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the Human Pyruvate Dehydrogenase Multienzyme Complex through Alternating
Sites Cofactor Activatioh

Franziska Seifert,Ralph Golbik} Johanna BrauerHauke Lilie$ Kathrin Schialer-Tittmanng Erik Hinze}
Lioubov G. Korotchkind, Mulchand S. Patéland Kai Tittmann®

Institut fir Biochemie and Institut“fuBiotechnologie, Martin-Luther-Un#krsitd Halle-Wittenberg, Kurt-Mothes-Strasse 3,
D-06120 Halle/Saale, Germany, and State &émsity of New York, Buffalo, New York 14260

Receied August 4, 2006

ABSTRACT:. Recent kinetic and structural studies on various thiamin-dependent enzymes, including the
bacterial E1 component of the pyruvate dehydrogenase complex (PDHc), suggested an active center
communication between the cofactors in these multimeric enzymes. This regulatory mode has been inferred
from the dissymmetry of active sites in proteolytic patterns and X-ray structures and from a complex
macroscopic kinetic behavior not being consistent with independently working active sites. Here, direct
microscopic kinetic evidence for this hypothesis is presented faudbetype E1 component of the human
pyruvate dehydrogenase complex. Only one of the two thiamin molecules bound to the two active sites
is in a chemically activated state exhibiting an apparent C2 ionization rate constant of approximately 50
stat pH 7.6 and 30C, whereas the thiamin in the “inactive site” ionizes with a rate that is at least 3
orders of magnitude smaller. The chemical nonequivalence is also exhibited in the ability to bind the
substrate analogue methyl acetylphosphonate and in the catalytic turnover of the substrate pyruvate in the
El-only reaction. In the activated active site, pyruvate is rapidly bound and decarboxylated with apparent
forward rate constants of covalent pyruvate binding of 2and decarboxylation of the formed 2-lactyl-
thiamin intermediate of 573. In the dormant site, these steps are as slow as 008 ader the conditions

that were used, only the heterotetramer can be detected by analytical ultracentrifugation, thus ruling out
the possibility that multiple oligomeric species with different reactivities cause the observed kinetic effects.
The results are consistent with the recently suggested model of an active site synchronization in PDHc-
E1 via a proton wire that keeps the two active sites in an alternating activation state [Frank, R. A., et al.
(2004)Science 308372]. Kinetic studies on the related thiamin enzymes transketolase, pyruvate oxidase,
and bacterial pyruvate decarboxylase are not consistent with a chemical and/or functional nonequivalence
of the active sites as observed in the E1 componehdg®bDHc. We hypothesize that the alternating sites
reaction in PDHc-E1 aids in the synchronized acyl transfer to the E2 component in the highly organized
multienzyme complex.

The human pyruvate dehydrogenase multienzyme complexdehydrogenase (E3) with a tightly bound flavin, and the E3-
(PDHCc) catalyzes the oxidative decarboxylation of pyruvate binding protein (E3BP). In addition to these four major

to acetyl-CoA in the following overall reactiori) components, mammalian PDHc also contains pyruvate
dehydrogenase kinase (PDK) and pyruvate dehydrogenase
pyruvate+ CoA + NAD" — phosphatase (PDP), which serve to control the activation state

acetyl-CoA+ CO, + NADH + HT (1) of El by phosphorylating or dephosphorylating three serine
residues 2—4).

The E1 component catalyzes the initial decarboxylation
of pyruvate and the subsequent reductive acetylation of a
lipoyl group covalently attached to a lysine residue in E2
(Scheme 1). After ionization of the reactive C2 of ThDP
and formation of the Michaelis complex, the C2 carbanion
of ThDP attacks the carbonyl carbon of the substrate pyruvate

The components that are involved in this reaction are the
thiamin diphosphate (ThDP)-dependent pyruvate dehydro-
genase (E1), the dihydrolipoamide transacetylase (E2) con-
taining covalently bound lipoyl groups, the lipoamide
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Scheme 1: Mechanism of the Pyruvate Dehydrogenase Complex E1 Component
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in a nucleophilic manner, yielding the tetrahedral 2-lactyl- be synchronizedl(, 12). The structural nonequivalence of
ThDP (LThDP) intermediate (denoted kg). Decarboxy- both active sites apparent both in the X-ray structure and in
lation of LThDP (denoted a%,') gives the carbanion different proteolytic patterns obtained in presence of either
enamine form of 2-hydroxyethyl-ThDP (HEThDR which ThDP or the carbene-like cofactor analogue 3-deaza-3-carba-
in turn reduces lipoamide of the E2 component with ThDP (a mimic of the reactive C2 carbanion) tempted these
concomitant acetyl transfer, leading to the formation &8-  authors to deduce that only one active site is in an activated
acetyldihydrolipoamide-E2. The reductive acetylation step state. On the basis of the X-ray structure, they proposed a
shown here to occur in a carbanion mechanism may molecular switch in terms of a proton wire via a chain of
alternatively involve transient 2-acetyl-ThBiihydrolipoyl- acidic side chains from one cofactor to the other. Although
E2 intermediates in a stepwise mechanisn ( the structural data support the conclusions that were made,
The human E1 component is ag>-type heterotetramer  no direct kinetic evidence on a microscopic scale for a
and consists of two active sites, each of which binds one possibly different reactivity of the two cofactors had been
ThDP and one Mg ion. Although the X-ray structure of  provided. Going beyond the class of ketoacid dehydrogena-
the human E1 component was not indicative of a structural ses the authors hypothesized that this active center com-
nonequivalence of the active sites in the absence of sub-y,unication might be considered a common feature of all
strates, an alternating sites flip-flop mechanism has beenhiamin enzymes. In line with this proposal, there have been
suggested for the catalytic turnové).(Accordingly, the two kinetic studies on some ThDP enzymes such as yeast PDC

active sites irnsPDHc-E1 were supposed to be synchronized 4.4 penzoyiformate decarboxylase which are not consistent
by shuttlelike motions of one heterodimer with respect to i independently working active site3).

