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ABSTRACT: Pyruvate decarboxylase (E1) catalyzes the first two reactions of the four involved in oxidative
decarboxylation of pyruvate by the pyruvate dehydrogenase (PDH) multienzyme complex. It requires
thiamin diphosphate to bring about the decarboxylation of pyruvate, which is followed by the reductive
acetylation of a lipoyl group covalently bound to th& &mino group of a lysine residue in the second
catalytic component, a dihydrolipoyl acetyltransferase (E2). Replacement of two histidine residues in the
Ela and EJ chains of the heterotetrameric Ed,0,) component of the PDH complex @acillus
stearothermophilusconsidered possible proton donors at the active site, was carried out. Subsequent
characterization of the mutants permitted different roles to be assigned to these two particular residues in
the reaction catalyzed by E1: &His271 to stabilize the dianion formed during decarboxylation of the
2-oxo acid and EA His128 to provide the proton required to protonate the incoming dithiolane ring in
the subsequent reductive acetylation of the lipoyl goup. On the basis of these and other results from a
separate investigation into the roles of individual residues in a loop region in thelkdin close to the

active site of E1 [Fries, M., Chauhan, H. J., Domingo, G. J., Jung, H., and Perham, R. N. E2002)
Biochem. 270861—-870] together with work from other laboratories, a detailed mechanism for the E1
reaction can be formulated.

The pyruvate dehydrogenase (PBDH)ultienzyme com-  a thiamin diphosphate-dependent 2-oxo acid decarboxylase
plex catalyzes the four-step oxidative decarboxylation of (E1), a dihydrolipoyl acyltransferase (E2), and an NAD-
pyruvate to generate acetyl-CoA, concomitantly reducing dependent flavoprotein, dihydrolipoyl dehydrogenase (E3).

NAD™ to NADH. It is a member of a family of 2-oxo acid The E2 component generates an icosahedral (60-mer) or
dehydrogenase (20ADH) multienzyme complexes that also geahedral (24-mer) assembly of E2 chains as the scaffold
includes the 2-oxoglutarate dehydrogenase (OGDH) andgrqung which a 20ADH complex is assembled, the sym-

branched chain 2-oxo acid dehydrogenase (BCDH) cOm- a1y depending on the type and source of the complex. The

pr:exes (for reviews, see reﬂsland Zf)' For the most part,l _E2 chain itself comprises three different types of domain
three main enzymes assemble to form a 20ADH complex: joineq by long extended but flexible linker regions: (from

the N-terminus) one to three lipoyl domains in tandem array,
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the complex T, 8), probably at the level of a slow reductive
acylation stepg, 9). E3 concludes the sequence by catalyzing
the reoxidation of the dihydrolipoyl group remaining after
the acyl transfer to CoA, with the concomitant reduction of
NADT (10). Only lipoic acid covalently attached to the lipoyl
domain from its partner E2 chain will serve as a substrate
for E1, the attachment of the prosthetic group causing the
value ofk.a/Kn, to increase by a factor of 1@nd conferring o
the specificity for the cognate E1 that underlies substrate =
channeling 9, 11). Thus, the lipoyl domain is the true L
substrate for the reactior2)( S ' .

Enzymes that use ThDP as a cofactor are found in all FiGure 1: Lipoyl-lysine swinging arm of the E2 lipoyl domain
organisms where they catalyze reactions involving the visiting the active site oP. putidaE1lb (after ref21). The model

. represents the interaction of the lipoyl domain with E1 just before
cleavage of a carbercarbon bond adjacent to an oxo group. the reductive acetylation of the dithiolane ring catalyzed by E1.

In the 50 years since its discovery as a cofactor in pyruvate The E1 structure is shown as a solid that has been sliced to disclose
decarboxylase, much progress has been made in our underthe channel leading to the active site, at the interface between the

standing of how thiamin functions in the active sites of a-subunit and thg-subunit. The side chains of the two histidine
ThDP-dependent enzymek2). The mechanism is common residues under investigation are labeled. Also labeled are the 2-(1-

