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ABSTRACT: Pyruvate oxidase from Escherichia coli is a peripheral membrane associated enzyme which is 
activated by lipids. We have investigated the high-affinity lipid binding site associated with lipid activation 
of pyruvate oxidase by covalent attachment of [14C]lauric acid to the enzyme. Lauric acid is bound 
stoichiometrically (1 mol/mol of active sites), and the enzyme is essentially irreversibly activated. Mild 
tryptic digestion of the modified enzyme shows that the lauri acid is bound within the last 100 residues 

in approximately equal amounts. Comparison of the amino acid composition of peptide A with the entire 
sequence of the protein shows that peptide A corresponds to the sequence from Ala-543 to Ile-554. The 
analysis of peptide B is very similar to that of A. Limited squence analysis of peptide B shows that residue 
1 is Ala and residue 2 is labeled. These results support the assignment of residue 1 in peptide B as Ala-543 
and indicate that lauric acid is bound to Lys-544. Previous work in this laboratory has shown that pyruvate 
oxidase may be activated independently of lipids by mild protease digestion. Proteolytic activation is 
accompanied by the release of a small peptide (residues 550-572) from the carboxyl terminus of the protein. 
The present work locates the lipid binding site very close to this peptide. The significance of these results 
for the mechanism of activation of pyruvate oxidase and other lipid-activated systems is discussed. 

of the 572-residue monomer. Digestion with thermolysin rele 'B ses two closely related peptides, A and B, 

E r u v a t e  oxidase (pyruvate:cytochrome b,  oxidoreductase, 
EC 1.2.2.2) from Escherichia coli is a flavoprotein which 
catalyzes the oxidative decarboxylation of pyruvate to acetate 
(Hager, 1957). The enzyme has a molecular weight of 240000 
and is comprised of four identical subunits (O'Brien et al., 
1976; Raj et al., 1977). It requires thiamin pyrophosphate 
(TPP)' and a divalent metal ion for activity (Williams & 
Hager, 1966; O'Brien et al., 1977). The reduced enzyme is 
reoxidized by the E .  coli membrane-associated electron- 
transport system and also by artificial electron acceptors 
(Cunningham & Hager, 1975). 

A remarkable property of pyruvate oxidase is its ability to 
be activated by amphiphilic lipids and detergents. In the 
presence of 20 pM SDS, the catalytic activity (kcat/K,,,) is 
increased approximately 450-fold-kWt is increased by - 30- 
fold, and the K ,  for pyruvate is decreased by -15-fold. 
Reduction of the flavin prosthetic group in the presence of 
pyruvate, TPP, and divalent metal ions facilitates this acti- 

vation process (Cunningham & Hager, 1971; Blake et al., 
1978). The extents of activation by amphiphiles of widely 
differing structure and charge are quantitatively similar. Data 
obtained for the noncovalent binding of detergents to the 
enzyme and for the covalent attachment of lauric acid clearly 
suggest that activation is achieved through the binding of a 
small number of molecules of lipid to a discrete site or sites 
on the reduced enzyme (Schrock & Gennis, 1977; Leisman 
et al., 1985). Pyruvate oxidase is one of the very few soluble 
proteins to exhibit such well-defined lipid binding character- 
istics, and for this reason, it constitutes a rewarding system 
for studying lipid activation of enzyme activity and lipid- 
protein interactions in general. 

A further property of the enzyme which is of particular 
relevance for the present work is that it may be activated by 
mild protease digestion under the same conditions as are re- 
quired for lipid activation (Russell et al., 1977a). In the 
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were withdrawn at 1-2-min intervals for assays of enzyme 
activity and incorporated radioactivity. After a 3-min 
equilibration of enzyme, lauric acid, and EDC, an aliquot of 
freshly prepared hydroxylamine solution, pH 6.2 (final con- 
centration 0.2 M), was added to stop further reaction. Enzyme 
activity was assayed in the absence of SDS as previously de- 
scribed (Blake et al., 1978). In these assays, the free lauric 
acid concentration was only - 1% of the concentration required 
to fully activate the enzyme through noncovalent binding. 
Incorporated radioactivity was quantified by precipitation of 
labeled protein with 5% (w/v) trichloroacetic acid followed 
by filtration on a 0.45-pm membrane (type HAWP, from 
Millipore Corp.). Radioactivity was quantified by liquid 
scintillation counting using [ 14C] toluene as an internal 
standard. 

