PDHc by
phosphorylation.

PDHC¢ catalyzes the irreversible conversion of pyruvate, components: the thiamin diphosphate (ThDP)-dependent
coenzyme A, and NADinto CO,, NADH, and acetyl-CoA, pyruvate dehydrogenase (E1), the dihydrolipoamide transacety-
the latter serving as the main precursor for the Krebs cycle lase (E2) containing covalently bound lipoyl groups, the
and the biosynthesis of fatty acids and steroid<2}. With flavoenzyme lipoamide dehydrogenase (E3), and the E3-
a molecular mass of a few megadaltons, PDHc is the largestbinding protein (E3BP). In addition, mammalian PDHc also
and one of the most complex multienzyme systems known contains a family of four pyruvate dehydrogenase kinases
(3). In mammals, this complex is comprised of four major (PDKs) and two pyruvate dehydrogenase phosphatases

(PDPs), which control the activity of the complex by

*The refined model and structure factors for PDHc-E1 Ser264Glu reversible phosphorylatiow) The catalytic sequence (Figu_re
have been deposited in the Research Collaboratory for Structural LA) of PDHc commences in the E1 component, which
Biology as PDB entry 20ZL. catalyzes in a series of microscopic steps the decarboxylation
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nate; ThDP, thiamin diphosphate; LThDP, 2-lactyl-ThDP; HEThDP, here, phosphorylation of Ser264 (denoted as site 1) appears
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Ficure 1: Mechanism and regulation sites of the human pyruvate dehydrogenase (E1) component. (A) Sequence of microscopic catalytic
steps in E1 with identified intermediates. (B) Surface view (transparent) of the substrate channel in E1 leading to the active site with the
cofactor ThDP and the side chain of Ser264 indicated. The correspoadiagd s-subunits are colored individually. (C) Surface view
(opaque) of E1 showing the active site channel, the cofactor ThDP, and regulation sites 1 (Ser264), 2 (Ser271), and 3 (Ser203). For clarity,
the diphosphate moiety of ThDP was deliberately omitted from panel B.

PDHc with phosphorylated site 2 (Ser271) or 3 (Ser203) site 1 phosphorylation or pseudophosphorylation (replace-
retains moderate catalytic activitg)( In the X-ray crystal ment of serine with glutamate) appeared to have an
structure6), Ser264 is positioned at the entrance of the only small effect on catalysis when monitored in commonly
substrate channel with the hydroxyl moiety of the side chain used steady-state assays of model E1 react®ng fus, it
pointing right into the channel (Figure 1B). Ser271 and had been concluded that active site coupling of E1 and E2
Ser203 are located farther from the active site (Figure 1C). is impaired as also suggested for the related branched chain
The mechanism by which phosphorylation inactivates PDHc keto acid dehydrogenase compleS).(Recent transient

or related 2-oxo acid dehydrogenase complexes has beerkinetics studies on human PDHc-E1 have shovid),(
controversially discussed. Earlier studies suggested thathowever, that all microscopic catalytic steps are several
catalysis in E1 might be affected,(8). On the other hand, orders of magnitude faster than the overall reaction rate of
a kinetic analysis of isolated human PDHc-E1 revealed that E1 determined in steady-state assays, which make use of
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Table 1: Microscopic Rate and Equilibrium Constants (see Figure 1A) of the Activated Site in Human Wild-Type PDHc and Variants
Ser264Glu and Ser264Gin

microscopic rate and equilibrium constants wild-type PDHc-E1 variant PDHc-E1 variant
of elementary steps of catalysis PDHc-E1 Ser264Glu Ser264GIn

step 1

ionization rate constant of C2 of ThDRys(S™) 51+ 15 71+ 10 18+ 9
step 2

on-rate for pyruvate analogue MARy, (M~*s™1) 60+ 1 254+0.1 0.9+0.1

off-rate for pyruvate analogue MAR (S 0.00274 0.0001 0.00255- 0.00001 0.012- 0.001

dissociation constant for MAP (kineticdapp (MM) 0.045 1.02 13.3

dissociation constant for MAP (CD titratiorfap, (MM) 0.046+ 0.004 0.9414 0.070 1.513+0.181
step 3

net rate constant of LThDP formatioki,(s™%) 23+£05 0.033+ 0.009 0.023+ 0.002
step 4

net rate constant of LThDP decarboxylati&h(s™) 51+1.3 >step 3 >step 3
step 5

reductive acetylation of EX (s 1) 50—-70C¢ no detectable activity 1.5 (3% of residual activity)

a Steps 4 were analyzed for isolated PDHc-E1, and step 5 in the reconstituted complex was as describgdPiatréb mM (wild type) and
30 mM pyruvate (variants). Please note that for the variants the observed net rate constant is not maximal at this pyruvate corfdentration.
PDHCc, reductive acetylation of E2 is thought to be rate-limiting for overall cataly{d)s (