the other heterodimer in the course of catalysis. As a ) L o
consequence, both active sites would be in alternating phases 102, teSt whether the two active sites in human E1 exhibit
of the catalytic sequence. The detailed structural analysis® different chemical reactivity, we (i) characterized the
suggested that catalytic events in both active sites could drive@ctivation state of enzyme-bound ThDP by determining the
the domain movements simultaneously in terms of “pull- 1onization rate constant of the reactive C2 using &0
push mechanics'8]. The proposed dynamic nonequivalence €xchange techniqueld), (ii) kinetically analyzed the E1-
of the two active sites is supported by earlier kinetic studies ©Nly reaction which encompasses all catalytic steps up to
on mammalian PDHc7( 8). Reconstitution experiments of ~and including formation of the central carbanieenamine
PDHc with either ThDP or chemically synthesized HEThDP  intermediate (steps-13 in Scheme 1) by transient chemical
(the conjugate acid of the HEThDP enamine) revealed thatdueénch-NMR studies 15), and (iii) examined the ability
only 50% of the active sites are occupied with HEThDP Of both active sites in E1 to bind the pyruvate analogue
when compared to ThDP as demonstrated by CD spectros-methyl acetylphosphonate. Our results show that only one
copy. In view of recent studies by Jordan and co-workers Of the two cofactor molecules in the active sites is in an
(9, 10), one can surmise that the observed CD signal activated state. As a consequence of this chemical non-
originates from the "14'-imino tautomer of the aminopyri-  equivalence, only the “reactive site” in E1 catalyzes a fast
midinium ring of the cofactor or HEThDPintermediate. ~ pyruvate decarboxylation to yield the carbani@namine
However, the fraction of the' ¥'-imino tautomer of bound  intermediate. These findings are consistent with the proton
ThDP and HEThDP in E1 need not neccessarily be equal. wire mechanism suggested by Perham and co-workers.
Therefore, these studies could not ultimately prove a half- According to this, both active sites are synchronized by a
of-the-sites mechanism. proton shuttle, which serves to reversibly transfer a proton
A recent report of Perham and co-workers addressed howbetween the active sites. In that way, deprotonation of the
the active sites in E1 frorBacillus stearothermophilusay central enamine in the course of reductive acetylation at the
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reactive site would trigger activation and substrate binding
in the other active site and vice versa.

MATERIALS AND METHODS

Protein Expression and Purification. Escherichia ddli5
cells containing the pQE-9-6HEBIE1S plasmid (6) were
grown on a LB plate containing 1Q0y/mL ampicillin and
25 ug/mL kanamycin overnight at 37C. A single colony
from plates was used to inoculate an overnight culture of
either (i) 2x 50 mL for cell cultivation in flasks or (ii) 300
mL for cell cultivation in a fermenter (B. Braun Biotech) at
37 °C. In both cases, the overnight culture was centrifuged
at 6000 rpm and 5C for 20 min. The pellet that was
obtained was resuspended in 30 mL (flasks) or 300 mL
(fermentation) of fresh LB medium containing 10@/mL
ampicillin and 25«g/mL kanamycin. Thereafter, cell suspen-
sions were used to inoculate either 12 L of LB medium in
flasks or, alternatively8 L of yeast extract in a biofermenter,
each containing 10Qug/mL ampicillin and 25 ug/mL
kanamycin. In the former case, cells were grown to andoD
of 0.8 and the overexpression was initiated by the addition
of 1 mM IPTG and 10Qug/mL thiamin. The cultures were
then grown overnight at 3%C. The cells were harvested by
centrifugation at 6000 rpm for 20 min at°&. The pellet
(wet weight of approximately 60670 g) was resuspended in
washing buffer containing 50 mM potassium phosphate (pH
7.0), 1 mM EDTA, 1 mM DTE, and 10 mM imidazole
(150-200 mL for 12 L of culture). For storage, the cell

suspension was shock-frozen in liquid nitrogen and stored

at —70 °C until it was used.

In the biofermenter, the culture was stirred with increasing
velocity from 600 to 1500 rpm at p(O,) of 100% and 37
°C. The rate of air flow was increased from 3 to 12 L/min.
The pH was kept constant at 7.0 by addition of JOHH
(15%). After the sample had reached an QDf 45, the
temperature was decreased t0°Z5 The expression of the
gene encodingsPDH-E1 was initiated by addition of 1 mM
IPTG and 10Qug/mL thiamin. After induction, cells were
grown until an ORy of 106 was reached. After centrifuga-
tion (6000 rpm for 20 min at 4C), the cell mass (wet weight
of approximately 1340 g frm 8 L of culture) was shock-
frozen in liquid nitrogen and stored at70 °C.

For purification, 66-70 g of cells was thawed on ice and
resuspended in 15200 mL of buffer containing 50 mM
potassium phosphate (pH 7.0), 1 mM EDTA, 1 mM DTE,
and 10 mM imidazole. In addition, DNaseg§/mL), MgSQ,

(2 mM), PMSF (1 mM), and lysozyme (1 mg/mL) were
added. The suspension was stirred for 45 min &€8
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phosphate (pH 7.0), 300 mM KCI, and 20 mM imidazole
(buffer A) with a flow rate of 2 mL/min. His-tagged protein
E1 was eluted employing a linear imidazole gradient (from
0 to 100% buffer B) over 100 mL. The fractions containing
E1 were pooled and concentrated to a final volume of 3 mL
in microconcentrators (VIVASPIN 15R 30 kDa, 4000 rpm,
5 °C), washed with 15 mL of buffer containing 50 mM
potassium phosphate (pH 7.0) and 300 mM KCI, and again
concentrated to a volume of 3 mL. The concentrated solution
was loaded onto a Superdex 75 gel filtration column at a
flow rate of 1.5 mL/min. The fractions containing the E1
component were pooled again and concentrated in the manner
described above in 100 mM potassium phosphate (pH 7.6)
and 300 mM KCI. The purity of the protein was determined
by SDS-PAGE, and the protein concentration was deter-
mined by absorbance using an extinction of 084y mg*
mL cm! for the apohsPDHc-E1 protein. The total amount
of homogeneous protein varied between 17 and 25 mg. The
protein was shock-frozen in liquid nitrogen and stored a0
°C until it was used.