This preparation of labeled enzyme was used for mild tryptic 
digestion without further purification but was subjected to gel 
filtration in SDS prior to thermolysin digestion. 

Mild Tryptic Digestion of Labeled Enzyme. Previous 
studies have shown that when the oxidized form of pyruvate 
oxidase is subjected to mild tryptic digestion in the absence 
of TPP, a peptide containing 100 amino acids (the “B-peptide”) 
is removed from the carboxyl terminus of the protein, and the 
enzyme is inactivated (Russell et al., 1977a). In the present 
work, the lauric acid labeled enzyme was therefore first sub- 
jected to mild tryptic digestion in the absence of TPP to as- 
certain whether the bound lipid was contained within this 
0-peptide region of the protein. To facilitate the removal of 
noncovalently bound TPP, an aliquot of EDTA (final con- 
centration 0.02 M) was added to the preparation to chelate 
MnZ+ ions which are essential for the binding of TPP to the 
apoenzyme. Trypsin (50 cg/mL) was then added to the la- 
beled enzyme (0.15 mg/mL) and the digest equilibrated at 
25 OC. Samples were removed 30 and 60 min thereafter and 
subjected to electrophoresis (12 h, 100 V, 20 “C) in 15% 
polyacrylamide gels containing 6 M urea and 0.1% (w/v) SDS 
(Bethesda Research Laboratories, 1981; Shapiro et al., 1967). 
Gels were stained for protein with Coomassie Blue or subjected 
to fluorography essentially as described previously (Cham- 
berlain, 1979). 

The unlabeled 0-peptide was isolated by HPLC from a mild 
tryptic digest of pyruvate oxidase. The digest was chroma- 
tographed first on a TSK 3000 SW column (Altex) to remove 
trypsin from the digested enzyme. The 0-peptide remained 
associated with the 51 000-dalton fragment of the protein under 
the nondenaturing conditions used for this chromatography. 
The digested protein was then chromatographed on a re- 
verse-phase C18 column. [Solvent A was 5% formic acid in 
HzO; solvent B was 5% formic acid in ethanol. A gradient 
from 0% to 80% solvent B and a flow rate of 1 mL/min were 
used.] Under these conditions, the inactive 5 1 000-dalton 
fragment and the 0-peptide were cleanly separated. The 0- 
peptide fraction was identified by SDS-PAGE. 

Thermolysin Digestion of Labeled Enzyme. The labeled 
enzyme preparation was solubilized by the addition of 1% 
(w/v) SDS. The preparation was purified by HPLC on a TSK 
3000 SW column equilibrated at room temperature with 0.1 
M phosphate buffer, pH 5.80, containing 0.1% (w/v) SDS and 
5% (w/v) glycerol, at a flow rate of 0.75 mL/min. Pooled 
fractions containing the monomeric labeled enzyme were 
concentrated to 0.5 mg/mL at 15 OC in a Centricon-30 mi- 
croconcentrator (Amicon Corp.). Prior to exhaustive ther- 
molysin digestion, the enzyme was dialyzed into 0.01 M Tris 
buffer, pH 8.0, containing 0.1% (w/v) SDS and 5% (w/v) 
glycerol. Virtually quantitative recovery (290%) of labeled 

presence of pyruvate, TPP, and divalent metal ions, a-chy- 
motrypsin catalyzes the cleavage of a 23-residue peptide (the 
“a-peptide”) from the carboxyl terminus of each subunit 
(Recny & Hager, 1983; Recny et al., 1985). The increase in 
k,, and decrease in Ky after removal of the a-peptide are 
quantitatively similar to the corresponding changes in these 
kinetic constants in the presence of lipid. The protease-ac- 
tivated en .:;me binds lipids less effectively than the native 
enzyme and is not further activated by lipids. Further, the 
lipid-activated enzyme is much less susceptible to protease 
digestion at the a-peptide site than is the native enzyme 
(Russell et al., 1977b). The foregoing observations imply a 
close relationship between the mechanisms of activation of 
pyruvate oxidase by lipid and by protease digestion. 

The aim of the present investigation has been to identify 
the lipid binding site associated with lipid activation of pyruvate 
oxidase. Previous work in this laboratory has established a 
procedure for the covalent attachment of a small number of 
molecules of [ 14C]lauric acid to each pyruvate oxidase tet- 
ramer, using the water-soluble carbodiimide l-ethyl-3-[3- 
(dimethylamino)propyl]carbodiimide (EDC) (Leisman et al., 
1985). The covalently labeled enzyme is essentially 
“irreversibly” activated. In the present study, we have used 
this [‘4C]lauric acid labeled enzyme to locate the lipid binding 
site associated with lipid activation. 