_ - f S . hydroxyethylidene)-ThDP intermediate, and the incoming lipoyl
and originates in the generation of the thiamin C2 carbanion, yomain with the lipoyl-lysine arm fully extended down the active

no permanently existing carbanion species of the enzyme-site channel. InB. stearothermophilu€1p, the residues corre-
bound cofactor having been detectdd®)( Three essential ~ sponding to His132 and His312. are His128 and His27,

and evolutionarily conserved elements are known to be respectively.
required: (1) the pyrimidine Nlatom juxtaposed with a ) . o o )
glutamate side chain, (2) the-dmino group of the thiamin, ~ Protonate S6 of th_e incoming dithiolane ring in the reductive
and (3) the V conformation of the ThDP cofactor, which acylation of the lipoyl group. On the basis of the crystal
brings the 4-amino group into direct contact with the €2 structures of E1, residues &His271 and Ef His128 (using
bond. Molecular modeling of the mode of action of yeast B- stearothermophilusumbering for convenience here) were
pyruvate decarboxylase has given us a good idea of howldentified as _possmle candidates for this potential proton
the first part of ThDP-dependent reactions is carried dg ( ~ donor, close in space to the reactive C2 of the ThRE (
In all ThDP-dependent enzymes, there is a common sequencé?)- In this paper, we describe the selective replacement of
motif of ~30 residues ¥5) that generates a common these_ two hlstld_lne r_e5|du_es B. stearoth_ermophllqﬁl,
structural motif (6) involved in binding the cofactor, but  €nabling us to identify His1ZBas a residue playing an
otherwise, there appears to be no set of conserved residue§Ssential part as the proton donor and to assign to His271
in these active sites not directly involved in binding to the @!€ssimportantrole, most likely stabilizing the energetically
cofactor (7). unfavorable dianion formed after nucleophilic attack of ThDP

The reaction mechanism of the E1 component of 20ADH at the 2-oxo group of the substrate.
complexes has begn the subject pf many stu_dles. AlanmeMATERIALS AND METHODS
replacement of residues surrounding a reversible phospho-
rylation site (Ser293) in the Elchains of the E1d53) Materials. Restriction endonucleases were obtained from
component of the rat BCDH complex, implicated in the Pharmacia Biotech (St. Albans, U.K.) or New England
reversible control of E1 activity in this and other eukaryotic Biolabs (Hitchin, U.K.); Pfu DNA polymerase was from
BCDH and PDH complexes, provided evidence of the Stratagene (Cambridge, U.K.) and T4 DNA ligase from
involvement of histidine, arginine, and aspartate residues inPromega (Southampton, U.K.). IPTG and PMSF were
catalysis 18). Attention was focused more recently on purchased from Melford Laboratories (Chelsworth, U.K.) and
residues in a loop in the EBlchains of E1 ¢,0,) from the bacteriological media from Beta Lab (West Molesely, U.K.)
B. stearothermophilu$®DH complex that is particularly  and Duchefa (Haarlem, The Netherlands), and ampicillin was
susceptible to limited proteolysid ). Systematic replace- from Beecham Research Laboratories (Brentford, U.K.).
ment of these residues has indicated that they form part of Pyruvate, NAD, ThDP, DCPIP, CoA, and FAD were from
a conserved sequence motif that [0 amino acids to  Sigma (Poole, U.K.). Centrifugal filter devices were pur-
the C-terminal side of the ThDP binding motif, with Arg267 chased from Millipore.
involved in binding the carboxyl group of the 2-oxo acid Bacterial Strains and Plasmids. Escherichia dudist strain
substrate and Tyr281 and, to a lesser extent, Asp276 andTG1lrecO and plasmids pKBstEla and pKBstE1lb expressing
Arg282 affecting the decarboxylation of pyruvate and the genes encoding th8. stearothermophilu€la and EP
reductive acetylation of the tethered lipoyl domain in the subunits, respectively, have been described previo@dly (
active PDH complexZ0). From the two crystal structures E. coli host strain BL21(DE3) [B, F, ompl, hsdSg,
of the homologous EloG,) from Pseudomonas putid@1) (re-, mg-), gal, dcm (DE3)] from Novagen (Madison, WI)
and humanZ2) BCDH complexes, this region can be placed was employed to express the genes encoding the E3 (from
in the funnel-shaped active site between thetlehd EP pBSTNAV/E3) and E2 (from pETBstE2) components of the
subunits, at the bottom of which lies the ThDP (Figure 1). B. stearothermophilu$#DH complex 25) and a subgene

In the most detailed reaction mechanism to date for the encoding a didomain (from pET11DD) that comprises the
E1 component of 20ADH complexes advanced by Pan andlipyol domain, the peripheral subunit-binding domain, and
Jordan 23), a proton donor residing on E1 is required to the linker region between them (residues171 of theB.

Lipoyl *\'“
Domair}:

y,
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stearothermophilu&2p chain) 26). Lipoate-protein ligase
A was purified fromE. coli BL21(DE3) cells transformed
with the plasmid TM202Z7).

Recombinant DNA Techniques and Mutagené&&som-

binant DNA techniques were carried out as described

elsewhere Z8). DNA fragments were isolated from gels

using the QIAquick gel extraction kit, and plasmids were
prepared by means of the QIAGEN plasmid kit, both from
Qiagen (Hilden, Germany). Site-specific mutations were
introduced into the plasmid pKBstEla using splicing-by-
overlap extension PCR29). The fidelity of the amplified

DNA fragments was established by automated DNA se-

guence analysis after subcloning into the vector.