Analytical Ultracentrifugation. HBEDHc-E1 was analyzed
at initial protein concentrations of 0.62 mg/mL in 0.1 M
potassium phosphate (pH 7.6), 0.3 M KCI, 1 mM MgCl
and 10QuM ThDP with a Beckman Optima XL-A centrifuge
and an An50Ti rotor. Sedimentation equilibrium and sedi-
mentation velocity measurements (absorption at 230 and 280
nm) were carried out in double-sector cells at ZD and
8000 and 40000 rpm, respectively. Original data were
analyzed with the software provided by Beckman Instruments
(Palo Alto, CA). The dependence of the apparent sedimenta-
tion coefficient on the protein concentration was fitted to a
dimer—tetramer equilibrium according to rel& and 18.

Kinetic Single-Step Analysis of the E1-Only Reaction and
H—D Exchange Kinetics at C2 of the Enzyme-Bound
Cofactor by Rapid QuenehtH NMR SpectroscopyApo-
E1 (15.5 mg/mL, 20LM active sites) was reconstituted with
an equimolar amount of ThDP and 5 mM Rigin 0.1 M
potassium phosphate (pH 7.6) and 300 mM KCI at°80
for 5 min. The enzyme was mixed with a saturating
concentration of pyruvate (50 mM) for defined reaction times
in 0.1 M potassium phosphate (pH 7.6) and 300 mM KCI at
30 °C, either by using a rapid quench flow device (RQF-3,
Kintek Althouse) for reaction times of up to 2000 ms or by
manual mixing for longer reaction times. The reaction was
guenched by the addition of 12.5% (w/v) TCAdcah M DCI
(in D2O). The denatured protein was discarded after cen-
trifugation, and the supernatant containing the intermediates
and the substrate was analyzed'bly NMR spectroscopy.
For the assignment and quantitative analysis of ThDP and

Cells were then lysed by repeated passages in a Frencltovalent ThDP adducts, the G *H NMR signals of ThDP
press. The cell debris was separated from the soluble fraction(8.01 ppm), LThDP (7.27 ppm), and HEThDP (7.33 ppm)

by ultracentrifugation (30 000 rpm for 35 min at &).
Nucleic acids were precipitated using streptomycin [0.8%
(w/v)] at 8 °C for 30 min. After centrifugation (30 000 rpm
for 35 min at 5°C), 300 mM KCI was added to the
supernatant. The protein solution was diluted in a 1:4 mixing
ratio with a buffer containing 50 mM potassium phosphate
(pH 7.0), 1 mM EDTA, 1 mM DTE, and 10 mM imidazole.
Thereafter, the solution was loaded onto aNiITA—agarose
column (25 mL) previously equilibrated with 100 mL of 50
mM potassium phosphate (pH 7.0), 300 mM KCI, and 200
mM imidazole (buffer B) or 100 mL of 50 mM potassium

were used. NMR acquisition and data processing were carried
out as detailed in ref5. Kinetic analysis was performed as
described in the Appendix.

The deprotonation rate constants at C2 of PDHc-E1-bound
and free ThDP were determined using a Bl exchange
technique as described in reéd. The apo-E1 enzyme (15.5
mg/mL) was reconstituted with ThDP and Ricps described
above and mixed with 1 volume of;D (99.9%) at 30°C,
by using a rapid quench flow device for reaction times of
up to 2000 ms and by manual mixing for longer reaction
times. After acid quench of the exchange reaction, the
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Table 1: Kinetic and Thermodynamic Constantshd?DHc-E1 in
0.1 M Potassium Phosphate (pH 7.6) and 0.3 M KCI afG0

specific activity (milliunits/mg} 60+ 1

Keat (5792 0.077+ 0.001
Ku(pyruvate) (M)?2 10.0+1.5
Ko(ThDP) uM)® 0.47+ 0.08
Kp(methyl acetylphosphonatg)N1)¢ 46+ 4
Kp(dimer—tetramer) M) 1.3+0.1

ionization rate constant
of C2 of ThDP Kgps (53¢

net rate constant of LThDP
formation,k;’ (s71)¢

net rate constant of LThDP
decarboxylationk,' (s~1)¢

5% 15 (activated site)
0.0184+ 0.005 (dormant site)

2:80.5 (activated site)
0.029+ 0.005 (dormant site)

54t 1.3 (activated site)
>k;' (dormant site)

aThe macroscopic kinetic constants were determined using the redox

DCPIP assayl). P The dissociation constant of ThDP was estimated
by fluorescence titration experiments as detailed in 18f¢The
apparent dissociation constant of the pyruvate analogue methyl

acetylphosphonate was determined by circular dichroism spectroscopy

as described in Materials and Metho83he microscopic rate constants
of elementary catalytic steps were determined by rapid quencheetflow
H NMR spectroscopy as detailed in the text and efsand 15.

isolated cofactor was analyzed By NMR spectroscopy.
The singlet signal of the C81 proton (8.01 ppm) was used

as an internal nonexchanging standard. To obtain the
exchange rates, the relative decay of the signal intensity of

C2-H (9.68 ppm) was fitted to a monoexponential or

multiexponential function as described in the Appendix.
Circular Dichroism Studies Using the Pyrate Analogue

Methyl Acetylphosphonat&he elusive 14'-imino tautomer

of the predecarboxylation intermediate analogue PLThDP

formed upon covalent binding of the pyruvate analogue

Seifert et al.
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Ficure 1: Association state disPDHc-E1. The association state
of hsPDHc-E1 was analyzed by sedimentation velocity and
sedimentation equilibrium at 20 using analytical ultracentrifu-
gation. The protein was dissolved in 0.1 M potassium phosphate
(pH 7.6), 0.3 M KCI, 1 mM MgC}, and 100uM ThDP at protein
concentrations of 0.021 mg/mL. (A) Sedimentation velocity was

methyl acetylphosphonate to C2 of enzyme-bound ThDP wasmonitored at 40 000 rpm. The apparenwalues @) exhibited a

directly detected by CD spectroscody). CD spectroscopic
studies were carried out on a Jasco J-810 spectropolarimete
For that purposehsPDHc-E1 (30uM active sites) in 100
mM potassium phosphate (pH 7.6) and 300 mM KCI was
reconstituted with ThDP (100M) and MgSQ (5 mM) for