MATERIALS AND METHODS 
Materials. TPP, sodium pyruvate, EDC, and bovine pan- 

creatic trypsin were obtained from Sigma Chemical Co. SDS, 
trifluoroacetic acid, phenyl isothiocyanate, and constant-boiling 
HCl (all Sequanal grade) and PTH-amino acid standards were 
obtained from Pierce Chemical Co. Glycerol was obtained 
from Fisher Scientific. Sodium ferricyanide was obtained from 
ICN Pharmaceuticals, Inc. [ 14C]Lauric acid (36 mCi/mmol, 
2.75 mM, in hexane) and [14C]toluene, for use as an internal 
standard, were obtained from Amersham. Unlabeled and 
carbon- 14-labeled low molecular weight protein standards for 
polyacrylamide-SDS gel electrophoresis were obtained from 
Bethesda Research Laboratories, Inc. Other reagents for gel 
electrophoresis were obtained from Bio-Rad. Photographic 
film for fluorography (X-Omat RP) and GBX developer were 
Eastman Kodak products. Organic solvents for HPLC were 
Baker analyzed reagents, and HPLC-grade water was prepared 
by redistillation from alkaline potassium permanganate. All 
other reagents were analytical grade. 

Preparation of Labeled Enzyme. Pyruvate oxidase was 
purified from an E.  coli strain (CG3) harboring a plasmid 
carrying the oxidase gene of E.  coli using established proce- 
dures (Recny & Hager, 1982; Recny et al., 1985). The ac- 
tive-site concentration of the purified enzyme was determined 
by measuring the decrease in absorbance at 438 nm, the A,,, 
of the oxidized flavin (Williams & Hager, 1966), upon flavin 
reduction, using Ac438 = 10844 M-’ cm-’. [14C]Lauric acid 
labeled enzyme was prepared by a slight modification of the 
previously reported method (Leisman et al., 1985). Pyruvate 
oxidase was reduced by dilution of the enzyme into Pipes 
buffer, pH 6.0, containing TPP, Mn2+, pyruvate, and glycerol 
at the following final concentrations: enzyme, 4 pM; Pipes, 
0.1 M; pyruvate, 0.2 M; TPP, 0.01 M; Mn2+, 0.2 mM; gly- 
cerol, 20% (v/v). The reduced enzyme was equilibrated for 
5 min with [l4C]1auric acid (26 mCi/mmol, in Me2SO) at the 
following final concentrations: lauric acid, 0.29 mM; Me2S0, 
8% (v/v). After 5 min, the solution was noticeably turbid due 
to aggregation of the lipid-activated enzyme. An aliquot of 
freshly prepared EDC in water was added to give a final EDC 
concentration of 4.0 mM, and aliquots (10 pL) of the reaction 
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ROUR~ 1: Incorporation of [l'CC]lauric acid into the lipid activation 
site of pyruvate oxidase. Fyruvate oxidasc was equilibrated with 
[l'C]lauric acid and EDC 01 with lauric acid alone as dmibcd under 
Ma& and Methods. Aliquo*l (IO pL) were withdrawn and mayed 
for enzyme activity at the times indicated. Specific activities are 
expressed as a percentage of the specific activity of the unmodified 
enzyme assayed in the presence of 20 pM SDS: (0) specific activity 
of the enzyme equilibrated with lauric acid and EDC, (A) specific 
activity of the enzyme equilibrated with lauric acid alone. InmrpJrated 
radioactivity was determined at the t i m s  indicated and was mrreaed 
for the low background radioactivity inmrporated in the absence of 
EDC. The wncentration of active enzyme was determined prior to 
reaction with lauric acid and EDC. as described under Materials and 
Methods: (0) moles of lauric acid b u n d  per mole of active sites. 