Protein Purification.Wild-type and mutant E124, 30)
and wild-type E2 and E330) were purified as described
previously. The E2 didomain was purified essentially as
described in ref31. The apo forms of the E2 component
and of the didomain were lipoylated using recombin&ant
coli lipoate-protein ligase A32, 33).

Enzyme AssaysThe E1 component was assayed for
catalytic activity by means of two separate assays.

(1) DCPIP AssayThe DCPIP assay measures the rate of
reduction of the artificial electron acceptor 2,6-dichloro-
phenolindophenol (DCPIP) by the E1 component with
pyruvate as a substrat@4). The decrease ifsoo Was
monitored at 3C°C in a mixture of 0.2 mM ThDP, 2 mM
MgCl,, 50 uM DCPIP, 100 mM potassium phosphate (pH
7.0), and 20ug of E1. The reaction was started by the
addition of pyruvate (final concentration of 4@MM) after
the assay mixture had been incubated for 10 min at@G0

(2) PDH Assay The PDH assay measures the rate of
formation of NADH at 340 nm and 30C after an intact
PDH complex had been reconstituted from its single
componentsq, 32, 35). The final assay mixture contained
0.2 mM ThDP, 1 mM MgCJ, 2.6 mM cysteine HCI, 2 mM
pyruvate, 0.13 mM CoA, 50 mM potassium phosphate (pH
7.0), and the reconstituted PDH complex. The &33¢):E2
(chain):E3 @, dimer) molar ratio was 3:1:3, and the amount
of E2 used per assay was 0.5, 1.0, 1.5, and/®@0The

Fries et al.

Table 1: Specific Catalytic Activities of Wild-Type and Mutant E1s
in the DCPIP and PDH Assay

DCPIP assay PDH assay
units/mg % units/mg of E2 %
wild type 0.128+ 0.004 100 12.4£ 0.3 100
EloH271A 0.744 0.02 578 0.83t 0.03 7
E18H128A 0.006+ 0.001 5 0 0

mixtures to nondenaturing PAGE using the Pharmacia Phast
System. The kinetics of the interaction of the didomain with
E1 was investigated using surface plasmon resonance detec-
tion (BIAcore, Pharmacia Biosensor AB). Both experiments
were carried out as described in detail elsewhég 36).

RESULTS

Generation and Purification of E1 MutantBoint muta-
tions H12PA and H27DA were introduced into the
pKBstEla (for Et) or pKBstElb (for EB) expression
vector on the basis of sequence alignments and structure
modeling that identified these histidine residues Bn
stearothermophilug€l as being equivalent to His13kand
His312x in the crystal structure of the homologous E}/42)
from P. putida(21). The relevant DNA fragments generated
for splicing-by-overlap-extension PCR were digested with
Ncd andHindlll to be ligated into pKBstEla and witRst
andHindlIll to be ligated into pKBstE1b. Mutant and wild-
type B. stearothermophilu€la and EPB subunits were
purified fromE. coli TG1recOcells and reconstituted to form
E1 (0zf2). During purification, no anomalous behavior was
observed.

Effect of the Mutations on Catalytic Actiy. The effect
of the mutations on the catalytic activity was examined by
means of the DCPIP and the PDH assays (Table 1). The
DCPIP assay measures E1 activity in the presence of an
artificial electron acceptor, DCPIP, in place of lipoamide (i.e.,
two successive one-electron steps instead of one two-electron
step); the PDH assay measures the normal catalytic activity

reaction was started by adding pyruvate and CoA after the of a PDH complex reconstituted from recombinant E2 and
reconstituted PDH complex had been incubated for at leastE3 and the E1 mutants.

3 min at 30°C, all as described elsewherg?). Specific

activities are expressed as units (micromoles of NADH

formed per minute) per milligram of E2 in the assay.
Determination of Kinetic Parameter3he values oK,

In the DCPIP assay, Elafs,) reconstituted from the
ElaH271A mutant displayed a catalytic activity almost 6
times higher than that of wild-type E1. In marked contrast,
the EBH128A mutant retained only 5% of wild-type

for pyruvate and ThDP were determined by using the DCPIP activity.

assay, varying the concentrations of pyruvate from 0.2 to

4000 uM and the ThDP concentrations from 0.04 to 200
uM. When the kinetic parameters for ThDP were being

determined, the pyruvate concentration was kept at 1 mM.