10 min in a total volume of 15@L. MAP as a sodium salt
was diluted in the same buffer and titrated to the protein
solution, yielding a final concentration oBO00uM. CD

dependence on the protein concentration that could be fittgd (

rto a dimer-tetramer equilibrium with a dissociation constég

of 1.3uM. (B) Sedimentation equilibrium disPDHc-E1 analyzed

at a protein concentration of 1 mg/mL. The top panel displays the
equilibrium data measured at 8 000 rpm and®20(0) and the fit

(—), and the bottom panel represents the deviation of the fit and
data. The apparent molecular mass that was obtained was 141 kDa
(mass of tetramer o154 kDa), indicating a large fraction of the
protein is tetrameric under these conditions.

spectra were recorded after a reaction time of 15 min in the @ apoenzyme (sans ThDP and g Prior to the H-D

270-370 nm wavelength range at 2C. All spectra were
corrected for buffer contributions. The apparkptfor MAP
was determined using eq 2:

®(288—294)ma>[MAP]
Ko + [MAP]

2

®(288—294) =

RESULTS

The recombinantly expressed and highly purified E1
component ofhsPDHc exhibited kinetic constants similar
to those described in related studies of other grofsi(9)
with a specific activity of 60 milliunits/mg (corresponding
to akes 0f 0.077 s per active site) at pH 7.6 and 3C in
the DCPIP assay, an apparéq value for pyruvate of 10
uM, and a dissociation constali for ThDP of 0.47uM
(Table 1). While using analytical ultracentrifugation (Figure

exchange experiments, 15.5 mg/mL apo-E1 (corresponding
to an active site concentration of 20MM) was reconstituted
with an equimolar amount of ThDP in the presence of 5 mM
Mg?*. Under these conditions, approximately 95% of all
active sites are saturated with ThDP according to eqs A4
and A5 and the estimated, (ThDP) of 0.47uM. As the
total amplitude of the exchange reaction equals 0.5 due to
1:1 mixing and an isotope fractionation factor of C2-L
(ThDP) being close to unity (see the Appendix), 95% of the
observed amplitude (exchange amplitude.475) reflects
exchange of enzyme-bound ThDP «EhDP) and 5%
(exchange amplitudes 0.025) corresponds to exchange of
the free cofactor.

The analysis of the HD exchange kinetics of holo-E1
revealed that approximately one-half of enzyme-bound ThDP
exchanges within 2 s, whereas complete exchange in all
active sites is accomplished after a reaction time of only 120

1), we can demonstrate that the heterotetramer is predomi-s (Figure 2). The estimated pseudo-first-orderlHexchange

nantly populated under the conditions (15 mg/mL enzyme)
deployed for the kinetic NMR studies.

H—D Exchange Kinetics of C2-H of Enzyme-Bound ThDP
in hPDHc-E1.The E1 component disPDHc is purified as

rate constant of the fast exchanging fractiég, PPt =
51+ 15 s'Y) and that of the less reactive fractidgyE— P2

= 0.018 &+ 0.005 s?) differ by more than 3 orders of
magnitude (Figure 3). Surprisingly, ThDP bound to the
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Ficure 4: Distribution of covalent ThDP intermediates in the
nonoxidative decarboxylation of pyruvate tgPDHc-E1 under
single-turnover conditions analyzed #y NMR spectroscopy. The

[in 0.1 M potassium phosphate (pH 7.6) and 300 mM KCI] with  jo401madiates were isolated by acid quench after reaction of 15.5
200uL of 99.9% D,O for 2 s (top panel) and 120 s (bottom panel) mg/mL holohsPDHc-E1 with SC))/mM p?/ruvate in 0.1 M potassium .

aé %(ic displaying Lhe ThDTF;]sigln?tls of .CZ"'|| (9.70 ppm) and—E? ;phosphate (pH 7.6) and 300 mM KCl at 30 for defined reaction
(8.01 ppm) are shown. The latter signal serves as an intemal{jneq” and were analyzed bH NMR at pH 0.75 using the

"H NMR chemical shift (ppm)

Ficure 2: H—D exchange of C2-H of ThDP bound t@&PDHc-
E1. Expansions of selectédd NMR spectra of acid quench isolated
ThDP after reaction of 20@L of 15.5 mg/mL holohsPDHc-E1

nonexchanging standard for quantification. characteristic C6H chemical shifts of ThDP (8.01 ppm) and the
covalent intermediates HEThDP (7.33 ppm) and LThDP (7.27 ppm)
1.0 [ (15). The NMR spectra are a selection and display the intermediate

distribution after reaction times of 0, 2, and 120 s.
0.9 [k

hydrolysis of the formed 2-acyl-ThDP intermediate (2-acetyl-

0.8 | . . L
’ exchange of 50 % active sites ThDP in PDHc-E1) for the overall reaction is unknown.

C2-H/C6'-H

07 F & PDH-E1-ThDP (2 active sites) Therefore, we examined the kinetics of the E1 reaction
06 directly under single-turnover conditions with pyruvate at
SRS saturating amounts and analyzed the quantitative distribution
05— - e = O of the reaction intermediates ThDP, LThDP, and HEThDP

complete exchange of 100 % active sites . . . .
AT I . . enamine using a chemical quenetdi NMR spectroscopic