protein was obtained during all of the above procedures. 
Thermolysin (final concentration 40 pg/mL) and calcium 
acetate (final concentration 2 mM) were added to the con- 
centrated, labeled protein, and the digestion was allowed to 
proceed for 20 min at  25 OC (mild digestion) or for 16 h a t  
37 'C (exhaustive digestion). Digests were chromatographed 
on a IO-pm Vydac C4 reverse-phase HPLC column (4.6 X 
250 mm) at a flow rate of 0.75 mL/min [solvent A, 0.1% (v/v) 
trifluoroacetic acid in water; solvent B, 0.1% (v/v) trifluoro- 
acetic acid in acetonitrile/2-propanol ( 2 1  v/v)]. A linear 
gradient from 10% solvent B to 75% solvent B over 75 min 
was employed. Fractions containing carbon-I4 were rechro- 
matographed twice on a 1C-pm Vydac C4 column (4.6 X 150 
mm) at 0.75 mL/min. Solvents A and B were as above. A 
linear gradient from 35% solvent B to 45% solvent B over 30 
min was employed. 

AM/YS~S of Purified Peptides. Amino acid analysis was 
performed by using the Waters PimTag system. PTC-amino 
acids were analyzed on a 5-pm Altex UltrasphertODS col- 
umn (4.6 X 250 mm) at 45 OC. at  a flow rate of 1 mL/min 
[solvent A. 12 mM sodium acetate, pH 7.0; solvent B, 15% 
(v/v) acetonitrile in methanol]. The following gradient was 
employed: 5% B at 0 min, to 20% B a t  I min, to 27% B at 
5 min, to 34% B at 9 min, to 44% B a t  12 min, to 54% B at 
15 min. Sequencing of - 1  nmol of the unlabeled @-peptide 
and 1-300 pmol of the "Clabeled thennolysin peptides was 
performed by using an Applied Biosystems gas-phase SG 

quenator. PTH-amino acids were analyzed on a 5-pm Altex 
UltrasphcrtODS column (4.6 X 250 mm) at 45 OC at a flow 
rate of 1.5 mL/min. Solvents A and B were the same as those 
used for PTC-amino acid analysis. The following gradient was 
employed: IO% B a t  0 min, to 18% B at 0.5 min, to 27% B 
at 4.5 min, to 34% B a t  8.5 Tin. to 44% B a t  9.5 min, to 55% 
Bat  24.5 min. In the analysis of the radioactive peptides, each 
of the PTH derivatives released in the sequencing reaction was 
separated into two fractions: one fraction was subjected to 
PTHamino acid analysis, and the other was assayed for ra- 
dioactivity. 

RESULTS 
Preparation of the Lubeled Enzyme. When substrate-:+ 

d u d  pyruvate oxidase was equilibrated with [l'C]lauric acid 

26.700 
18,400 

(3.300 

e.20a 

3.000 , '  

ROURB 2 PolyacrylamideSDS gel electrophoresis of mild tryptic 
digest of lauric acid labeled and unlabeled pyruvate oxidasc. Ela- 
trophoresi was carried out as described under Materials and Methods. 
Lane I ,  low m d m l a r  weight protein standards, lanes 2 and 7.30-min 
digest of pyruvate oxidase equilibrated with [l'C]lauric acid and EDC 
lanes 3 and 8.90-min digest of pyruvate oxidase equilibrated with 
["C]lauric acid and EDC, lane 4. t r y p i n  alone: lanes 5 and 9.30-min 
digst of pyruvate oxidase equilibrated with [l'C]lauric acid (no EDC); 
lanes 6 and IO, 90-min digest of pyruvate oxidase equilibrated with 
["Cllauric acid (no EDC). Lanes 1-5 were stained with Coomassic 
Blue; lanes 7-10 were subjected to fluorography. The band of ra- 
dioactivity of lowest mobility in lanes 7 and 8 corresponds to the top 
of the gel. 

in the presence of EDC, the specific activity of the enzyme 
imreased withii 3 min to a value which was 9oLA, of the specific 
activity of the unmodified enzyme assayed in the presence of 
20 pM SDS. When either lauric acid or EDC was omitted 
from the reaction, the specific activity remained the same as 
the specific activity of the unactivated enzyme (Figure I) .  In 
the presence of lauric acid and EDC. the radioactivity in- 
corporated into protein increased within 3 min to a value 
corresponding closely to 1 mol of lauric acid per mole of active 
sites (Figure 1). 
Mild Tryptic Digestion of the Lubeled Enzyme. As noted 