Verly slow art|f|C|§1I %‘i Slfde rE?CttI)CI)nZ. '[herefOLQ, thgsehklnetlc Table 2: X-ray Crystallographic Statistics for the Human E1
tools are not suitable for reliably detecting kinetic changes geogaG1y variant
of elementary steps of catalysisQj.

data collection

.Here, we have analyzed microscopic steps of patalys_is in resolution range (A) 561.90 (2.00-1.90)
wild-type PDHc-E1 and the pseudophosphorylation variant space group P2,2,:2,
Ser264Glu, which has been previously shown to be a viable unit cell dimensions
model for site 1-phosphorylated E1 alone and in the a,b,c(A) 64.9,126.4,190.4
multienzyme complexd, 9). Aside from measures of overall n Ofl(’)fﬁr‘ e”ﬂgi?i%)n s 9101'2312 (9382)
activity and E1 model reactions, microscopic rate constants completeness (%) 91.1 (76.6)
and equilibrium constants were determined for elementary redundancies 3.23(2.3)
steps of the El-catalyzed reaction sequence (Figure 1A) Reym (%) 0.11(0.31)
encompassing (i) formation of the reactive ThDP C2 car- ref'ia"e(r'%em statistiés 5.56 (3.61)
banion in the active site of E1 (step 1), (ii) the reversible resolution range (A) 50:61.90 (2.06-1.90)
binding of the substrate to and from E1’s active site (step no. of reflections 106472
2), (iii) formation of the covalent predecarboxylation inter- Reryst 0.186 (0.218)
mediate (step 3), (iv) decarboxylation of the adduct (step Rree - 0.221 (0.253)

. . . root-mean-square deviation
4), and (v) reductive acetylation of E2 (step 5) that is bond lengths (A) 0.005
considered to be rate-limiting for the overall activity of the bond angles (deg) 2.1
active unphosphorylated comple41j. In addition to the dihedral angles (deg) 16
experiments with the physiological substrate pyruvate, the improper angles (deg) 31

enzyme was also reacted with the pyruvate analogue me- fi‘ Rsym =b¥l1— D]EIJ/%I. wherel is tﬂe integratfd i?]teﬂ_sit%/ Ofagivlen_
i i reflection. e numbers in parentheses are for the highest-resolution
Compound fors a covalent bond with C2 of ThDP simiar 1S 19010200 A*Reys = 317,  Fuf. #Fus = 3IF,
P . Fcl/> Fo, whereF, values are test set amplitudes (10.0%) not used in
to that of pyruvate 14, 15), but the adjacent £&-P bond refinement.

cannot be cleaved enzymatically (Figure 1A of the Support-

ing Information). Therefore, catalysis arrests at the prede- ppyc-E1 were analyzed using chemical quenched-fidw/
carboxylation intermediate stage, allowing for a separate NyvRr spectroscopic methods<@, 16, 17). For that pur-
kinetic and thermodynamic analysis of the substrate binding pose, 15 mg/mL PDHc-E1 was reconstituted with an
sequence (steps 2 and 3 in Figure 1A). Besides the ki”eticequimolar amount of ThDP and 5 mM Nigin 0.1 M
and thermodynamic analysis of elementary catalytic Steps, potassium phosphate buffer (pH 7.6) and 300 mM KCl.

the X-ray structure of the E1 pseudophosphorylation variant ynqer these conditions and if we take into account the
Ser264Glu was determined and compared to that of the wild- -5tactor's dissociation constant of O. AR (wild-type), 0.92

type enzyme. UM (Ser264Glu), or 0.4%M (Ser264Gln), approximately
MATERIALS AND METHODS 95%.01‘ .the active sites are occupied with ThDP in_dyngmic
equilibrium. Thereafter, the enzyme was mixed with either