Data were analyzed and fitted to a Michaellidenten curve
using Sigma Plot.
Temperature Dependence of Catalytic Aityi. The de-

pendence of the catalytic activity of E1 on temperature was

investigated using the DCPIP assay over a range ef8%
°C. Assay mixtures were incubated for exactly 10 min at

In the PDH assay, the complex reconstituted with the
ElaH271A mutant was severely impaired, retaining only 7%
of wild-type activity, but that with the FiH128A mutant
was totally inactive. In both assays, this behavior resembles
that of E1 with proteolytic cleavaged 9 or amino acid
replacements2Q) in a loop region of Ed at the entrance to
the active site.

Kinetic Parameters of the E1 Mutantsinetic parameters
for pyruvate and ThDP were determined for thexEutants
by means of the DCPIP assay (Table 2). The valude pf

the relevant temperature before the reaction was started byandK, for wild-type E1 were essentially the same as those

the addition of pyruvate and monitored by observing the
decrease ifsoo

Interaction of E1 with the Peripheral Subunit-Binding
Domain. The formation of a complex between E1 and the
didomain of E2 was investigated by submitting appropriate

measured previously2f). The kinetic constants for the
E15H128A mutant could not be determined, because of its
very low catalytic activity. The EEH271A mutant displayed

a K, for pyruvate 450-fold higher than that of wild-type E1.
This caused a substantial drop in catalytic efficiency, as
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Table 2: Kinetic Parameters of Wild-Type and Mutant E1s Determined by Means of the DCPIP Assay
keatfOr pyruvate Km for pyruvate keal Km fOr pyruvate keatfor ThDP Km for ThDP keal Km for ThDP

) M) (x1PM~1sY) ) (M) (x1PM-1s1)
wild type 0.48+ 0.01 1.1+£0.1 427 0.46+ 0.01 23+ 2 20
ElaH271A 3.80+ 0.02 442+ 9 9 2.49+ 0.03 2.6+0.2 950
4 123456
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—=— E10H271A mutant
—A— E1BH128A mutant
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Ficure 3: Nondenaturing gel electrophoresis of wild-type and
mutant E1s with the didomain at a 16-fold molar excess of the
A didomain over E1: lane 1, wild-type E1; lane 2, wild-type E1 and

025 30 35 40 45 50 55 60 65 70 75 80 85 the didomain; lane 3, EiH271A mutant; lane 4, EAH271A
. mutant and the didomain; lane 5, #1128A mutant; and lane 6,
Temperature (°C) E18H128A mutant and the didomain.

Ficure 2: Temperature dependence of the catalytic activity in the

DCPIP assay of wild-type and mutant E1s. Table 3: Binding Constants for the EPSBD Interaction As

Determined by SPR
Kon/Kon(wild type)  Kori/kort(wild type) Kd/Kqy(wild type)

depicted by the value dfca/Km, despite the turnover rate  jiid type 1.0 1.0 10
(Keap Of the EIxH271A mutant being some 8 times higher ElaH271A 0.85 0.93 1.09
than that of the wild type. E1pH128A 0.87 1.14 1.31

Surprisingly, the appareit, for ThDP of the ExH271A
mutant was found to be 26M, compared with the wild- ~ DISCUSSION
type value of 2:M. Thus, thekea/Kn ratio was significantly The effects of the two mutations, EH271A and
increased in this instance. E15H128A, in the E1 component of thB. stearothermo-
Temperature Dependence of E1 Adti. To investigate  philus PDH complex described above make it possible to
the dependence of E1 activity on temperature, the DCPIP assign to them particular roles in the reaction mechanism of
assay was carried out over a temperature range 6835  E1. Both are clearly important, and their effects are wholly
°C (Figure 2). The reaction mixture containing Edoff2) attributable to changes in the active site of E1 since there
was incubated for exactly 10 min at the relevant temperature,was no detectable change in the interaction with E2 (Figure
and the reaction was then initiated by adding pyruvate. The 3 and Table 3). Nor was there any particular effect of
E1pH128A mutant exhibited a very low activity over the temperature on the catalytic activity to cause concern. The
whole temperature range. However, thedP71A mutant  E1oqH271A mutation did not totally inhibit the enzyme.

demonstrated an increased specific activity up té@gafter  |ndeed, in the DCPIP assay, the activity with this artificial
which it leveled off until it was inactivated at 7, 5°C electron acceptor increased 6-fold, but in the overall PDH
below wild-type E1. complex assay, the activity fell by slightly more than 90%