0 20 40 60 8 100 120 140 method (5). As detailed in the Appendix, under these

Time (s) conditions, the unimolecular forward net rate constants of

Ficure 3: H—D exchange kinetics of free atdPDHc-E1-bound LThDP formation and decarboxylation can be assessed. In
ThDPin 0.1 M potassium phosphate (pH 7.6) and 300 mM KCl at the course of the single-turnover reaction of E1 with
30°C. The decay of théH NMR integral intensity of ThDP's C2-H v yate, the enzyme-bound ThDP is completely converted

signal relative to the integral of the nonexchangind-8ésignal : . . .
was fitted to a monoexponential function for the free cofacmyr (  (© HEThDP” with LThDP being an observable intermediate

or a double-exponential function for exchange of enzyme-bound (Figure 4). The kinetic analysis of the time course of the
ThDP (O) as detailed in the Appendix. The estimated pseudo-first- different cofactor mole fractions (ThDP, LThDP, and

order rate constants are summarized in Table 1. HEThDP; see the Appendix) indicates a dynamic nonequiva-
“inactive” site in E1 exchanges even 10 times slower than lence of the two active sites during pyruvate turnover.
free cofactor Ko,s™P = 0.14 & 0.02 s2) under identical Approximately one-half of the active sites bind and decar-
conditions (Figure 3). This observation requires ThDP in the POxylate pyruvate rapidly within 2's. In the remaining 50%
dormant site to be shielded from the solvent. The rate Of the active sites in E1, the overall reaction is completed
constant calculated for the active site is in the range of thoseOnly after 60 s (Figure 4). Fitting the data (Figure 5 and
reported for other thiamin enzymes4( 20). Notably, a half- Table 1) yielded two net rate constants for LThDP formation
of-the-sites reactivity in cofactor activation monitored by (Kia' = 2.3+ 0.5 s, andkg’ = 0.029+ 0.005 s*) that
H-D exchange kinetics at C2 of ThDP has not been differ by approximately 2 orders of magnitude. Noteworthy
observed for any other thiamin enzyme so far. is the fact that the net rate constant of binding of covalent

Kinetic Analysis of the E1 Decarboxylation Reaction under Pyruvate to ThDP in the “inactive site” is in the range of
Single-Turneer Conditions by Quench FlowH NMR the apparent C2 |on|zat|on rate constant of ThDP determined
SpectroscopyThe decarboxylation reaction of the isolated by H—D exchange experimenti¢ = 0.018+ 0.005 s™).

E1 component of PDHc encompasses all steps up to and The transient nature of LThDP was directly confirmed by
including decarboxylation of the 2-lactyl-ThDP intermediate  NMR spectroscopy (Figure 4), although this intermediate
(Scheme 1). The activity of the E1-only form in 2-ketoacid could be hardly detected because the maximum extent of its
dehydrogenases is commonly monitored in a steady-stateformation in the single-turnover reaction is very low (ap-
assay employing artificial electron acceptors such as 2,6- proximately 10% of the total active site concentration). The
DCPIP that oxidize the HEThDPenamine intermediate. An  time course of its formation and decay was fitted to eq 8A
important caveat of this activity assay is that the kinetic and yielded rate constants of LThDP decarboxylation'
significance of the artificial redox reaction and the subsequentof 5.1 + 1.3 s in the activated center, ardg’ > kjg' in
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than reconstituting the apoenzyme with the corresponding
- PLThDP adduct, which can be chemically synthesized as a
racemic mixture only Z1). While MAP is being added, a
stereospecific formation of '#-imino-PLThDP in the
enzyme is expected to take place (Scheme 2). The reaction
of human E1 with MAP causes a positive CD signal centered
around 296-305 nm (Figure 6A) similar to that observed
LThDP for the bacterial enzyme. The apparent dissociation constant
oo E for MAP was estimated to be 46 4 M at pH 7.6 and 20
°C (Figure 6B). In addition to the CD spectroscopic studies

Time (s) which enable detection of the,4-imino tautomer of the

Ficure 5: Kinetic analysis of the single-turnover reaction of e_lmlnopyrlmldlne ring, we quantitatively analyzed the forma-
hsPDHc-E1 with pyruva)tle. The relativegmole fractions of Thop tion of PLThDP, the covalent MAPThDP adduct, byH
(O), HEThDP ), and LThDP [J) at defined time points (compare NMR spectroscopy. These studies revealed that even after
to Figure 4) in the nonoxidative decarboxylation of pyruvate by prolonged reaction times of 30 min at most only one-half of

hsPDHc-E1 were fitted to a consecutive reaction mechanism, taking g|| active sites are occupied by PLThDP when MAP is added
into account half-of-the-sites reactivity as detailed in the Appendix in saturating amounts (Figure 6C)
(egs A7A9). The estimated net rate constants of LThDP formation 9 g :

(k") and LThDP decarboxylatiork{) are summarized in Table 1. DISCUSSION

1.0

08 |-
0.6 HEThDP

0.4 -

Fraction intermediate/total active sites

0 10 20 30 40 50 60

the dormant site. Additional kinetic simulations (not shown)  The minimal quaternary structure of ThDP enzymes

suggest that the observed LThDP fraction correspondsknown so far is that of a dimer or higher oligomeric states,

exclusively to the fast-working active site. When half-of- such as tetramers. In all ThDP enzymes that have been
the-sites reactivity is taken into account, the maximum level structurally characterized so far, the cofactor is bound at the
of LThDP in the activated site is related kaa' (LThDP interface of two subunits forming a dimes, (22—33). The

formation) andk.x’ (LThDP decarboxylation) as follows: questions of whether the two corresponding active sites in a
dimer (i) exhibit similar reactivities in terms of a chemical
[LThDP] . i , N\ —kon'l(ken —kon") equivalence and (ii) communicate with each other are
- O-S(klA /kZA) (3)