Protein Production, Reaction Intermediate Analysis, and 99.9% (v/v) O (C2 ionization) or the substrate pyruvate
Chemical Synthesidduman wild-type PDHc-E1 and the (single-turnover decarboxylation) for defined reaction
variants Ser264Glu and Ser264GIn were recombinantly times in a chemical quenched-flow apparatus (KinTek,
produced irEscherichia coliM15 cells containing the pQE-  Althouse) for reaction times of up to 2000 ms or by manual
9-6HEI0/E 15 plasmid. Fermentation of the cells and protein  mixing for longer reaction times followed by acid quench
purification were carried out as detailed in . of the reaction, separation of the reaction intermediates, and

Formation of the reactive C2 carbanion of enzyme-bound *H NMR spectroscopic and kinetic analysis as described in
ThDP and single-turnover pyruvate decarboxylation by ref 10.
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Ficure 2. Microscopic kinetic analysis of wild-type E1 and pseudophosphorylated E1 (Ser264Glu) by transient quenchid\idR/
spectroscopy. (A) Formation of the reactive ThDP carbanion (step 1 in Figure 1A) monitored byDaekichange techniquel®).

(B) Pyruvate decarboxylation in E1 (steps42in Figure 1A) under single-turnover conditiorid)( 17). (C) SelectedH NMR spectra of

isolated reaction intermediates obtained after acid quench of working wild-type E1 and Ser264Glu at different reaction times are
shown. Please note that the predecarboxylation intermediate LThDP is exclusively observed in wild-type E1. Kinetic constants are given
in Table 1.

For an independent kinetic and thermodynamic analysis Protein Crystallization and Data CollectiorCrystals of
of the substrate binding sequence, PDHc-E1 was reacted withPDHc-E1 Ser264Glu were grown using a modified protocol
the chemically synthesized pyruvate analogue methy- developed for wild-type E11@). Crystallization droplets
lacetylphosphonate (MAP). This compound forms a stable containing 8-10 mg/mL protein (supplemented with 0.2 mM
predecarboxylation intermediate that gives rise to both a ThDP and 1 mM Mg") in 50 mM potassium phosphate
circular dichroism and an absorbance signal centered aroundouffer (pH 8.0), 5 mM DTT, 0.1 mM sodium azide, 100
290-295 nm. The apparent dissociation constant of MAP mM NaSCN, and 68% PEG 3350 (v/v) were equilibrated
under equilibrium conditions was determined using the over a reservoir solution containing448% PEG 3350, 0.1
circular dichroism signal of the predecarboxylation interme- mM sodium azide, and 200 mM NaSCN, all in 50 mM
diate after titration of increasing amounts of MAP as a potassium phosphate (pH 8.0). A crystal with dimensions
sodium salt to 2 mg/mL enzyme (reconstituted with 0.1 mM of 0.3 mm x 0.2 mm x 0.08 mm was soaked for several
ThDP and 1 mM Mg") in 0.1 M potassium phosphate buffer  seconds in cryoprotectant consisting of the reservoir solution
(pH 7.6) and 300 mM KCI. The rate constants for binding and glycerol mixed in a 3:1 (v/v) ratio. The crystal was flash-
of MAP to enzyme-bound ThDP were determined by frozen in liquid nitrogen and transferred to an X-ray
stopped-flow kinetics at 295 nm and an optical path length giffractometer. Data were collected at Argonne National
of 10 mm. PDHc-E1 (at 4 mg/mL, reconstituted with 0.2 | ahoratory, beamline BM19 at 100 K, and processed with
mM ThDP and 1 mM Mg") in 0.1 M potassium phosphate  HKL2000 (19) in space groupP2,2:2; with the E1-
buffer (pH 7.6) and 300 mM KCl were mixed with various  ser264Glu tetramer in the asymmetric unit and the follow-
concentrations of MAP (in the same buffer) in a 1:1 ratio at jng cell dimensions:a = 64.9 A, b = 126.4 A, andc =
30 °C. The progress curves that were obtained were fitted 190.4 A. The diffraction data extended to a resolution of
to a monoexponential function. In view of the apparent linear 1 g7 A
dependence okys on the analogue concentration, the

following equation was used to fit the data: Structure Determinationlhe a3, structure of PDHc-E1