Binding of E1 to the Peripheral Subunit-Binding Domain (Table 1). This sort of behavior has been noted and discussed
of E2. The E1 component of the PDH complex &f before, in studies of proteolytic cleavagd®) and amino

stearothermophiluss bound to the E2 core mainly by its acid replacement20) in a loop region of the Ed chain at
interaction with the PSBD of the E2 chain. When the mutant the entrance to the active site of the E1 heterotetramer. It
Els exposed to an excess of didomain (lipoyl domain and was noted then that such effects may be induced by the
PSBD, joined by the natural linker region) were examined DCPIP assay being one in which an artificial electron
by means of nondenaturing PAGBSY], in neither instance  acceptor replaces the lipoyl domain, whereas the PDH
could they be distinguished from wild-type E1 in their ability complex activity is a measure of the ability of E1 to catalyze
to bind to the PSBD, as judged by this “band-shift” assay the reductive acetylation of the tethered lipoyl domain in
(Figure 3). SPR detection was used to determine the kineticthe assembled complex. Thi, for pyruvate in the
parameters of the interaction with the PSBD. For this EloH271A mutant was increased 450-fold (Table 2), sug-
purpose, the lipoylated didomain was immobilized on the gesting that this imidazole side chain may have some part
detector chip by means of the lipoyl group, leaving the PSBD to play in recognizing the 2-oxo acid. Replacement of the
free to interact with the E1 flowing over iB6). Again, no corresponding residue in the heterotetramerigf) rat E1b
significant differences from wild-type Exf, = 3.27 x 10°® with alanine was reported to cause a loss of catalytic activity
M™1st ki = 1.06x 103s % andKy = 3.24 x 10710 as the enzyme could not reconstitute with Th2B) (It could
M~Y) were noted (Table 3). function as a base in the ThDP activation process, according
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Ficure 4: Proposed mechanism for the reaction catalyzed by the E1 component of 2-OADH complexes. The numbering refers to the
amino acid sequence of the heterotetramenigdf) E1 component of the PDH complex Bf stearothermophilus

to a mechanism proposed by Lindqvist et &[7)( However, mined to date 41, 22) suggests to us that it would be in a

the lowering of the apparei, for ThDP observed here for  suitable position to stabilize the negative charge of the

the B. stearothermophilu€laH271A mutant (Table 2)  carbonyl oxygen, which develops after nucleophilic attack

would argue against such a direct involvement in the binding of the ThDP carbanion on the 2-oxo acid.

or the activation process. Further, there is good evidence that The EJ3H128A mutation turned out to have a very severe

this step is catalyzed by ThDP itselfZ, 38). effect on the E1l-catalyzed reaction, totally inhibiting the PDH
A more attractive possibility is that [E1His271 is involved complex activity. It is known that E1 catalyzes the rate-

in proton transfer and stabilization of the transition state limiting reaction in the PDH complex, probably the reductive

during the decarboxylation of the 2-oxo acid. Inspection of acetylation of the lipoyl group on the lipoyl domain-{9).

the two heterotetrameric Ebiff3,) crystal structures deter-  More recent studies on a chemical model have indicated the
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necessity for a proton donor in this part of the reaction, to acylation are regarded as distinguishable processes. Both
protonate S6 of the incoming dithiolane ring of the lipoyl subunits contribute to the activation of ThDP to form the
group @3). Our results strongly suggest that this proton donor C2 carbanion, but the decarboxylation is essentially carried
is E18 His128, which in the crystal structures of hetero- out by Elx; on the other hand, EBlis more responsible for
tetrameric E1 is located in a suitable position, close to the the reductive acylation.
thiazole of the ThDP (see Figure 1). Why the E1 activity is It has recently been reportedl that a histidine residue
much diminished in the DCPIP assay by this mutation (Table in the active site of the dimeric E1 component of hecoli
1) is not immediately apparent. It is conceivable thafE1 PDH complex 42) plays a role in protonating a sulfur atom
His128 has an additional role in an earlier step of the E1 in the incoming dithiolane ring during the reductive acety-
reaction, in either the ThDP activation process or the lation of the pendant lipoyl group on its cognate lipoyl
oxidative decarboxylation, perhaps complementingoE1  domain. Thus, it appears to be the direct analogue ¢ E1
His271. Ep His128 may conceivably interact directly with  His128 in the heterotetrameric E1 described here. Moreover,
DCPIP. The DCPIP assay, which simulates the E1 reactiona comparable histidine residue could well adopt the role of
in the decarboxylation of pyruvate, follows a ping-pong proton donor in the “ligation” reaction catalyzed by trans-
mechanismg4), as does the reaction of E1 in the reductive ketolases41), a pretty example of conservation of active
acetylation of the lipoyl domain39). site chemistry in enzymes catalyzing superficially different
On the basis of the results presented here and a separateeactions.
examination of the roles of amino acids [residues Arg267
Tyr282 in the loop region of the Edchain leading into the =~ REFERENCES
active site oB. stearothermqphiluEl @9, 20)], it i_s possible 1. de Kok, A., Hengeveld, A. F., Martin, A., and Westphal, A. H.
to deepen our understanding of the mechanism of the E1  (1998) The pyruvate dehydrogenase multienzyme complex from
reaction, following on that summarized by Pan and Jordan Gram-negative bacteridjochim. Biophys. Acta 138353-366.
(23). This is summarized in Figure 4. At the beginning of 2. Perham, R. N. (2000) Swinging arms and swinging domains in
the reaction, the active site of E1 is in an open conformation %ﬂgf‘;nnc;ﬁnsglegzig?h?m g;%ggf{g%%hmes for multistep reac-
(20) with ThDP bound. The reactive C2 carbanion is 3 Reed, L. J., and Hackert, M. L. (1990) Structufenction