longstanding ones. There have been instances where sub-
strates in ThDP enzymes could induce a positive cooperat-
Using this equation and the estimated net rate conskaxits  ivity of cofactor binding, indicating a communication of the
and kyp', the maximum extent of LThDP formation was active sites §4). Furthermore, kinetic turnover studies on
calculated to account for 12% of all active sites which closely some ThDP enzymes, such as pyruvate decarboxylase from
matches our experimental observation. yeast and benzoylformate decarboxylase, suggested the active
Circular Dichroism and'H NMR Studies of the Reaction  sites do not work independentl$3). However, the dynamic
of E1 with the Pyruate Analogue Methyl Acetylphosphonate. nonequivalence was inferred either from steady-state kinetics
Recent studies on model systems and bacterial PDHc-Elon a macroscopic kinetic scale or by making use of artificial
suggested that the elusive,4-imino tautomer of the substrates with endowed chromophores. Our understanding
aminopyrimidine part of ThDP and ThDP intermediates gives of these kinetic observations has been advanced by the
rise to a positive CD signal centered at approximately 305 determination of high-resolution structures of various thiamin
nm (9, 10). Reconstitution of apo-E1 from. coli with the enzymes, where in a few cases a structural nonequivalence
stable LThDP analogue 2-phosphono-lactyl-ThDP (PLThDP) of the two physically remote active sites in the dimer or pair
and Mg" results in the detectable formation of the imino of dimers has been observetl(31). Most notably, in the
tautomer which is suggested to be stabilized in the tetrahedralcrystal structure of a subcomplex formed betweenotjf-
predecarboxylation intermediate analogue. type E1 subunit and the peripheral subunit-binding domain
In our studies, we added the pyruvate analogue methyl from the lipoate acetyltransferase (E2) of Bestearother-
acetylphosphonate (MAP) to human holo-PDHc-E1 rather mophilusPDHc (11), several active site loops were found

[active sites],

Scheme 2: Reaction of Methyl Acetylphosphonate, a Phosphonate Analogue of PyruvatesRiithc-E1 Leads to the
Formation of 1,4'-Imino-2-o-phosphonolactyl-ThDP, a Stable LThDP Analogue

1',4'-imino ThDP ThDP ylide 2-a-phosphonolactyl- ThDP
H CH, CH;
\N X \ @ H\ 2\ @ H CH2
N NT X N ~. AN AN
AAIA N = e el T — ]
N”SNH H” >N R SNTNNH, NN N )% HQ |l
Lz N NH ¥ S R
(0] 'CH3
* é/ H3CO’P§O
HiC—C\ 0 °g
HiCO™ N\ @
CH,
N/Y \N@ methylacetylphosphonate
| |
)\N/ NH, HJ\S R

4'-amino ThDP
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In the case of transketolase, the concept of an alternating
activation state of ThDP at the two active sites can be ruled
out because (i) both thiamin molecules in the dimer were
found to be in an activated state exhibiting similar apparent
C2 ionization rate constantd4) and (ii) both active sites
are able to bind different donor substrates and substrate
analogues at saturating concentrations with an active site
occupancy close to unity as detected by X-ray crystal-
lography (ref36 and personal communication of G. Schneider)
i and NMR spectroscopyLb). As an alternative to the “proton
280 290 300 310 320 330 340 350 360 wire” mechanism discussed above, a so-called “flip-flop”
Wavelength (nm) mechanism has been proposed to explain the suggested
10 dynamic nonequivalence of the active site pairs in ThDP
B . . .
J enzymes §). Accordingly, the cofactors in the two active
8| o ——= ) sites are chemically equivalent in the absence of the
substrates, but chemical events in one active site such as
6 LThDP formation trigger motions of domains making
contacts with both active sites in the catalytic dimer and thus
? change the catalytic competence of the -&tofactor proton
shuttle of the second site. As a consequence, the two active
sites would also be in alternating phases of the catalytic cycle
as suggested for the proton wire mechanism. The major

© (mdeg 294-288 nm)

0 1000 2000 3000 4000 5000 6000 7000 8000 difference between these two alternative mechanisms is that
MAP (uM) active center communication is intimately linked either to
catalytic proton-transfer events with no major structural

buffec/TCA changes being necessary (proton wire mechanism) or to

C structural changes in the course of catalysis that switch the
THDE cofactor activation machinery of the corresponding subunit

CARERES LT on and off (flip-flop mechanism).

How should one reliably detect a possible chemical and/
or functional nonequivalence of active site pairs in ThDP
enzymes and discriminate between a proton wire and a flip-
flop mechanism? Although structural methods are valuable

8.2 8.0 7.8 76 14 7.2 tools for detecting a structural nonequivalence, their use for
'H NMR chemical shift (ppm) the detection of a possible chemical and/or functional
FiGure 6: Formation of the stable LThDP analogue4timino- nonequivalence is subject to some restrictions. Even at atomic

2a-phosphonolactyl-ThDP ihsPDHc-E1 after reaction of the  resolution, it will be challenging to differentiate between an
enzyme with methyl acetylphosphonate as detected by circular activated and nonactivated ThDP cofactor in an enzyme,

dichroism and'H NMR spectroscopy. (A) Circular dichroism b f S b led Kineti
spectra obtained after addition of increasing amounts of the pyruvateP€Cause cofactor activation appears to be controlled kineti-

analogue methyl acetylphosphonate-@0mM) to 30 uM holo- cally with the reactive C2 being protonated in the activated
hsPDHc-E1 in 0.1 M potassium phosphate (pH 7.6) and 300 mM state, too {4, 37). While using a H-D exchange technique,
_Kf' at_t20 :gégz)gﬁnawgs ?rf] thﬁ Adpependeni:e tc_’f the C']?_HSigr;a' the activation state and chemical competence of the cofactor
q 2 and yielded a dissociation constant 0fd8 M. (C) Section I the active site can be directly analyzed. For all enzymes
of the 'H NMR spectrum of acid quench isolated intermediates that were studied so far in this regard, including pyruvate
after reaction of 20uM hsPDHc-E1 with 15 mM MAP in 0.1 M decarboxylase, transketolase, and pyruvate oxidase, all
potassium phosphate (pH 7.6) and 300 mM KCl afeGhowing enzyme-bound cofactor molecules of a particular enzyme
the C6-H signals of unreacted ThDP (8.01 ppm) and PLThDP (7.30 incorporated deuterium at C2 with the same apparent rate
ppM). constant, suggesting a chemical equivalence of ThDP at both
to be in an ordered state only in one of the two active sites. active sites in the absence of substrafes 20). Our related

