
In their response to electric fields, secre- 
tory granule matrices behave like smart 
synthetic polymers, which have been used 
as drug carriers, sensors, valves, engines, 
and actuators (20). However, the speed, 
size, and electrical properties of granule 
matrices distinguish them from other gels 
and make them ideal for use in the design of 
fast chemoelectromechanical devices. 
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Structure of the Thiamine- and Flavin-Dependent 
Enzyme Pyruvate Oxidase 

Yves A. Muller and Georg E. Schulz* 
Pyruvate oxidase from Lactobacillus plantarum is a tetrameric enzyme that decarbox- 
ylates pyruvate, producing hydrogen peroxide and the energy-storage metabolite 
acetylphosphate. Structure determination at 2.1 angstroms showed that the cofactors 
thiamine pyrophosphate (TPP) and flavin adenine dinucleotide (FAD) are bound at the 
carboxyl termini of six-stranded parallel p sheets. The pyrophosphate moiety of TPP is 
bound to a metal ion and to a Baa@ unit corresponding to an established sequence 
fingerprint. The spatial arrangement of TPP and FAD suggests that the oxidation of the 
oxyethyl intermediate does not occur by hydride displacement but rather by a two-step 
transfer of two electrons. 

Pyruvate oxidase (E.C. 1.2.3.3) is irnpor- Acetyl-TPP-E-FAD,,, + P, 
tant in the aerobic growth of lactobacteria Acetylphosphate + TPP-E-FAD,, (4) 
(1). The enzyme (E) catalyzes the oxidative 
decarboxylation of pyruvate in several steps where Pi is inorganic phosphate. The re- 

leased energy is partially stored in 
Pyruvate + TPP-E-FAD,, acetylphosphate, which can be used by 

6. To measure the force exerted by 'a swollen gran- Oxyethyl-TPP-E-FAD,, + C02 (1) 
ule, we brought a condensed granule close to a 
stress-transducing beam (SensoNor, Horten, Nor- Oxyethyl-TPP-E-FAD,, S 
way), which consists of two active resistors whose 
resistance chanaes as the beam is bent. These 

Acetyl-TPP-E-FADred (2) 
resistors form 60 legs of a Wheatstone bridge, Acetyl-TpP-E-FADred + O2 = 
and two passive resistors make up the remaining 
two leas. The outout voltaae from the bridae was Acetyl-TPP-E-FAD,, + H 2 0 2  (3) 
filterei (band-p&s filter.-corner freque&ies 0 
and Hz), amplified (x105), and sampled by the Institut fiir Organlsche Chemle und Blochemle, Albert- 

computer at 6,36-ms intervals, We calibrated the Ludwigs-Universitat, W-7800 Freiburg im Breisgau. 

transducer by placing a weight at its edge and Germany' 
measuring thk resulting voltage. 'To whom correspondence should be addressed 

. -  - 
acetate kinase to convert adenosine diphos- 
phate to adenosine triphosphate (1). The 
enzyme requires TPP, FAD, and a divalent 
cation such as MnZ+ for catalytic activity. 
Sequence similarity in the TPP binding re- 
gion suggests that pyruvate oxidase is related 
to the important enzyme pyruvate decarbox- 
ylase (2), which, however, does not oxidize 
the substrate and thus lacks FAD. 

Recombinant pyruvate oxidase from 
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Fig. 1. Schematic drawing of the homotet- 
rameric enzyme pyruvate oxidase. The D? point 
group symmetry of the a, molecule is ind~cated 
by the twofold axes. Each circle represents a 
domain. Subunits are indicated by shading. 
The active sites are located at the interfaces 
a,-a,, and a,,,-a,,, which are larger than the 
interfaces a,-a,,, and a,,-a,,. The crystallograph- 
ic asymmetric unit contains dimer a,-a,,,. 

Lactobacillus plantarum has been engineered 
for improved stability by three point muta- 
tions (3, 4). Enzyme crystals belonged to 
space group C222, cell dimensions, a = 
122 A; b = 155 a ; c = 167 A) and 
contained two subunits in the crystallo- 
graphic asymmetric unit (5). The refined 
model consisted of a dimer with 9048 non- 
hydrogen polypeptide atoms, 2 TPP and 2 
FAD molecules, 2 Mg2+ ions, and 748 
water molecules. The crystallographic R 
factor was 16.3% for all data between 10 
and 2.1 A. The root-mean-square devia- 
tions from ideal bond lengths and angles 
were 0.014 A and 2.7", respectively. 

Pyruvate oxidase is a homotetramer 
with symmetry D2 (Fig. 1). The monomer 
is divided into three domains, each of 
which contains a six-stranded parallel $ 
sheet surrounded by a helices (Fig. 2). 
The first domain (core domain, residues 
9 to 191) forms the core of the tetramer. 
It is linked by a chain segment lack- 
ing secondary structure to the FAD-bind- 
ing domain (FAD domain, residues 192 
to 342). The third domain binds TPP 
(TPP domain, residues 343 to 593). In 
our assignment, the third domain in- 
cludes a long a helix connecting it to 
the FAD domain as well as a 50-residue 
extension at the COOH-terminus (6). 
The four core domains are closely packed 
at the intersection of the three molecular 
twofold axes at the tetramer center; the 
remaining free space is as small as about 
loo A3. 

