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a b s t r a c t

Pyruvate oxidase from Escherichia coli (EcPOX) is a thiamin diphosphate- (ThDP) and FAD-dependent
peripheral membrane protein that carries out the irreversible oxidative decarboxylation of pyruvate to
acetate and carbon dioxide. Concomitant two-electron reduction of the flavin cofactor was suggested
to induce a structural rearrangement of the C-terminus triggering recruitment of the protein from the
cytosol to the cell membrane, where the electrons are eventually transferred to final electron acceptor
ubiquinone 8. Binding to the membrane, or alternatively, mild proteolytic digestion leads to a multifold
enhancement of both the catalytic activity and substrate affinity. Recent X-ray crystallographic studies
on EcPOX in the resting state and on a C-terminal truncation variant mimicking the membrane-bound
activated form have fueled our understanding of the membrane-binding mechanism and concomitant
catalytic activation. In the resting state, the auto-inhibitory C-terminal membrane anchor adopts a half-
barrel/helix fold that occludes the active site. Upon activation, the C-terminus is expelled and becomes
structurally flexible thereby freeing the active site. Circular dichroism spectroscopic analysis revealed
the isolated C-terminus to be disordered, however, formation of a helical structure was observed in the

presence of micelles. Limited proteolysis experiments indicate that activation of EcPOX involves at least
two sequential structural transitions: the first occurring after binding of pyruvate to ThDP and the second
after two-electron reduction of the flavin.
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. Introduction

The homotetrameric flavoenzyme pyruvate oxidase from
scherichia coli (EcPOX, EC 1.2.2.2) catalyzes the oxidative decar-
oxylation of pyruvate to acetate and CO2 and requires the cofactors
hDP, Mg2+ and FAD for catalytic activity [1]. Unlike in the related
OXs from Lactobacillae or pyruvate dehydrogenase multienzyme
omplex (PDHc), oxidation of pyruvate is not coupled to forma-
ion of an energy-rich metabolite such as acetyl phosphate (POX)
r acetyl-CoA (PDHc), but is just exploited to feed two reducing
quivalents from the cytosol into the respiratory chain at the mem-

rane [2–5]. Therefore, EcPOX has been sometimes considered to be
on-essential for E. coli metabolism serving as a seemingly waste-

ul backup system to PDHc. However, growth studies on E. coli
cPOX null mutants revealed a significantly reduced growth rate
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clearly suggesting an essential role of EcPOX during aerobic growth
[6].

In the resting (non-activated) state, EcPOX localizes to the
cytosol and exhibits a low basal catalytic activity (kcat ∼ 5–10 s−1)
and poor affinity for its substrate pyruvate (Kapp

M ∼ 90 − 100 mM)
when monitored in reductase assays, which rely on reduction of
externally added artificial electron acceptors such as ferricyanide or
2,6-dichlorophenolindophenol (DCPIP) [7]. The steady-state kinetic
constants of the non-activated enzyme implicate a role for EcPOX at
certain metabolic situations with elevated pyruvate concentrations.

The catalytic sequence of EcPOX involves as series of elemen-
tary catalytic steps and reaction intermediates consistent with the
general Breslow mechanism of thiamin catalysis. After carbonyl
addition of pyruvate to ThDP and decarboxylation of the resul-
tant 2-lactyl-ThDP (LThDP) adduct, two reducing equivalents are
transferred from the 2-(1-hydroxyethyl)-ThDP (HEThDP) carban-
ion/enamine intermediate to the neighboring flavin cofactor (Eq.

(1)). Reduction of FAD has been suggested to induce a structural
rearrangement of EcPOX that leads to the expulsion of a high affin-
ity lipid binding site at the C-terminus [8–10]. Subsequently, EcPOX
is recruited to the biological membrane and the reduced flavin
transfers two electrons to the final electron acceptor ubiquinone 8
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Q8) that is dissolved within the membrane and serves as a mobile
lectron carrier of the electron transport chain (Eq. (2)).

ThDP-EcPOX-FAD + CH3–CO–CO2
− + H2O

→ ThDP-EcPOX-FADH2 + CO2 + CH3–CO2
− (1)

hDP-EcPOX-FADH2 + Q 8 → ThDP-POX-FAD + Q 8H2 (2)

Binding of reduced EcPOX to the membrane in vivo (or of lipid
mphiphiles under in vitro conditions) leads to a few hundred-
old enhancement of the catalytic efficiency (kcat/Kapp

M ) of EcPOX
8]. The activation is of a so called mixed V- and K-type as both
urnover (Vmax ∼ 30-fold increased) and substrate affinity (Kapp

M ∼
0-fold decreased) are affected. The same activation phenomenon is
bserved when reduced EcPOX (ThDP-EcPOX-FADH2) is subjected
o mild proteolytic digestion by �-chymotrypsin that cleaves off
he last 23 C-terminal amino acid residues by clipping the peptide
ond between residues Tyr549 and Met550 to give a 59 kDa frag-
ent (EcPOX�23) and a 23mer peptide, termed the ‘alpha-peptide’

9,11,12]. On account of the similar kinetic steady-state constants
f lipid/membrane activated enzyme on one hand and proteolyti-
ally activated material on the other, it has been deduced that both
ctivation processes yield enzyme species with similar structural
nd functional properties. Therefore, the C-terminal �23 trunca-
ion variant is commonly deployed as a functional substitute for
he lipid-activated enzyme.