The detailed structural analysis of the subcomplex revealedstudies on the human E1 component of PDHc presented in
that the N1 atom of ThDP in one active site is linked td N1 this study now provide the first example of a ThDP enzyme
of the other ThDP via an acidic tunnel consisting of Glu where a rapidly exchanging and a slowly exchanging fraction
and Asp side chains and water molecules. This structural of enzyme-bound cofactor can be observed. As both fractions
feature had been discovered in studies on transketolase aaccount for approximately 50% of active sites each, it may
first (35 and appears to be common to many thiamin be concluded that, probably in dynamic equilibrium, one
enzymes. The observation of an acidic tunnel between theactive site contains an activated cofactor and the other a
remote active sites raises the possibility that it may be usednonactivated ThDP. Notably, in the X-ray crystal structure
for reversible charge (H conduction as Schneider, Perham, of hsPDHc-E1 determined at 1.95 A6) no structural

and co-workers had discussed. Accordingly, protonation of differences between the two corresponding catalytic subunits
N1 of ThDP at one active site would trigger chemical of the tetramer were apparent, although they are nonequiva-
activation of the cofactor, whereas the other active site would lent in a chemical sense. Hence, there would be no need to
be in a dormant, nonactivated state with a deprotonatéd N1 invoke marked structural rearrangements in the course of
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Ficure 7: Comparison of the residues in the proton channeBfostearothermophilu®DHc-E1 (A) and human PDHc-E1 (B). Only 12
negatively charged residues suggested to be involved in proton transfer are showB. isté@othermophilug1l structure. The corresponding
residues in the human EL1 structure are displayed. The conserved residues Bf bhrothermophiluand human Els in the and o’
subunits are colored green and in thand’ subunits are colored dark blue. Four residues of 12 are replaced in human E1 and do not have
a negative charge. These four residues in human Ed,(id, 5, andf’) are colored red. TPP is colored yellow, and¥gpns are shown

as white spheres. Hydrogen bonds are displayed. This figure has been created using Insightll and PDB entries 1NI4 and 1W85.

catalysis such as a flip-flop mechanism to explain the spectroscopy. Similar results were obtained when the enzyme
observed dynamic nonequivalence of the active sites. On thewas allowed to react with its physiological substrate pyruvate;
other hand, a flip-flop mechanism cannot be disapproved by only 50% of the active sites bind and decarboxylate pyruvate
the kinetic data and remains a viable alternative for the proton with a rate sufficient to account for catalysis of the E1-only
wire mechanism. At present, there is no ultimate proof to form, whereas the dormant active site catalyzes the same
choose or decline either mechanism. An inspection of the sequence of reactions with a rate that is 2 orders of magnitude
X-ray structure ohsPDHc-E1 reveals that acidic side chains lower. The calculated net rate constant of LThDP formation
such as E59 and E177 are part of a hydrogen bondingof the dormant site at pyruvate saturatih= 0.03 s?) is
network that links the two cofactors, presumably allowing in the same range as the observed rate constant of cofactor
for reversible charge conduction between the two remote sitesactivation kps= 0.02 s?), indicating that the slow formation
(Figure 7). In contrast to E1 frorB. stearothermophilys  of the reactive C2 carbanion of the nonactivated cofactor is
not all side chains of the communication tunnel in human rate-limiting for turnover at the dormant site. Contrary to
E1 are negatively charged. our experiments with the substrate analogue MAP, we can
As a consequence of the chemical nonequivalence, onlydetect covalent intermediates at the inactive site. This is very
one active site of E1 is able to bind the substrate analoguelikely due to the quasi-irreversible decarboxylation of
MAP to C2 of ThDP forming the predecarboxylation LThDP, which leads to a forward commitment of catalysis
intermediate analogue PLThDP as detected by NMR and CDthat cannot be attained when MAP is used. In the latter case,
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the G,—P bond of the formed PLThDP intermediate analogue the catalytic constant of E1 obtained with the commonly used
cannot be cleaved enzymatically. Therefore, the absence ofartificial DCPIP assaykis;= 0.077 st at 30°C) is severly
covalent intermediates suggests the off-rate of MAP at the smaller than those of all elementary catalytic steps of the
inactive site to be markedly larger than the on-rate under E1-only reaction (cofactor activation, formation of the
the conditions used. In a joint study on thetype PDHc- pyruvateenzyme Michaelis complex, LThDP formation, and
E1l from E. coli conducted with our collaborators from LThDP decarboxylation). This implies that the reaction of
Rutgers University (Newark, NJ), we have also observed a DCPIP with the HEThDP carbanierenamine intermediate
functional nonequivalence of the active sites that cannot bein E1 and the subsequent hydrolysis of the acetyl intermediate
detected in mutant proteins with exchanges of the conservedare almost completely rate-limiting for the artificial redox
glutamate interacting with Nlof ThDP (F. Jordan and K.  assay. This has to be kept in mind when interpreting kinetic
Tittmann, unpublished results). Contrary to the results steady-state data of thiamin-dependent E1 components of
obtained on E1 fromhsPDHc, we have no evidence for a 2-ketoacid multienzyme complexes using artificial electron
functional nonequivalence of the two corresponding active acceptors.

sites in the related thiamin enzymes pyruvate decarboxylase

(PDC) from Zymomonas mobiljgpyruvate oxidase (POX) APPENDIX

from Lactobacillus plantarum transketolase (TK) from H—D Exchange Kinetics of the Reagti C2-H of Free
Saccharomyces cafigiag and indolepyruvate decarboxylase 4ng Enzyme-Bound ThDRIixing of free ThDP or ThDP-
(IPDC) from Enterobacter cloacadf indeed a proton wire containing enzymes in aqueous,() buffer with DO results
or a flip-flop mechanism was to synchronize the two active i the incorporation of deuterium at C2 of ThDP until an
sites, one should, in theory, observe symmetric fractions of equilibrium with constant fractions of C2-H and C2-D is

intermediates at the steady state of the enzymes, i.e., 50%sgtaplished. The equilibrium position depends on the mole
of two distinct intermediates each. We have analyzed the f.5ction of deuterium after mixing denoted as, and the

intermediate distribution of these enzymes either at the truejsotopic fractionation factobe,-, of the acidic C2 of ThDP.
steady state (PDC, POX, and IPDC) or of the donor half- |, these studies, a 1:1 mixing ratio was adjusted throughout
reaction (TK) by NMR spectroscopy. In neither case were 5| H—p exchange experiments, resulting in s of 0.5,

symmetric (50%) populations of intermediates obsertdd (¢ isotopic fractionation factobe,-, is defined as
38, 39). This finding is not consistent with a half-of-the-

sites reactivity in these enzymes but rather suggests the active Xeopl—np
sites to work independently. Furthermore, no structural Dc, | = Xc The (A1)
changes of the active sites or of the putative communication ZH D

tunnel are visible in X-ray crystallographic studies on \yhereX represents the mole fraction of either C2-D or C2-
catalytic intermediates in POXQ) and TK 36). The sofar  H_The isotopic fractionation factors of C2-L of both free
unique observed chemical and functional nonequivalence of 3ng enzyme-bound ThDP in various enzymes are close to
the active sites in PDHC-E1 appears to be a special featureynity (43, 44) and can therefore be neglected in the analysis.