Ser264Glu was determined using the methods of isomor-
Kops = Koff + Ko [MAP] phous molecular replacement using the structure of human
E1 (PDB entry 1NI4) as a search mod@). (The initial model
wherek,n is the apparent second-order rate constant for MAP was subjected to rigid body refinement using CI26) (After
binding andk. the apparent first-order rate constant for several cycles of model building and refitting using XtalView
dissociation from the enzyme. (22, all 1380 residues of the Ser264Glu protein and four
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Ficure 3: Transient kinetic and CD spectral thermodynamic analysis of the substrate binding sequence (steps 2 and 3 in Figure 1A) in
wild-type and pseudophosphorylated E1 employing methylacetylphosphonate (MAP) as a substrate analogue not undergoing decarboxylation.
(A) Normalized binding plots for binding of MAP to wild-type E1 and the variant Ser264Glu as analyzed by CD spectroscopy. CD spectra

are shown in the Supporting Information. (B) Formation of the stable predecarboxylation intermediate analogue analyzed by stopped-flow
kinetics. (C) Dependence of the observed rate constants obtained in panel B on the substrate analogue concentrations. Stopped-flow transients
were fitted to a monoexponential function. Measurements were carried out in triplicate, and the corresponding error bars are indicated.
Kinetic and thermodynamic constants are given in Table 1.

additional residues resulting from cloning, one at the ingis not affectedq). One can surmise that any microscopic
N-terminus of each subunit, were located. The experimental step at E1 (steps-15 in Figure 1A) could be a potential

as well as the simulated annealing omit maps clearly showedregulation point of the enzymatic reaction because all
the presence of Glu264 in the structure. Finally, two ThDP corresponding nonenzymic reactions are at least 6 orders of
molecules, two M§g" ions, two K" ions, and 757 water  magnitude slower. If specific catalysis provided by the
molecules were added, and refinement continued to conver-enzyme for any of those steps would be impaired or abolished

gence using all data to 1.9 A resolution. The fiRalstand by phosphorylation, overall catalysis will be rate-limited by
Riee Values are 0.186 and 0.221, respectively, with 90.1% this particular step2?).

of the residues in the most fa_lv_ored regions of the Ram- Transient Chemical Quenciti NMR Kinetic Studies of
achandran plot and the remaining ones in the additional ,,. icS f CatalvsEi ivzed the abil
allowed regions. In each case, those residues have weII-M'(:rF)SCOpIC teps o atay; Irst, we analyzed the ability

' of wild-type E1 and the variant Ser264Glu to catalyze the

defined electron density. The final statistics of data collection .. . . . = .
and refinement are listed in Table 2 initial formation of the reactive thiamin C2 carbanion (step

. . . i 1) usi H-D exch hemical h/NMR techni
Figures were prepared using either XtalVie®l) or ) using a exchange chemical quenc echnique

TR ) (16). Studies on the related enzyme pyruvate decarboxylase
Pymol (DeLano Scientific, http://www.pymol.org). from yeast, which is subject to homotropic substrate activa-

tion triggered at a regulatory site some 23 A from the active
RESULTS ) . -
site, have shown that catalysis of thiamin enzymes can be
In the fully reconstituted human multienzyme PDH regulated at this initial stage by activating and deactivating
complex, site 1 phosphorylation or pseudophosphorylation the cofactor {6). However, our kinetic studies on PDHc
completely abolishes overall activity whereas cofactor bind- clearly show that cofactor activation in the catalytically active
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Ficure 4: Kinetic and thermodynamic analysis of elementary catalytic steps of the PDHc-E1 Ser264GlIn variant (a pseudophosphorylation
variant with no charge at position 264) by transient NMR and stopped-flow kinetics, and CD spectral analysis (see the text). (A) Cofactor
activation. (B) Pyruvate decarboxylation under single-turnover conditions. (C) CD spectral titration using the pyruvate analogue MAP (left)
and normalized binding plot (right). (D) Transients of MAP binding (left) and dependenkgsah the MAP concentration (right). The

kinetic and thermodynamic constants are summarized in Table 1.