There are multiple lines of evidence supporting a model in which
embrane binding of EcPOX is conferred by the alpha-peptide part

f the C-terminus. Cronan and co-workers reported that a geneti-
ally generated C-terminal �24 deletion variant of EcPOX is fully
ctive even in the absence of lipids [13] paralleling the results
btained with the proteolytically activated enzyme, whereas bac-
erial strains expressing the deletion variant were lacking in vivo
yruvate oxidase activity. Furthermore, the truncation variant did
ot bind to detergents or lipids and no further increase of its activ-

ty could be observed in the presence of these potential activators.
utagenesis studies indicated vital roles of several amino acid

esidues of the C-terminus such as Glu564 and Arg572 for in vivo
xidase activity of EcPOX and membrane binding [14]. A deficiency
n lipid activation was also reported for variants with substitution
n other domains (Ala467) [15], so it was concluded that activa-

ion and membrane binding require the C-terminal alpha-peptide
o act in concert with neighboring structural elements. Disulfide
ross-linking studies on different heterotetramers of EcPOX consist-
ng of native subunits and subunits lacking the C-terminus showed
hat a pair of C-termini is the minimum requirement for membrane

ig. 1. SDS-page analysis of EcPOX after limited proteolytic digestion with alpha-chymo
yruvate, (c) after reaction with pyruvate analog methyl acetylphosphonate (MAP), (d) a
nd (e) after full reduction of enzyme-bound FAD by sodium dithionite under strict anaer
alysis B: Enzymatic 61 (2009) 88–92 89

binding [16]. Sequence analysis of the alpha-peptide predicted it
to fold into an amphipathic helical structure [17]. Conforming with
this proposal, the isolated alpha-peptide was demonstrated to bind
tightly to phospholipid vesicles in vitro [18].

Despite the extensive work on EcPOX, the structural basis of
membrane binding and concomitant activation had remained elu-
sive. Recent X-ray crystallographic structure analysis of full-length
EcPOX and of the fully active, proteolytically activated EcPOX�23 in
combination with limited proteolysis studies, and structural stud-
ies on chemically synthesized alpha-peptide have now provided
the structural framework for conceiving the underlying principles
of membrane binding of EcPOX [19,20].

2. Results

2.1. Evidence for multiple conformational equilibria with
relevance for catalysis and activation

Earlier studies using limited proteolysis revealed that EcPOX
undergoes a major conformational transition in the course of catal-
ysis [9]. In the absence of the substrate pyruvate, treatment of
EcPOX with �-chymotrypsin results in the cleavage of a 101mer
peptide (referred to as the ‘beta-peptide’) from the C-terminus ren-
dering the enzyme catalytically inactive. After reaction of EcPOX
with pyruvate and two-electron reduction of the flavin, however,
the latter cleavage site is no longer accessible and only the last C-
terminal 23 amino acids (the ‘alpha-peptide’) are removed to yield
the fully active �23 truncation variant. In order to further delineate
the catalytic stage(s) at which the conformational reorganisation
takes place, the proteolytic pattern of EcPOX at defined intermedi-
ate states (pre-decarboxylation, post-decarboxylation, post-redox)
of the thiamin and flavin cofactors were studied (Fig. 1).

At first, EcPOX was reacted with methyl acetylphosphonate (an
electrostatic analog of pyruvate), which forms a covalent bond with
C2 of ThDP to give the stable pre-decarboxylation intermediate
analog phosphono-LThDP [21]. Secondly, the apo-FAD enzyme was
reconstituted with Mg2+ and the post-decarboxylation analog thi-
azolone thiamin diphosphate that mimics the HEThDP enamine
[22]. Finally, the holoenzyme was reductively titrated with sodium
dithionite under strict anaerobic conditions to generate the two-
electron reduced flavin thus resembling the situation after electron

transfer (post-redox) from the HEThDP enamine to FAD.