generated according to the mechanism reviewed by Schel- relationships in dihydrolipoamide acyltransferaske®iol. Chem.
lenberger 12), with a conserved glutamate (residuefE1l 265 8971-8974. _ _ _ _ _
Glus9 of the PDH complex fronB. stearothermophilys 4. Perham, R. N. (1991) Domains, motifs, and linkers in 2-oxo acid

. . . dehydrogenase multienzyme complexes: a paradigm in the design
close to N1 of ThDP involved in this step. As shown by of a multifunctional proteinBiochemistry 308501-8512.

Kern et al. (3), the contribution of the enzyme is to 5. Milne, J. L. S., Shi, D., Rosenthal, P. B., Sunshine, J. S., Domingo,
accelerate the rate at which this activation takes place. The g tJ)" Wu, X, BQOOE%OB-Gég?h;mi RizN” Henderson, R., and
Z_OXO. acid (pyru.vate) binds t.o the aCti\./e site;oEArg267 6. Zrl:ofﬂe.i,nll\jllgnéarih(y, D?SB., O’Cbnr110r, C..M., Reed, L. J., and
contributes crucially to the binding by interacting with the Stoops, J. K. (2001Proc. Natl. Acad. Sci. U.S.A. 984802~
carboxyl group, and Ed Tyr281 may help bind the 2-oxo 14807.

acid by providing a hydrogen bond to one of the oxygens of 7. Danson, M. J., Fersht, A. R., and Perham, R. N. (1978) Rapid

. : intramolecular coupling of active sites in the pyruvate dehydro-
the carboxyl group 20). The active site then closes, genase complex dEscherichia coli mechanism for rate enhance-

developing the hydrophobic environment and bringing the ment in a multimeric structurdroc. Natl. Acad. Sci. U.S.A. 75
2-oxo carbon of the substrate into the functional proximity 5386-5390. _ o _
of the C2 carbanion of ThDP. After the nucleophilic attack 8- Cate, R. L., Roche, T. E,, and Davis, L. C. (1980) Rapid intersite

. ] transfer of acetyl groups and movement of pyruvate dehydrogenase
of the carbanion at the 2-oxo carbon of the substrate, an component in the kidney pyruvate dehydrogenase compl@iol,

energetically unfavorable dianion is formed, which is sta- Chem. 2557556-7562.
bilized and protonated by E1His271 of theB. stearother- 9. Berg, A, Westphal, A. H., Bosma, H. J., and de Kok, A. (1998)
mophilusPDH complex. This intermediate is converted to Kinetics and specificty of feductive acylation of wildtype and

. . . mutated lipoyl domains of 2-oxo-acid dehydrogenase complexes
2-(2-hydroxypropionyl)-ThDP, and decarboxylation yields from Azotobactewinelandii, Eur. J. Biochem. 25245—50.

the carbanion enamine of 2-(1-hydroxyethyl)-ThDP. The 10, Reed, L. J. (1974) Multienzyme complexésc. Chem. Res., 7
active site then reopens, allowing release of the first product, 40-46. o
CO,, and transient binding of the second substrate, the 11. Graham, L. D., Packman, L. C., and Perham, R. N. (1989) Kinetics

. . : - : _ and specificity of reductive acylation of lipoyl domains from 2-oxo
lipoylated lipoyl domain {1). Reductive acylation com acid dehydrogenase multienzyme complex@schemistry 28

mences with activation of the dithiolane ring of the lipoyl 1574-1581.

group by a key proton dono8), which is E]3 His128 in 12. Schellenberger, A. (1998) Sixty years of thiamin diphosphate
the case of the PDH complex froBi stearothermophilus biochemistry Biochim. Biophys. Acta 1383.77-186.