site of PDHc-E1 is virtually unaffected by pseudophospho- pyruvate from a docking site to C2 of ThDP (step 3) and
rylation (Figure 2A and Table 1), thus ruling out deactivation decarboxylation (step 4) can be assesdé)l. Contrary to
of ThDP as accounting for inactivation of PDHc. Notably, these results, we could not detect the predecarboxylation
the two active sites imf,-type PDHc-EL are chemically  intermediate in Ser264Glu PDHc-E1, indicating that decar-
and functionally nonequivalent and are termed a “dormant boxylation is clearly faster than the preceding steps of
site” and an “activated site” with the latter solely accounting catalysis (steps 2 and 3) and not rate-limiting (Figure 2B,C).
for catalysis 10, 23). Also, the apparent rate constant of enamine formation in the
Next, we kinetically analyzed the reaction of isolated E1 activated site is slowed 70-fold when compared to that of
with pyruvate using transient chemical quench/NMR methods wild-type E1 (Table 1) and, even above 30 mM pyruvate,
(17). In the absence of all other components of PDHc, E1 remains dependent on the substrate concentration, suggesting
only catalyzes a single-turnover reaction comprising stepsthe bimolecular substrate association with the enzyme (step
1—4in Figure 1A with the 2-hydroxyethyl-ThDP (HEThDP) 2) to be at least partially rate-limiting for catalysis (Figure 2
enamine as a final intermediate and the predecarboxylationof the Supporting Information). Therefore, we conclude that
adduct 2-lactyl-ThDP (LThDP) as a transient intermediate. unimolecular steps of catalysis in the active site (steps 3 and
We could detect both intermediates in wild-type E1 and 4) are not largely affected by pseudophosphorylation which
demonstrated that at saturating pyruvate concentrations theather seems to kinetically block binding of substrate to the
unimolecular forward net rate constants of addition of active site.
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Ficure 6: Simulated annealing, — F. omit map of residue 264
in PDHc-E1 Ser264Glu calculated prior to inclusion of the
glutamate side chain at position 264 in the refinement. The map is
contoured at @ (blue lines) and & (purple lines).
E1l has a half-time of less than 500 ms (Figure 3B). By
contrast, the reaction of the variant under similar conditions
FIGURE 5: Superposition of the structures of wild-type E1 and Nas a half-time of approximately 12 s. As observed for both
variant Ser264Glu after least-squares alignment. The black linesthe wild-type enzyme and the variant, the apparent rate
represent the Ctrace of the wild-type protein. For the variant, all constant depends on the substrate analogue concentration in
four bcorfeSpolndi“dg SUbU”itSd ae Co'gred igdi‘{idua”ﬁ/ with Jhe a linear manner, implying that the bimolecular association
bie. #RESPC%S[gcuggiceagol éfeda&aﬂe;ng?,&zzg Clseq  kinetically determines the overall rate (Figure 3C). Therefore,
side chains are shown as spheres. the data allow us to extract the apparent second-order on-
rate constant of the substrate (binding to the active site) and
Transient Stopped-Flow Kinetics and Thermodynamic the apparent first-order off-rate (dissociation from the active
Studies of Substrate Binding Using a Nondecarboxylating site). The analysis reveals the off-rate constant to be virtually
Substrate Analogu€elo analyze the substrate binding se- the same for the wild type and the phosphorylation variant,
guence (bimolecular association with the enzyme and uni- whereas the on-rate constant is approximately 25-fold smaller
molecular ligation to ThDP) separately, we reacted PDHc- for the variant, resulting in a residual activity of only a few
E1 with the pyruvate analogue methylacetylphosphonate percent after phosphorylation under substrate subsaturation
(MAP), which forms a stable predecarboxylation intermediate conditions (Table 1). The equilibrium constants calculated
analogue that gives rise to a circular dichroistf)(and an from the kinetic experimentKp = Ko/kon) are similar to
absorbance signal centered around 290 nm (Figure 1 of thethose obtained in the thermodynamic studies. This fact and
Supporting Information). The former signal can be used to the observation of only one relaxation time are consistent
determine the overall equilibrium constant for both binding with a simple reversible one-step mechanism of MAP
steps (steps 2 and 3 in Figure 1A) in a presumably two-stepbinding. That notwithstanding, we cannot rule out a two-
reversible reaction mechanism: step mechanism with the second step being markedly faster
than the first. Alternatively, a two-step mechanism in terms
PDHc-E1+ substratet PDHc-E1*substrate (Michaelis ~ ©f @ rapid pre-equilibrium preceding the rate-determining
K o _ second step (unimolecular forward and reverse) can also be
complex)3 predecarboxylation intermediate  envisioned. In view of the linear dependencekgf, on the
MAP concentration, this would require, however, that the
As shown in Figure 3A, the apparent dissociation constant dissociation constant (pre-equilibrium) of the substrate
of MAP under equilibrium conditions is 20-fold increased analogue be>30 mM. A pre-equilibrium mechanism with
for pseudophosphorylated Ed{,= 1 mM) when compared  a dissociation constant for MAP 6f30 mM can be excluded
to that of wild-type E1Kapp= 0.047 mM). Thisresult clearly ~ because a hyperbolic dependencekgf on the substrate
indicates that binding of substrate to E1's active site is analogue concentration would be expected in that case for
severely affected by pseudophosphorylation. Notably, this the large concentration range of MAPB0 mM) covered
tremendous effect can be detected over the whole pH rangein the kinetic experiments. Independent of the kinetic model
that was tested (pH 6-8.0) for human PDHc-E1 and and even by considering a fast pre-equilibrium, the kinetic
accounts at pH 7.0 for an as much as-30-fold increase  data suggest that unimolecular steps of catalysis are not
in the substrate’s equilibrium constant in the phosphorylation largely affected by pseudophosphorylation but rather binding
variant Kapp = 2.45+ 0.37 mM) compared to that of the of the substrate to the active site (see Mathematical Ap-
wild-type enzyme Kapp = 78.18 £ 6.32 uM) (data not pendix).
shown). The CD spectroscopic data do not allow us to draw Is Inhibition by Phosphorylation a Size- or Charge-Related
reliable conclusions concerning which microscopic step of Effect? Studies on the “Uncharged Phosphorylation Variant”
the binding sequence is affected by pseudophosphorylation.Ser264GIn By theory, both steric and electrostatic effects
Therefore, we analyzed the binding of MAP to the enzyme of the phosphoserine/glutamate side chains can be envisioned
by transient stopped-flow kinetics using the absorbance signalto account for PDHc inhibition as a phosphorylation of
of the predecarboxylation intermediate analogue. At high Ser264 or its replacement with glutamate makes the side
substrate analogue concentrations, the reaction in wild-typechain bigger and introduces a negative charge. To dissect
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. = A /=
FIGURe 7: (A) Superposition of the phosphorylation loop in human wild-type PDHc (orange) and pseudophosphorylation variant Ser264Glu
(green). The cofactor ThDP and the side chains of residues Ser264 (wild type) and Glu264 (variant) are indicated. (B) Superposition of the
active sites in human wild-type PDHc and pseudophosphorylation variant Ser264Glu (green) showing the cofactor ThDP and selected
amino acid side chains. Residue 264 in each case is highlighted.