above (Materials and Methods), a preliminary experiment was 
performed to determine whether covalently bound lauric acid 
was located within the @-peptide region of pyruvate oxidase. 
The labeled enzyme was subjected to mild tryptic digestion 
in the absence of bound TPP. SDS-polyacrylamide gel 
electrophoresis of the digest (Figure 2) showed that the labeled 
enzyme was substantially degraded within 90 min to a 
51 ooo-dalton fragment and the @-peptide (lanes 2 and 3). The 
unlabeled enzyme was similarly degraded (lanes 5 and 6). 
(The @-peptide in both cases is barely visible in photographs 
of Cwmassie Blue stained gels but was clearly visible in the 
original.) The major fraction of covalently bound [l'C]lauric 
acid was located within the &peptide rather than the 
51 000-dalton fragment (lanes 7 and 8). and, as expected, there 
was no label associated with any protein or peptide fraction 
in digests of enzyme which had been equilibrated with 
["C]lauric acid in the absence of EM) (lanes 9 and IO). The 
band of radioactivity just above the 60000-dalton band cor- 
responds to the top of the gel and is reasonably attributed to 
a fraction of enzyme which is cross-linked by EDC to form 
high molecular weight aggregates. Evidence for the presence 
of such aggregates was also obtained upon HPLC gel filtration 
of the modified enzyme in the presence of SDS (see Figure 

Isdation and Sequencing of the @-Peptide. The unlabeled 
@-peptide was readily purified by reverse-phase HPLC. The 
first 25 midues of the peptide were sequenced as a contiguous 
stretch. The complete sequence of pyruvate oxidase has been 
determined elsewhere from the DNA sequence of the pyruvate 
oxidase gene (Grabau & Cronan, 1986). There was complete 

4). 
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416 4 2 0  
LEU GLV ALA GLN ALA THR GLU PRO GLU ARG GLN VAL VAL ALA MET CYS GLY ASP GLY GLY PHE SER MET LEU MET GLY ASP PHE LEU SER 

VAL VAL GLN MET LYS LEU PRO VAL LYS I L E  VAL VAL PHE ASN ASN SER VAL LEU GLY PHE VAL ALA MET GLU MET LYSAALA GLY GLY TYR 
496 

LEU THR ASP GLY THR GLU LEU H I S  ASP THR ASN PHE ALA ARG I L E  ALA GLU ALA CYS GLY I L E  THR GLY I L E  ARG VAL GLU L Y S  ALA SER 

GLU VAL ASP GLU ALA LEU GLN ARG ALA PHE SER I L E  ASP GLY PRO VAL LEU VAL ASP VAL VAL VAL ALA LYS GLU GLU LEU ALA I L E  PRO 

PRO GLN I L E  LYS LEU GLU GLN'ALA LYS* GLY PHE SER LEU TVR+MET LEU ARG ALA I L E ' I L E  SER GLY ARG GLY ASP GLU VAL I L E  GLU LEU 
572 

ALA L Y S  THR ASN TRP LEU ARG 

472 

543 544 550 554 

FIGURE 3: Amino acid sequence of the carboxyl-terminal domain of pyruvate oxidase. The primary sequence of pyruvate oxidase was determined 
by Grabau and Cronan (1986). The first 25 residues of the tryptic 8-peptide (Ala-472-Ile-496) and the first 5 residues of the 15 000-dalton 
thermolysin peptide (Leu-416-Ala-420) were determined as described in the present work. The start of the chymotryptic a-peptide (Met-550) 
was determined previously ( R a y  et al., 1985). The residues underlined (Ala-543-Ile-554) correspond to peptide A from the exhaustive thermolysin 
digest of the lauric acid labeled enzyme. Lys-544 (marked with an asterisk) is the residue which is labeled with lauric acid in peptide B. 
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FIGURE 4: Purification of lauric acid labeled pyruvate oxidase. Enzyme 
was equilibrated with [14C]lauric acid in the presence or absence of 
EDC for 3 min. The reaction was quenched with hydroxylamine, and 
the labeled preparation was solubilized by addition of 1% (w/v) SDS. 
The preparation was immediately chromatographed on a TSK 3000 
SW Spherogel column in the presence of 0.1% (w/v) SDS. Aliquots 
(20 pL) of each fraction (750 pL) were assayed for radioactivity. (-) 
Azso; (A) radioactivity. (A) Enzyme equilibrated with lauric acid 
and EDC; (B) enzyme equilibrated with lauric acid (no EDC). The 
peaks were identified as follows: peak I, labeled pyruvate oxidase 
cross-linked by reaction with EDC; peak 11, labeled pyruvate oxidase 
monomer; peak 111, free lauric acid and TPP. 

agreement between the 25-residue amino acid sequence de- 
termined in the present work and residues 412-496 of the 
complete sequence of Grabau and Cronan (Figure 3). The 
start of the @-peptide was thus unequivocally identified as 
Ala-472. 