This promotes nucleophilic attack of the 2-hydroxyethyl- 13- Kern, D., Kem, G., Neef, H., Tittmann, K., Killenberg-Jabs, M.,

. L . Wikner, C., Schneider, G., and Hubner, G. (1997) How thiamine
ThDP at S8 of the lipoyl group, resulting in formation of a diphosphate is activated in enzym&sjence 27567—70.

tetrahedral adduct, which collapses to yield the reductively 14. Lobell, M., and Crout, D. H. G. (1996) Pyruvate decarboxylase:
acylated lipoyl domain, and regenerates the ThDP cofactor. A molecular modeling study of pyruvate decarboxylation and

. acyloin formation,J. Am. Chem. Soc. 118867-1873.
It has been pOStUIatedl@ that the E& subunit of E1 15. Hawkins, C. F., Borges, A., and Perham, R. N. (1989) A common

(a2) of the PDH complex from ox kidney catalyzes the structural motif in thiamin pyrophosphate-binding enzynf&BS

first part of the E1 reaction, whereas the fE$ubunit Lett 255 77-82.

catalyzes the second part. Although it is firmly established 16. g/'U”era é hA" !dndq(\glst(,lgé,sgurety, Wi,ggghltgg, G. E., Jordan,
H H H H ., an chneiaer, G. ructure .

tha.t a.glutamate n t.hé_SUbumt of E1 I.S crumgl fo.r th.e 17. Hasson, M. S., Muscate, A., McLeish, M. J., Polovnikova, L. S.,

activation of ThDP, this postulate could still hold if activation Gerlt, J. A., Kenyon, G. L., Petsko, G. A., and Ringe, D. (1998)

of ThDP, decarboxylation of the 2-oxo acid, and reductive The crystal structure of benzoylformate decarboxylase at 1.6 A



7002 Biochemistry, Vol. 42, No. 23, 2003

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

resolution: diversity of catalytic residues in thiamin diphosphate-
dependent enzymeBjochemistry 379918-9930.

Hawes, J. W., Schnepf, R. J., Jenkins, A. E., Shimomura, Y.,
Popov, K. M., and Harris, R. A. (1995) Roles of amino acid
residues surrounding phosphorylation site 1 of branched-chain
o-ketoacid dehydrogenase (BCKDH) in catalysis and phosphor-
ylation site recognition by BCKDH kinasd, Biol. Chem. 270
31071-31076.

Chauhan, H. J., Domingo, G. J., Jung, H. |., and Perham, R. N.
(2000) Sites of limited proteolysis in the pyruvate decarboxylase
component of the pyruvate dehydrogenase multienzyme complex
of Bacillus stearothermophiluand their role in catalysigur. J.
Biochem. 2677158-7169.

Fries, M., Chauhan, H. J., Domingo, G. J., Jung, H., and Perham,
R. N. (2002) Site-directed mutagenesis of a loop at the active
site of E1 (18,) of the pyruvate dehydrogenase complex: a
possible common sequence mofr. J. Biochem. 270861~

870.

Aevarsson, A., Seger, K., Turley, S., Sokatch, J. R., and Hol, W.
G. (1999) Crystal structure of 2-oxoisovalerate and dehydrogenase
and the architecture of 2-oxo acid dehydrogenase multienzyme
complexesNat. Struct. Biol. 6 785-792.

Aevarsson, A., Chuang, J. L., Wynn, R. M., Turley, S., Chuang,
D. T., and Hol, W. G. (2000) Crystal structure of human branched-
chain o-ketoacid dehydrogenase and the molecular basis of
multienzyme complex deficiency in maple syrup urine disease,
Structure § 277—291.

Pan, K., and Jordan, F. (1928)-S-Methyllipoic acid methyl ester,

a kinetically viable model for S-protonated lipoic acid as the
oxidizing agent in reductive acyl transfers catalyzed by the 2-oxo
acid dehydrogenase multienzyme complex@schemistry 37
1357-1364.

Lessard, I. A., and Perham, R. N. (1994) Expressid@stherichia

coli of genes encoding the Eland EJ beta subunits of the
pyruvate dehydrogenase complexBzcillus stearothermophilus
and assembly of a functional E1 componea$/) in vitro, J.

Biol. Chem. 26910378-10383.

Lessard, I. A., Domingo, G. J., Borges, A., and Perham, R. N.
(1998) Expression of genes encoding the E2 and E3 components
of the Bacillus stearothermophilugyruvate dehydrogenase com-
plex and the stoichiometry of subunit interaction in assennbly
vitro, Eur. J. Biochem. 258491-501.

Jung, H., Bowden, S. J., Cooper, A., and Perham, R. N. (2002)
Thermodynamic analysis of the binding of component enzymes
in the assembly of the pyruvate dehydrogenase multienzyme
complex ofBacillus stearothermophily$rotein Sci. 111091~
1100.