of pyruvate/2-ketoacid dehydrogenases. Why should PDHc-  The H-D exchange reaction can be kinetically treated as
E1 synchronize the action of its active sites while other 5 pseudo-first-order reaction which follows a single-

thiamin enzymes do not? A major difference between the eyxponential function:
enzymes mentioned above and PDHc-E1 is that only the

latter is embedded in a highly organized and symmetric fC2—H fCZ—H

multienzyme complex. Structural studies on various inter- (t) = np=—(ty) x exp(—ky,d) + (1 — np)
mediate analogues in bacterial PDHc-E1 provide evidence fC6'-H fCG’-H

for large disorder-to-order transitions in the course of (A2)

catalysis 41, 42). It appears reasonable to hypothesize that _ _ _

the structural rearrangements not only accompany catalysiswhere fC2-H is the relative'H NMR integral of the

in E1 itself but also may trigger the reductive acetylation of €xchanging C2-H and'C6-H that of the nonexchanging

E2 by E1l. ThUS, a synchronized mode of action in the two C6-H as an internal standard. A, the ratio of both is 1.

active sites of each E1 catalytic dimer would result in a ~ When the H-D exchange of a ThDP-dependent enzyme

synchronization of downstream events in E2 and E3. This With a reversibly binding cofactor is kinetically analyzed,

overall Synchronization may be a Cata'ytic advantage in the fractions of both bound and free cofactor in equilibrium

mumenzyme Comp|exes with a Comp|ex Cata|ytic sequence have to be taken into account. The fraction of enZyme-bOUnd

involving several components. ThDP (.E—ThDP) and free cofactor (ThDP) can be estimated
Finally, the kinetic constants obtained for ELlhsPDHc ~ @ccording to egs A3 and A4, respectively:

in this study allow us to draw some general conclusions. In

view of the overall catalytic constant of the fully reconstituted [E—ThDP]= [ThDPL + [Elo + Ko _

PDH complex ke~ 50—70 st per E1 active site at 30C 2

and pH 7.6), the_ observed unimolecular net rate constants ((ThDP], + [E], + KD)Z

of LThDP formation k' = 2 s'1) and decarboxylatiork( =

5 s 1) at the activated active site of isolated E1 under the 4

same conditions cannot account for catalysis of E1 in the [ThDP] = [ThDP], — [E-ThDP] (A4)

complex. Thus, full reactivity of E1 is accomplished only

after its reconstitution with the E2, E3, and E3BP components where [E} is the total active site concentration akg the

in the complex. Furthermore, these results demonstrate thadissociation constant of ThDP.

— [ThDP[E], (A3)
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Considering a chemical nonequivalence of the two active k;g'). These rate constants were used to fit[HhDP](t)
and [E-HEThDP]¢) to egs A8 and A9 to calculate,’ and
of as many as three phases, two of which reflect exchangekzg', respectively (decarboxylation of LThDP).

sites in PDHc-E1, the HD exchange kinetics may consist

at the two different active sites (EThDP1 and E-ThDP2)
and one of which reflects exchange of free ThDP.

M(t)=n Jexh, | etE ThORL
[coh Df \0 [E-ThDP]+ [ThDP]
E-ThDP 0.5[E-ThDP]
exp(—Kyps g [E—ThDP]+ [ThDP] x
[ThDP]

., E-Th
eXp(kons "+ = hop]+ [ThoP]

exp(—kyp T“”’t)] +(1—np) (A5)

Notably, the relative exchange amplitudes fer EnDP1 and
E—ThDP2 should be 50% each of that of-EhDP (total)

if a half-of-the-sites mechamism applies for the enzyme.

When the fraction of free cofactor is negligible, the third
exponential term in eq A5 can be omitted.

Kinetic Analysis of the Single-Turner Experiments of
E1 with Pyrwate.When E1 alone is reacted with pyruvate,

only a single turnover takes place, yielding the HEThDP
carbanior-enamine form as the final intermediate (see
Scheme 1). At pyruvate saturation, the rate of this reaction

is kinetically determined by the ligation of pyruvate held in
a docking site to C2 of ThDR(') and the decarboxylation
of the formed LThDP intermediatéxy).

E—ThDP+ pyruvate= E ThDP-pyruvate—>
E— LThDP—» E—HEThDP + CO, (A6)

The mole fractions of EThDP, E-LThDP, and E

HEThDP at any time point of the reaction can be related to

ki' andk;' according to eqs A7A9, and taking into account
a different reactivity of the two active sites in E1:

[E-ThDP](t) = 0.5[E-ThDP}], x exp(k;,'t) +
0.5[E-ThDP}, x exp(—k,'t) (A7)

Kia
[E—LThDP](t) = 0. 5[E—ThDP]0—, X
k2A - A

[exp(—kja't) — exp(=k,a't)] +

1

Kig
0. 5[E—ThDPl)m X

[exp(=kg't) — exp(=ky't)] (A8)
[E-HEThDP](t) = 0.5[E—ThDP]O[1 +

Kia' eXpkon't) — ko' eXp—kya't)
kZA' - klA'
le exp(—kyg't) —
Kog'

+ 0.5[E-ThDP},

Kog' €Xp(—kyg't)

- le

(A9)

The time course of [EThDP] was fitted according to eq

A7, thereby yielding estimates of the forward net rate

constants;’' (C—C ligation) in both active sitesk{s' and
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