Ficure 8: Structural comparison of the active site accessibility in wild-type PDHc-E1 (A) and pseudophosphorylation variant Ser264Glu
(B) in surface representation. The cofactor ThDP is shown in stick representation, and the side chains of residue 264 are highlighted. The
structures suggest a partially obstructed substrate channel in the variant.

whether steric hindrance and/or electrostatic repulsion of X-ray Structural Analysis of the Ser264Glu Pseudophos-
phosphoSer264 or Glu264 causes inhibition, we have ana-phorylation Variant. The E1 Ser264Glu crystal structure
lyzed the kinetics and thermodynamics of elementary resembles the structure of wild-type EB).(As shown in
catalytic steps of a Ser264GIn variant where the side chainFigure 5, the protein is composed of four subunits, namely,
of residue 264 is the same size as that of the pseudophose, o', 5, andp’, that are arranged in a tetrahedral manner.
phorylation variant Ser264Glu but carries, as opposed to theAll 1380 C, atoms of the four subunits in the variant are
latter, no charge. structurally equivalent to those of the wild-type enzyme. The
Unimolecular reaction steps such as cofactor activation binding and conformation of the ThDP cofactor and the
and decarboxylation of the LThDP intermediate are, within binding of Mg ions are also similar in both enzymes.
experimental uncertainty, not largely affected in PDHc-E1 Subsequent least-squares alignment of these structures gave
Ser264GIn when compared to wild-type PDHc-E1 and an overall root-mean-square deviation (rmsd) of 0.57 A
Ser264Glu (Figure 4 and Table 1). On the contrary, bimo- corresponding to small shifts in the relative organization of
lecular binding of pyruvate and that of the pyruvate analogue domains, which form the intact subunits. Residue Glu264
MAP are as severely affected as that observed for thecould be identified in the structure and exhibits defined
Ser264Glu variant, suggesting that predominantly steric electron density (Figure 6).
effects cause a slowed substrate binding in the phosphory- In the structure of human PDHc-E1, Ser264 residues of
lated enzyme. There is some residual activity of Ser264GIn the o-subunits are located in long loops, each originating
in the overall PDHc assay not seen for the Ser264Glu variantfrom ano-helix at Ser246 and ending at Thr274, the first
(Table 1). From this observation, it can be concluded that residue of g3-strand. In the E1 Ser264Glu structure, these
the blocked reductive acetylation of E2 in the phosphorylated loops remain similar (Figure 7A). This includes thetorsion
or pseudophosphorylated enzyme is, aside from stericangle of the mutated residue at position 264, indicating that
hindrance, also caused by electrostatic repulsion betweenthe & and C atoms of the glutamate side chain would take
phosphoSer264/Glu264 and E2. the place of € and O, if it were in wild-type E1. In both
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Ficure 9: Stereodrawing representing the vicinity of the mutation site 264 irutBabunits with electrostatic properties indicated. The
drawing is centered on the C2 atom of ThDP viewed down the substrate binding channel. The mutation site 264 is a superposition of
structures of wild-type serine and the variant glutamate showing the contacts that both side chains make with Ser266 and with water
molecules (W) in their respective crystal structures. The proximity of the mutation site to His263esthrinit and His63 of thg-subunit