As opposed to the results obtained with EcPOX in the resting
state (cleavage of beta-peptide) or in the presence of pyruvate
(cleavage of alpha-peptide), no proteolytic processing at all was
observed with either covalent intermediate analog at the thiamin

trypsin at different catalytic stages: (a) in the resting state, (b) after reaction with
fter reconstitution with HEThDP enamine analog thiamin-thiazolone diphosphate
obic conditions.
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Fig. 2. Structure of the C-terminal membrane-binding domain of EcPOX. (A) The
structure of the EcPOX homotetramer suggests that a pair of C-terminal alpha-
peptide parts (res. 550–572, indicated in red) binds simultaneously to the biological
membrane. (B) Cartoon representation of the C-terminal domain of EcPOX highlight-
ing the linker region (res. 531–549, in blue) and the alpha-peptide (res. 550–572,
in yellow). Hydrogen-bonding and electrostatic interactions are indicated. The two
cofactors (in green) and selected amino acid side chains are shown in stick repre-
sentation.
0 A. Weidner et al. / Journal of Molecula

ite demonstrating that both potential cleavage sites are protected.
n the other hand, the 23mer alpha-peptide is cleaved after full

eduction of the enzyme-bound flavin. This indicates that there
re two structural transitions in the course of catalysis, the first
f which is caused by the formation of covalent intermediates at
he thiamin site and the second by reduction of the flavin. The lat-
er step is necessary for exposing the lipid binding site, suggesting
redox-sensing mechanism.

.2. Structure of full-length EcPOX and of the C-terminal
embrane anchor

The structure of full-length EcPOX was determined by X-ray
rystallography to 2.9 Å resolution. Two functional dimers form the
omotetramer as the biologically relevant unit. The four identi-
al active sites are located at the dimer interface as reported for
ost enzymes of the ThDP enzyme superfamily [23]. Each subunit

f EcPOX consists of three main domains typical for the pyruvate
xidase subfamily: a Pyr domain (residues 1–182), an FAD-binding
omain (183–344) and a PP-binding domain (345–530). In addition,
he membrane-binding C-terminus constitutes a small separate
omain (531–572). The structural architecture of the tetramer

mplies that a pair of C-termini from neighboring subunits, each of
hich belonging to a different functional dimer, are likely to bind

imultaneously to the membrane (Fig. 2A).
The C-terminal membrane-binding domain exhibits well-

efined electron density for all residues and consists of two
ubdomains: a linker region (residues 531–549) and the alpha-
eptide part (550–572) (Fig. 2B). The linker is composed of a single
tranded �-sheet (531–534) and an �-helix (535–544), whereas
he alpha-peptide part forms an antiparallel two-stranded �-sheet
tructure. The latter motif is part of a four-stranded half-barrel
otif that – conjointly with the linker helix – partially occludes

he substrate channel thereby impairing access to the active cen-
er. The last eight residues of the alpha-peptide part do not fold
nto a defined secondary structure. The C-terminal domain is firmly
eld in place by several intraloop hydrogen bonds and numerous
ydrogen-bonding and electrostatic interactions formed between
asic residues of the alpha-peptide part and aspartate side chains of
neighboring, partially unwound helix of the FAD domain. In addi-

ion, the side chains of Glu564 located at the alpha-peptide part
nd Gln537 of the linker helix form a hydrogen bond. In summary,
he X-ray structure reveals that the C-terminus is tightly clamped
o the protein surface and blocks the funnel that provides access to
he active site.

.3. Circular dichroism spectroscopic analysis of chemically
ynthesized alpha-peptide

Primary structure analysis initially suggested the membrane
nchoring alpha-peptide to fold into an amphipathic helix involv-
ng residues Gly559-Asp-Glu-Val-Ile-Glu-Leu-Ala-Lys-Thr568 as
mportant elements of the presumed helical structure [17]. In the
esting non-activated state, EcPOX exhibits no affinity for phos-
holipids and does not bind to membranes. The above detailed
tructural analysis of full-length EcPOX showed that the alpha-
eptide is part of a half-barrel super-secondary structure and forms
ultiple intra- and inter-domain contacts. In order to experimen-

ally test the predicted helix propensity, we chemically synthesized
he 23mer alpha-peptide and subjected it to circular dichroism
CD) spectroscopic analysis (Fig. 3). Far-UV CD spectra of the alpha-

eptide in potassium phosphate buffer indicate the alpha-peptide
o be mostly unstructured/disordered with negligible amounts of
-sheet and turn elements thus clearly ruling out an intrinsic

equence-encoded helix propensity of the alpha-peptide. However,
n the presence of SDS micelles, which serve as a very simple mem-

Fig. 3. Far-UV CD spectra of chemically synthesized alpha-peptide in buffer (black
line), in presence of SDS micelles (red line) and in presence of 50% trifluorethanol
(blue line).
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rane mimic, the alpha-peptide adopts a helical structure as also
bserved with a positive control in presence of the helix-inducing
ompound trifluorethanol. From this experimental observation it
an be concluded that activation and membrane binding of EcPOX
nvolve at least two sequential structural transitions. At first, reduc-
ion of the flavin causes a local structural rearrangement that frees
he C-terminus from its tight interactions with other domains and
nduces an order (half-barrel) – disorder transition. Formation of
he presumed amphipathic helix will only occur upon contact of
he C-terminus with the biological membrane.