Location of Bound Lauric Acid within the @-Peptide Region. 
Whereas the unlabeled @-peptide was readily purified by 
HPLC in reasonable yield (-60%), the labeled peptide was 
recovered in very low yield ((10%) from both C4 and C18 
reverse-phase columns. The undigested labeled protein was 
therefore first subjected to gel filtration in the presence of 0.1% 
(w/v) SDS to remove free lauric acid (Figure 4). Detergent 
was necessary to solubilize the labeled enzyme preparation 
which was highly aggregated. The labeled protein (peaks I 
and 11, Figure 4A) was cleanly resolved from free lauric acid 
and TPP (peak 111). Peak I, which was variable in amount 
but always less than 20% of the total protein (Azg0)  in peaks 
I and 11, is attributed to protein which has been cross-linked 
with EDC. This peak did not appear in the chromatogram 
of the control reaction (EDC omitted) (Figure 4B). As ex- 
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FIGURE 5: Purification of peptides from the exhaustive thermolysin 
digest of labeled pyruvate oxidase. Each digest contained 200 pg of 
purified, labeled enzyme and 20 p g  of thermolysin. Chromatography 
of the digest on a C4 reversephase column (4.5 X 250 mm) employed 
a linear gradient in acetonitrile and 2-propanol (2:l v/v). Radioactivity 
was recovered only in peaks A and B. (-) A,,,; (A-A) radioactivity. 

pected, no radioactivity coeluted with the single protein peak 
in the chromatogram of the control reaction containing no 
EDC (Figure 4B). Peak I1 was used for subsequent analysis 
of the position of the lauric acid label. 

Neither trypsin nor a-chymotrypsin effectively digested the 
purified, labeled enzyme in the presence of 0.1% SDS. Ef- 
fective digestion was achieved by thermolysin in the presence 
of the detergent. Mild digestion (20 min, 25 "C) resulted in 
the degradation of the 60 000-dalton monomer to a -45 000- 
and a - 15 000-dalton fragment (results not shown). Fluo- 
rography of the corresponding SDS-polyacrylamide gel 
showed that lauric acid was located predominantly (>go%) 
on the smaller fragment. Sequence analysis of the unlabeled 
15 000-dalton fragment, which was again readily isolated by 
reverse-phase HPLC, showed the N-terminal sequence to be 
Leu-Gly-Ala-Gln-Ala. Comparison of this sequence with that 
of the entire monomer identified the start of the thermolysin 
peptide as Leu-416 (Figure 3). The results support the pre- 
vious finding (Figure 2) that lauric acid was bound predom- 
inantly in the carboxyl-terminal region of the protein. 

The labeled 15 000-dalton peptide, like the labeled @-peptide, 
could not be isolated in reasonable yield by reverse-phase 
HPLC. However, an exhaustive thermolysin digestion of the 
labeled enzyme (16 h, 37 "C) produced two and only two 
smaller labeled peptides in approximately equal amounts, 
which were recovered in >90% yield from a C4 reverse-phase 
column (Figure 5). Radioactivity coeluted with AZI4 peaks 
at 59 and 61 min (peptides B and A, respectively). Free lauric 
acid was eluted at  66 min under the same chromatographic 
conditions. Rechromatography of the peak fractions twice on 
a smaller C4 column achieved complete separation of the two 
fractions. 

Analysis of Thermolysin Peptides A and B. The amino acid 
compositions of the isolated peptides A and B are shown in 
Table I. A careful comparison of the analysis of peptide A 
(which is seen from these data to be cleaner than peptide B) 
with the sequence of the entire protein shows that only one 
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Table I: Amino Acid Composition of Peptides A and B 

residues/mol residues/mol 
amino acid A B (Ala-543-Ile-554)" 
Asp + Asn 0 0 0 
Glu + Gln 0 0 0 
Thr 0 0 0 
Ser 0.96 1.0 1 
Pro 0.1 1 0.40 0 
GlY 1.29 2.40 1 
Ala 2.00 2.20 2 
Val 0 0 0 
Met 1.14 1.50 1 
Ile 0.95 0.60 1 
Leu 2.15 1.60 2 
Phe 0.86 1.00 1 
TYr 0.53 0.50 1 
TrP ndb nd 0 
LYS 0.96 1.00 1 
His 0 0 0 
Arg 0.63 0.81 1 
c v s  nd nd 0 