indicates that that substitution of Ser for Glu is associated with electrostatic changes in this region. Shades of red and blue represent the
range of electrostatic charge on the surface of the channel from red being negative to blue being positive.

structures, residue 264 forms a contact with Ser266 (Figurecovalent catalysis in the active site such as ThDP cofactor
6). Glu264 adopts a curled conformation with its carboxyl ionization and decarboxylation of the predecarboxylation
O¢ atoms reaching to not only "Oof Ser266 but also the intermediate LThDP are not largely affected. In line with
amino nitrogen of Ser266 (2.65 and 2.70 A, respectively). this, the active site geometry is found to be unaltered in the
This is a rarely reported conformation of the side chgin ( X-ray structure of the pseudophosphorylated Ser264Glu
= 47, y» = 67°, andys = —92°) that exhibits strong and  variant. The overall structure of the enzyme and that of the
specific interactions with the immediate surrounding. The phosphorylation loop remain unchanged upon phosphoryla-
most common rotamerg24) of Glu264 would bring the side  tion. As opposed to this finding, an order-to-disorder
chain into the space of the substrate channel and closer taransition of the conserved phosphorylation loop has been
His263 of a-subunits and His63 g8-subunits (Figure 3 of  described for the related E1 component of the human
the Supporting Information). In addition, carboxyl oxygen branched chain-keto acid dehydrogenase complex, resulting
atoms form hydrogen bonds with two nearby water mol- in an abolished coupling of its E1 and E2 componegjs (
ecules. The side chain of Glu264 in this rare conformation In human PDHc, both steric and electrostatic factors appear
is well-defined in the crystal. Also, the geometry of all active to cause the apparent inhibition of pyruvate and E2 binding
site residues is virtually unchanged in the pseudophospho-as a result of phosphorylation. A comparison of the wild-
rylation variant (Figure 7B). An analysis of the surfaces of type structure and that of Ser264Glu provided evidence that
the two enzymes reveals, however, that the substrate Chaanhe substrate channel is C|ear|y narrowed upon pseudophos-
Ieading to the active site is partially obstructed in the phory|ati0n and is the primary conformation f0||owing
pseudophosphorylated enzyme when compared to the wild-phosphorylation. The steps of phosphorylation and dephos-
type enzyme (Figure 8). In addition to this steric effect, phorylation likely require a disorder transition to make the
pseudophosphorylation results in a change in the electrostaticserine and phosphoserine available for the PDK and PDP,
charge at the entrance to the catalytic site of ThDP to strongly respectively. However, it remains to be determined whether
negative (Figure 9). such a disordered conformation makes a significant contribu-
tion when E1 is not interacting with the regulatory enzymes.
DISCUSSION Also, phosphorylation is accompanied by an apparent change
Our kinetic and thermodynamic studies on wild-type in the local electrostatic properties of the substrate funnel.
PDHc-E1 and PDHc-E1 in the pseudophosphorylated stateHowever, electrostatic repulsion appears not to be the major
have shown that both binding of the substrate pyruvate to determinant of phosphorylation-mediated inhibition as a
E1l's active site and reductive acetylation of the E2 compo- Ser264GlIn substitution (a pseudophosphorylated variant with
nent are severely impaired. By contrast, acid/base andno charge at position 264) results in an enzyme with a
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_ KKy
Kapp= 1+ K,

(A4)

phosphorylation .
Values of [C]/[A], have been determined by CD measure-

ments (Figure 3A) at various MAP concentrations. The data
were evaluated according to eq A2. The following values
were obtained:K}, = 0.047 mM andK;3 = 1.0 mM
Kinetically, the formation of Zx-phosphonolactyl-ThDP is
described by