Morris, T. W., Reed, K. E., and Cronan, J. E., Jr. (1994)
Identification of the gene encoding lipoate-protein ligase A of
Escherichia coli.Molecular cloning and characterization of the
IplA gene and gene product, Biol. Chem. 26916091-16100.
Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman,
J. G., Smith, J. A., and Struhl, K., Eds. (1992)rrent Protocols

in Molecular Biology Wiley, New York.

Horton, R. M., Ho, S. N., Pullen, J. K., Hunt, H. D., Cai, Z., and
Pease, L. R. (1993) Gene splicing by overlap extenswethods
Enzymal 217, 270-279.

Lessard, I. A., and Perham, R. N. (1995) Interaction of component
enzymes with the peripheral subunit-binding domain of the
pyruvate dehydrogenase multienzyme compleBagillus stearo-

31.

32.

33.

34.

35.

36.

37.

38.

41.

42

Fries et al.

thermophilus stoichiometry and specificity in self-assembly,
Biochem. J. 306727—733.

Hipps, D. S., and Perham, R. N. (1992) Expressidesicherichia

coli of a sub-gene encoding the lipoyl and peripheral subunit-
binding domains of the dihydrolipoamide acetyltransferase com-
ponent of the pyruvate dehydrogenase complexBatillus
stearothermophilusBiochem. J. 283665-671.

Domingo, G. J., Chauhan, H. J., Lessard, I. A., Fuller, C., and
Perham, R. N. (1999) Self-assembly and catalytic activity of the
pyruvate dehydrogenase multienzyme complex frBacillus
stearothermophilusEur. J. Biochem. 2661136-1146.

Jones, D. D., Horne, H. J., Reche, P. A, and Perham, R. N. (2000)
Structural determinants of post-translational modification and
catalytic specificity for the lipoyl domains of the pyruvate
dehydrogenase multienzyme complex&stcherichia coliJ. Mol.

Biol. 295 289-306.

Khailova, L. S., Bernkhardt, R., and bher, G. (1977) Study of
the kinetic mechanism of the pyruvate-2,6-dichlorophenolindophe-
nol reductase activity of muscle pyruvate dehydrogerigiskhimiya
42,113-117.

Henderson, C. E., and Perham, R. N. (1980) Purification of the
pyruvate dehydrogenase multienzyme compleBadillus stearo-
thermophilusand resolution of its four component polypeptides,
Biochem. J. 189161-172.

Lessard, I. A., Fuller, C., and Perham, R. N. (1996) Competitive
interaction of component enzymes with the peripheral subunit-
binding domain of the pyruvate dehydrogenase multienzyme
complex ofBacillus stearothermophiluskinetic analysis using
surface plasmon resonance detectBimchemistry 3516863
16870.

Lindqvist, Y., Schneider, G., Ermler, U., and Sundstrom, M. (1992)
Three-dimensional structure of transketolase, a thiamin diphos-
phate-dependent enzyme, at 2.5 A resolutieMBO J. 11 2373~
2379.

Schneider, G., and Lindqvist, Y. (1993) Enzymatic thiamine
catalysis: mechanistic implications from the 3-dimensional struc-
ture of transketolaseBioorg. Chem. 21109-117.

. Liu, S., Gong, X., Yan, X., Peng, T., Baker, J. C., Li, L., Robben,

P. M., Ravindran, S., Andersson, L. A., Cole, A. B., and Roche,
T. E. (2001) Reaction mechanism for mammalian pyruvate
dehydrogenase using natural lipoyl domain substratesh.
Biochem. Biophys. 386.23-135.

.Roche, T. E., and Reed, L. J. (1972) Function of the non-identical

subunits of mammalian pyruvate dehydrogen&echem. Bio-
phys. Res. Commu#a8, 840-846.

Nemeria, N., Arjunan, P., Brunskill, A., Sheibani, F., Wei, W.,
Yan, Y., Zhang, S., Jordan, F., and Furey, W. (2002) Histidine
407, a phantom residue in the E1 subunit of Beeherichia coli
pyruvate dehydrogenase complex, activates reductive acetylation
of lipoamide on the E2 subunit. An explanation for conservation
of active sites between the E1 subunit and transketoBie,
chemistry 4115459-15467.

. Arjunan, P., Nemeria, N., Brunskill, A., Chandrasekhar, K., Sax,

M., Yan, Y., Jordan, F., Guest, J. R., and Furey, W. (2002)
Structure of the pyruvate dehydrogenase multienzyme complex
E1 component fromEscherichia coliat 1.85 A resolution,
Biochemistry 415213-5221.

BI027397Z