'Calculated from the sequence shown in Figure 3 .  bNot deter- 
mined. 

sequence, from Ala-543 to Ile-554, is consistent with the 
analysis. Except for the low recoveries of Arg and Tyr, the 
data are in excellent agreement. Peptide A is thus located 
within the P-peptide sequence, as anticipated from the results 
of the preliminary experiments, This peptide constituted 
4040% of the total radioactivity in the original thermolysin 
digest. The location of peptide B within the protein sequence 
is more equivocal because the isolated peptide was not pure. 
It is nevertheless clear from the data of Table I that A and 
B are very similar peptides. We conclude from a detailed 
examination of the sequence of pyruvate oxidase that peptide 
B probably corresponds to a peptide which is one or two 
residues shorter than A at the carboxyl end. Thermolysin 
preferentially hydrolyzes peptide bonds to the left of Ala, Leu, 
Ile, and Phe, which would account for the loss of Ile-554 or 
Ala-553 and Ile-554 (Matsubara & Sasaki, 1968). There are 
no other sequences within the protein which are reasonable 
alternatives for peptide B, given the restricted range of amino 
acids in the composition of the peptide. The SDS-PAGE 
analysis of the tryptic digest of labeled enzyme also indicated 
some minor labeling of pyruvate oxidase outside the &peptide 
region (Figure 2). Since no corresponding peptides were seen 
in the thermolysin digest, we conclude that this label is dis- 
tributed nonspecifically within the 5 1 000-dalton fragment. 

Attempts to sequence peptides A and B were severely 
hampered by the hydrophobic nature of the peptides, which 
led to extensive washout from the filter of the sequenator 
cartridge. In separate experiments, peptide A (100 and 200 
pmol), quantified by amino acid analysis and by liquid scin- 
tillation counting, yielded only - 3% recovery of PTH-Ala 
in the first cycle. Peptide B (140 prnol) yielded 14 pmol of 
PTH-Ala in the first cycle and 9 pmol of an unidentified 
radioactively labeled residue in the second cycle. No further 
residues could be identified. The results nevertheless provide 
valuable support for the assignment of residue 1 in both 
peptides A and B as Ala-543 and suggest that in peptide B, 
lauric acid is bound via an amide linkage to the side chain of 
Lys-544. Although the position of the label in peptide A was 
not identified, Lys-544 appears to be the only reasonable la- 
beling site. 

DISCUSSION 
The analysis of the high-affinity lipid binding site of py- 

ruvate oxidase has employed a modified form of the enzyme 

to which lauric acid is covalently and stoichiometrically at- 
tached. That lauric acid is bound to the site associated with 
lipid activation of the enzyme is demonstrated by the obser- 
vation that the modified enzyme is fully activated in the ab- 
sence of other added lipid. The solubility properties of the 
modified enzyme resemble those of pyruvate oxidase which 
has been activated through the noncovalent binding of lipids. 
Both are visibly aggregated even at low protein concentrations 
(20.1 mg/mL). The labeled fragments derived from the 
modified enzyme by mild trypsin or thermolysin digestion are 
apparently more hydrophobic than the corresponding unlabeled 
peptides, as evidenced by their failure to elute from reverse- 
phase HPLC columns. The small peptides isolated from the 
exhaustive thermolysin digest were not retained on the filter 
of the sequenator cartridge, a fact which is also attributable 
to their hydrophobicity. 

The combined results of amino acid analysis and sequence 
analysis provide good evidence that the location of the major 
site of covalent attachment of lipid to pyruvate oxidase is 
within residues 543-554 of the protein. We conclude that this 
sequence forms a part of the noncovalent lipid binding site 
which is associated with lipid activation of the enzyme. Al- 
though the sequence of the carboxyl-terminus region of py- 
ruvate oxidase does not exhibit the obvious hydrophobic 
character of some membrane-associated proteins, it is clear 
from model studies that amino acid sequences containing an 
equal distribution of hydrophobic and charged residues may 
bind lipids with moderate to high affinity providing the se- 
quences are folded in an appropriate conformation (Kaiser & 
Kezdy, 1984). 