P —
—

dephosphorylation

d
I vfe) k1) (15)

In line with the assumption of a fast pre-equilibration of the
initial binding step in sequence Al which can be made in
view of the binding of the native substrate pyruvate, [B]
Ficure 10: Suggested regulation mechanism of human PDHc. The might be approximated by
impaired active site accessibility impedes binding of both the
substrate pyruvate and the lipoamide swinging arm of the E2 [A]M]
component to E1’s active site. [B] = K

S

(A6)

residual activity of just a few percent in the overall activity
of the PDHc b) and a 56-100-fold slowed binding of  Hence, the mass balance equation becomes
pyruvate or the pyruvate analogue when analyzed by transient M]

NMR and stopped-flow kinetics. On the basis of the kinetic, _ 0

thermodynamic, and structural data described in this study, [Alo =[A] (1 + K_S) +IC] (A7)
we suggest that phosphorylation of Ser264 in human PDHc

impairs active site accessibility by mounting a barrier at the Substitution of eqs A7 and A6 into eq A5 leads to
entrance of the substrate channel, resulting in smaller on-

rates for both pyruvate binding and binding of E2 (Figure dic] _ K [AlMlo [ kMlo +K. |l (n8)
10). Hence, phosphorylation or dephosphorylation starts to at 1KS+ M, \Ks+I[M], -1

control the mode of action of human PDHc at the earliest

stage of catalysis, namely pyruvate binding, thereby avoiding k.M,

undesired side reactions of pyruvate-derived intermediates bs = Ko+ M, +ky (A9)

in PDHc-E1 and a loss of synchronization of H&2

coupling. Thi_s study provides a molecular mechanism of Observedkss values as measured by stopped-flow depend
PDHc regulation by phosphorylation. Whether similar mech- linearly on [M] (Figure 3C). This would require this be

anisms may hold true for related complexes such as thexs.v], if the mechanism given in eq Al holds true. Thus,
branched chaim-keto acid dehydrogenase complex, where eq A9 reduces to

the catalytic properties of isolated wild-type E1 and E1 in

the phosphorylated state could only be assessed in atrtificial k,

steady-state assays not suitable for the analysis of elementary Kobs = e Mot ko1 =keglMlo +ky  (A20)
steps of catalysis, remains to be determined by the kinetic s

and thermodynamic tools used in this study. Therefore, thekes values given in Table 1 are apparent

bimolecular constants, whereas the observed process itself
MATHEMATICAL APPENDIX is rate-limited by the €C ligation step. Empirically, the
The formation of 2e.-phosphonolactyl-ThDP (see Figure ratio k‘é‘f’fT/ fo“ is found to be 24, while it theoretically
1A of the Supporting Information) proceeds presumably via reflects
a two-step reversible mechanism:
WT WT,Var
ff k1 KS

ks Ky LIPS (A11)
E—ThDP + MAP E —ThDP- MAP E—PLThDP var | Var Wt
—_— —— kg — kg ) ff 1 S
A M « B X ¢ @D On the other hand, thermodynamic binding measurements
S ! mentioned above yield
At equilibrium, the fraction [C]/[A} is given by KVar  [vanevar 4 4 Wr
M =2 Ll=212 (A12)
[C] o[M], A2) KWT K\éVTK\lNT 1+ K\1/ar
= app
[A] 0 Kapp+ [M] 0 . . . . .
' Both ratios are almost identical. This can be explained by
with assuming" ~ k{*" andk] ~ k'Y The latter identity is

1 further substantiated by the comparison of the empikigal
a=(1+Ky) (A3) values in Table 1 (2.% 102 and 2.55x 1073 s! for the
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wild type and the variant, respectively). So far, kinetic
analysis is consistent with the conclusion that the kinetic and
thermodynamic effects of pseudophosphorylation are largely
due to shiftedKs values.
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SUPPORTING INFORMATION AVAILABLE

Spectroscopic studies on PDHc-E1 Ser264Glu with the
pyruvate analogue MAP (Figure 1), additional kinetic NMR
studies of pyruvate decarboxylation catalyzed by PDHc-E1
Ser264Glu (Figure 2), and a structural representation of

the

substrate channel of Ser264Glu showing all common

rotamers of the side chain of residue 264 (Figure 3). This
material is available free of charge via the Internet at http://
pubs.acs.org.
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