.4. Structural differences between the full-length and
roteolytically activated EcPOX

The structural comparison of full-length EcPOX and the pro-
eolytically generated C-terminal truncation variant EcPOX�23
evealed that the conformational changes occurring in the course
f activation are largely confined to the C-terminal segment and
eighboring helices of the FAD domain (Fig. 4A). The �-helix

ncompassing residues 330–349 is now fully wound, whereas there
s a slight structural displacement detectable for the adjacent helix

257–265, which in the full-length form is contacting the alpha-
eptide part. Most intriguingly, the linker region of the C-terminus
oints away from the active site in EcPOX�23 and access to the

ig. 4. Structural differences between full-length EcPOX and proteolytically generated E
atalytic dimer coloured in orange and green) and EcPOX�23 (both monomers coloured
cPOX�23. (B) Superposition of the active sites of full-length EcPOX (in green) and EcPOX�
alysis B: Enzymatic 61 (2009) 88–92 91

funnel leading to the active site is no longer impaired. The linker
exhibits defined electron density only until Lys539 suggesting that
the remaining part of the truncated C-terminus (residues 540–549)
is highly flexible.

Another fascinating observation is the different structural orien-
tation of an active center loop (encompassing residues 460–480) in
the full-length enzyme and the truncated variant. In the full-length
form, some residues of this loop form a �-sheet structure as part of
the half-barrel occluding the active site. In the proteolytically acti-
vated enzyme, this loop swings deeper into the active center pocket
contacting the thiamin and flavin cofactors. Most remarkably, the
side chain of Phe465 is now approaching both the thiazolium moi-
ety of ThDP and the isoalloxazine part of FAD (Fig. 4B). It is tempting
to speculate about a catalytic role of Phe465 for electron transfer
between the thiamin and flavin cofactor in terms of a ‘way station’,
because catalytic activation of EcPOX by lipid binding and by limited
proteolytic digestion was shown to mostly result from a dramatic
rate enhancement of intercofactor electron transfer [24]. In support
of this mechanistic suggestion, the suspected Phe is conserved in

pyruvate oxidases but is missing in related enzymes of the pyruvate
oxidase family such as acetohydroxyacid synthase or glyoxylate car-
boligase [25–27], which catalyze non-redox reactions and contain
the non-catalytic flavin cofactor as a vestigial remnant of evolution
[28,29].

cPOX�23 in stereo view. (A) Superposition of full-length EcPOX (monomers of the
in gray). The C-terminal domains are highlighted: red, full-length EcPOX; blue,

23 (in yellow) in stick representation.
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. Conclusions

Peripheral membrane proteins constitute an important class
f proteins, which temporarily bind to the biological membrane
nd fulfill important functions in cellular regulation, signaling and
etabolism [30,31]. In many cases, these proteins become recruited

o the membrane after binding of effectors and substrates or after
ost-translational modification resulting in a conformational tran-
ition that drives membrane binding. EcPOX constitutes a very
nteresting example in this regard as it transfers reducing equiv-
lents from the cytosol directly to the electron transport chain
t the membrane. At ‘normal’ cellular pyruvate concentrations,
cPOX is located in the cytosol and adopts a structure in which the
embrane-binding C-terminal domain is tightly clamped to the

rotein surface almost completely occluding the substrate chan-
el. This explains the poor affinity of non-activated enzyme for its
ubstrate pyruvate and its inability to bind to the membrane. At
levated cytosolic pyruvate concentrations, EcPOX will turn over
yruvate and the flavin cofactor will become reduced. Reduction of
he flavin causes a structural rearrangement that eventually results
n membrane binding of the C-terminus. The structural studies on

proteolytically activated �23 truncation variant of EcPOX and
hemically synthesized membrane-binding peptide suggest that
he C-terminus is expelled from the protein surface and becomes
tructurally flexible. Formation of the presumed amphipathic helix
s likely to occur only upon contact of the C-terminus with the mem-
rane. Release of the C-terminus from its interactions with other
omains of the protein frees access to the active center. In addi-
ion, an active center loop is partially reorganized so that the side
hain of Phe465 swings into the active center. In conjunction with
ransient kinetic studies, which evidenced a 102-fold rate enhance-

ent of the intramolecular oxidation of the HEThDP enamine by
he flavin, the structural data suggest a catalytic role of Phe465 for
acilitating the redox reaction.
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