Cofactor FAD binds at the $ strand 
ends of the parallel six-stranded P sheet of 
the FAD domain. This sheet has the 
topology of a twofold Rossmann fold (7) in 

COOH m COOH e 

Fig. 2. Stereo view representation of pyruvate oxidase prepared with the program MOLSCRIPT (23) 
showing secondary structure and cofactors. 

which, however, only two of the five 
connections between p strands contain a 
helices (Fig. 3). In contrast to the usual 
binding mode of nicotinamide adenine 
dinucleotide to a Rossmann fold, the 
adenosine moiety of FAD is attached to 
the second $a$a$ unit instead of the first 
one. There is no Gly sequence fingerprint 
for dinucleotide binding and no $a$ unit 
for binding pyrophosphate (8, 9); rather, 
the phosphate groups of FAD are hydro- 
gen-bonded to NH groups of extended 
peptide chain segments after the first and 
fourth strand of the $ sheet and to Hislo' 
from the core domain. In common with 
other dinucleotide proteins (1 0) , pyruvate 
oxidase binds the hydroxyl groups of the 
adenosine ribose of FAD with an acidic 

residue at the end of the second strand of 
the respective $a$a$ unit (Asp306 on 
fifth strand of the sheet). The isoallox- 
azine ring of FAD is surrounded by a shell 
of six aromatic residues (three phenylala- 
nine and three tyrosine residues) and is 
bent along the N-10 . . . N-5 axis (a 
dihedral angle of 15"). This constraint 
favors the reduced form of FAD and thus 
increases its redox potential. 

The topology of the six-stranded $ 
sheet to which TPP is bound (Fig. 3) is 
identical to that of the core domain but 
differs from the topologies of nucleotide- 
binding proteins (9). As observed for TPP 
binding in transketolase (I I), pyruvate oxi- 
dase binds the pyrophosphate group of TPP 
with a metal ion (12, 13) and with the 

Fig. 3. Sketch of the chain 
fold and cofactor binding 
sites from approximately 
the same view as in Fig. 2. 
The cofactors (black) as 
well as the three domains 
(NH,-terminal core do- 
main, FAD-binding do- 
main, and TPP-binding 
domain) and the se- 
quence fingerprint indic- 
ative of TPP binding (14) 
(broken lines) are em- 
phasized. Two electrons 
are transferred from TPP 
to FAD (Eq. 2). p Strands 
(squares and concentric 
squares), hydrogen 
bonds within p sheets 
(Ill), and a helices (cir- 
cles) are as shown. NH2 
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Fig. 4. Stereo view of the active center, including TPP and the flavin mononucleotide moiety of FAD. 
Hypothetical planar oxyethyl anion bound to C-2 of TPP (broken lines). Distances (24) important for 
stabil~zation and electron transfer (dotted lines) are shown. Onlv the residues suaaested to be -., 
important for catalysis are displayed ( G I Y ~ ~ ' ,  ~ e r ~ ~ ' ,  G I U ~ ~ ' ,   is^^': PheiZ1', Glnw2', Arg264, Phe479, 
and G I u ~ ~ ~ )  

fingerprint sequence X5-Gly-Asp-Gly- 
Y2,-,,-Asn (14) that forms a Paap unit 
(Fig. 3). The metal ion is bound in octahe- 
dral arrangement to an oxygen molecule 
from each phosphate group, to Asp447-OD1 
(fingerprint), A s ~ ~ ~ ~ - O D ~  (fingerprint), 
Gln476-0, and to a water molecule. Gly448 
(fingerprint) and Gly449 are in the first turn 
of an a helix and bind a phosphate group, 
as has been observed in several dinucle- 
otide-binding proteins. Because the se- 
quence fingerprint has been found in vari- 
ous proteins (14), this Paap  motif for TPP 
binding is rather general. 

The TPP conformation is similar to the 
observed conformation in transketolase, 
juxtaposing the 4'a-NH, group of the 
pyrimidine with the reactive C-2 of the 
thiazole ring (Fig. 4). Moreover, there is a 
carboxylate (GluS9' of the neighboring 
subunit) that hvdroeen bonds to N-1' of , - 
the pyrimidine ring, which could tau- 
tomerize to produce a 4'a-imino group 
(1 5). This imino group could function as a 
base picking up the acid proton at C-2 of 
the thiazole ring (16) because the N-4'a 
. . . C-2 distance is 3.2 A with a favorable 
eeometrv. There is no other base around - 
C-2. The environment of the thiazole ring 
is mostlv non~olar.  

The 'activated C-2 attacks pyruvate, 
giving rise to decarboxylation (Ey. 1). In 
view of the observed structure, we suggest 
that subsequent oxidation of the oxyethyl- 
TPP intermediate by cofactor FAD (Ey. 2) 
does not occur by hydride displacement 
(1 6) from C-2a of oxyethyl-TPP (previ- 
ously the carbonyl carbon of pyruvate) to 
N-5 of the isoalloxazine of FAD. There is 
no acidic group available to protonate 
C-2a, and the hydride ion would have to 
traverse 9.5 A without a relay station. 
More likely, oxidation occurs by a two- 
step transfer of two electrons to the isoal- 

loxazine ring, probably relayed by the 
benzene ring of Phe479 or Phe"'' (or both) 
(Fig. 4). An additional electron in Phe479 
could be stabilized by close contact to the 
guanidinium group of Arg264, which is re- 
strained by G ~ u ~ ~ ~  (Fig. 4). 

The reduced FAD would then donate 
its electrons to the final electron acceptor, 
O,, by forming an isoalloxazine C-4a- 
hydroperoxide intermediate as described 
for p-hydroxybenzoate hydroxylase (1 7) 
and releasing H 2 0 2  (Eq. 3). C-4a is acces- 
sible to 0, from the solvent. Finally, TPP 
would be regenerated by attack of Pi, 
liberating acetylphosphate (Ey. 4). A 
binding site for the Pi would be provided 
by the peptide amides of residues 35' and 
36' from the other subunit. We have 
assumed that there is no major conforma- 
tional change during catalysis, consistent 
with the observation that the crystals 
withstand high concentrations of pyruvate 
(18). 
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