To our knowledge, this constitutes the first report of the 
identification of the lipid binding site in a lipid-activated en- 
zyme. A preliminary investigation of the phospholipid binding 
site of P-hydroxybutyrate dehydrogenase was reported recently 
(Burnett et al., 1985). This enzyme is specifically activated 
by phosphatidylcholine, and labeling was achieved by using 
a photoactivatable phospholipid which contained the carbene 
precursor phenyldiazirine in the head group of the phospho- 
lipid. Enzymatic activity was fully reconstituted by the syn- 
thetic phospholipid prior to photolysis, and approximately 0.15 
molecule of phospholipid was incorporated per molecule of 
protein after photolysis. The position of the bound label has 
not yet been reported. The application of photoactivatable 
lipids to the study of lipid binding proteins has provided 
valuable information in a number of other systems including 
cytochrome b5 (Takagaki et al., 1983), bacteriorhodopsin 
(Huang et al., 1982), and phospholipid-transfer protein 
(Westerman et al., 1983). The procedure described in the 
present work may provide a useful alternative method for 
labeling some lipid binding proteins, viz., those which are able 
to bind fatty acids with moderate to high affinity. The method 
may offer some advantages over photoaffinity labeling, par- 
ticularly considering its simplicity. The present study also 
shows that the procedure can yield stoichiometric labeling of 
a protein, and in this instance at least, the covalently modified 
protein is activated to the same extent as it is through non- 
covalent binding of lipid. 

The peptide identified as the major site of labeling in py- 
ruvate oxidase (residues 543-554) overlaps the a-peptide 
cleavage site (between residues 549 and 550) which is hy- 
drolyzed when the enzyme is activated by mild protease di- 
gestion. The results thus demonstrate that the activation of 
pyruvate oxidase by lipids and that by mild protease digestion 
are, as anticipated from other observations, closely related 
processes. We can now propose a reasonable pathway of events 



L I P I D  B I N D I N G  S I T E  O F  P Y R U V A T E  O X I D A S E  

leading to the activation and inactivation of pyruvate oxidase. 
It is apparent that both processes are associated with modi- 
fications which occur in the carboxyl-terminal domain of the 
enzyme. We postulate that the carboxyl-terminal tail of the 
enzyme covers the active site in the native oxidized form of 
the enzyme. The optical absorption spectrum of this form of 
the enzyme indicates that the active-site FAD is in a hydro- 
phobic environment (Recny & Hager, 1983). The binding of 
substrate ligands and subsequent reduction of the enzyme 
effect a conformational change which exposes a hydrophobic 
region in the vicinity of the carboxyl terminus of the protein. 
The reduced enzyme now aggregates at relatively low protein 
concentrations because of the exposure of this hydrophobic 
site. The conformational change which occurs upon reduction 
also facilitates both the binding of lipids to and the proteolytic 
cleavage of the carboxyl tail of the enzyme. Both processes 
produce the same result; that is, they prevent reassociation of 
the tail region with the remainder of the molecule. In this 
form, the enzyme is activated. The optical absorption spectrum 
of the protease-activated form of the enzyme indicates that 
the FAD prosthetic group now occupies an aqueous environ- 
ment. The reason for the dramatic increase in catalytic activity 
remains to be established, although preliminary results suggest 
that it is the rate of the TPP-dependent decarboxylation step 
which is enhanced in the activated enzyme.* Finally, if limited 
proteolysis of pyruvate oxidase is camed out in absence of TPP, 
a new and different enzyme conformation promotes nicking 
at an alternate site, and a much larger peptide, the @-peptide, 
is produced from the carboxyl-terminal tail. Cleavage of the 
P-peptide produces an inactive enzyme. 

It is of interest to note that at least two other enzymes 
exhibit very similar activation behavior to that of pyruvate 
oxidase. Both phenylalanine hydroxylase and protein kinase 
C may be activated independently by lipid or by mild protease 
digestion (Abita et al., 1984; Takai et al., 1979a,b). The lipid 
binding site has not been located in either enzyme. Lipid 
activation of protein kinase C is of particular interest because 
it is an important event in the transmission of signals at cell 
membranes in a variety of systems. We hazard a prediction 
that in both enzymes, the fragment which is removed upon 
proteolytic activation contains or is very close to the lipid 
binding site associated with lipid activation. Some tentative 
evidence supporting this view has already been obtained for 
protein kinase C (Kikkawa et al., 1982). 
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