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Sites of Phosphorylation on Pyruvate Dehydrogenase 
from Bovine Kidney and Heart? 

Stephen J.  Yeaman, Eldridge T. Hutcheson,l Thomas E. Roche,§ Flora H. Pettit, James R .  Brown, 
Lester J .  Reed,* David C. Watson, and Gordon H. Dixon 

ABSTRACT: The highly purified pyruvate dehydrogenase 
complex (EC 1.2.4.1) and uncomplexed pyruvate dehydro- 
genase from bovine kidney and heart mitochondria were 
phosphorylated and inactivated with pyruvate dehydrogenase 
kinase and [Y-~*P]ATP.  Tryptic digestion of the phosphoryl- 
ated pyruvate dehydrogenase yielded three phosphopeptides, 
a mono- (site 1) and a di- (sites 1 and 2) phosphorylated te- 
tradecapeptide and a monophosphorylated nonapeptide (site 
3). The amino acid sequences of the three phosphopeptides 
were established to be Tyr-His-Gly-His-Ser(P)-Met-Ser- 
As n - Pro- GI y - Val- Ser-T yr- Arg , T yr- H is-G 1 y - His- Ser (P) - 

A c t i v i t y  of the mammalian pyruvate dehydrogenase com- 
plex is regulated by a phosphorylation-dephosphorylation cycle 
(Linn et al., 1969a,b). Phosphorylation and concomitant in- 
activation of the complex are  catalyzed by a MgATP2--de- 
pendent kinase, and dephosphorylation and concomitant 
reactivation are catalyzed by a Mg2+-dependent phosphatase. 
The site of this covalent regulation is the pyruvate dehydro- 
genase component of the complex. This component possesses 
the subunit composition a& (Barrera et al., 1972). Phos- 
phorylation occurs on the (Y subunit ( M ,  41 000). In this 
communication we present evidence that phosphorylation 
occurs on three serine residues (sites 1, 2, and 3) in the 01 sub- 
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Met-Ser-Asn-Pro-Gly-Val-Ser(P)-Tyr-Arg, and Tyr-Gly- 
Met-Gly-Thr-Ser(P)-Val-Glu-Arg. Phosphorylation pro- 
ceeded markedly faster a t  site 1 than at  sites 2 and 3, and 
phosphorylation a t  site 1 correlated closely with inactivation 
of pyruvate dehydrogenase. Complete inactivation of pyruvate 
dehydrogenase was associated with incorporation at  site 1 of 
1 .O-1.6 mol of phosphoryl groups per mol of enzyme. Since 
pyruvate dehydrogenase is a tetramer (a2&) and since phos- 
phorylation occurs only on the CY subunit, the possibility of 
half-site reactivity is considered. 

unit of bovine kidney and heart pyruvate dehydrogenase, and 
we report the amino acid sequences around the three phos- 
phorylation sites. Evidence is also presented that inactivation 
of pyruvate dehydrogenase is associated with phosphorylation 
of the serine residue at  site 1. 

Experimental Procedure 

Materials 
The following materials were obtained from the sources 

cited: [ T - ~ ~ P I A T P  (Amersham-Searle), L-( l-tosylamido-2- 
pheny1)ethyl chloromethyl ketone treated trypsin (Worth- 
ington); thermolysin, carboxypeptidase B, and aminopeptidase 
M (Sigma); carboxypeptidase Y (Pierce Chemicals); hexo- 
kinase (Boehringer-Mannheim). [ T - ~ ~ P ] A T P  was diluted at 
least 1 :IO00 with nonradioactive A T P  (P-L Biochemicals). 
Thin-layer chromatography using ultraviolet light and ra- 
dioautography for detection revealed the presence of only about 
3% impurities. Highly purified preparations of the bovine 
kidney and heart pyruvate dehydrogenase complexes, the 
crystalline pyruvate dehydrogenase component, and bovine 
kidney PDH, kinase were prepared as described previously 
(Linn et al., 1972). All other reagents and materials were of 
the purest grade available commercially. 

OO06-2960/78/04 17-2364$0 1 .OO/O c 1978 Amer ican  Chemica l  Societ)  



P H O S P H O R Y L A T I O N  S I T E S  O N  P Y R U V A T E  D E H Y D R O G E ~ A S E  V O L .  1 7 ,  N O .  1 2 ,  1 9 7 8  2365 

Methods 
Enzyme Assays. The overall activity of the pyruvate dehy- 

drogenase complex was determined by monitoring N A D H  
formation a t  340 nm and 30 OC (Linn et al., 1972). Activity 
is based on the initial rate. The activity of the pyruvate dehy- 
drogenase component was determined after reconstituting the 
pyruvate dehydrogenase complex (Butler et al., 1977). 

Measurement of protein-bound radioactivity on filter paper 
disks was carried out as described by Linn et al. (1972). 

Phosphorylation of Pyruvate Dehydrogenase. Crystalline 
pyruvate dehydrogenase (1 54 mg; 1 .O pmol) was incubated at  
23 "C with 1.5 mg of kinase-dihydrolipoyl transacetylase 
subcomplex from bovine kidney (Linn et al., 1972), 0.2 m M  
[ Y - ~ ~ P I A T P  (20 000 cpm/nmol), 2 m M  dithiothreitol, 0.1 m M  
EDTA,'  1 m M  MgCI2, and 20 m M  potassium phosphate 
buffer (pH 7.0) in a final volume of 20 mL. After 3 h of incu- 
bation, the mixture was dialyzed for 40 h at  4 OC against two 
changes of 0.2 M NH4HC03  to remove ATP. 

Time Course of Phosphorylation and Inactication of the 
Pyruvate Dehydrogenase Complex. Bovine heart pyruvate 
dehydrogenase complex (6.0 mg) was incubated at  23 "C with 
0.1 m M  ~ Y - ~ ~ P I A T P ,  2 m M  dithiothreitol, 0.1 m M  EDTA, 
1.0 m M  MgC12, and 10 m M  N a F  in 2.0 mL of 20 m M  phos- 
phate buffer (pH 7.0). N a F  was included to inhibit trace 
amounts of PDHb phosphatase. Phosphorylation was catalyzed 
by the endogenous PDH, kinase, and the reaction was started 
by the addition of [ Y - ~ ~ P I A T P .  Since the activity of endoge- 
nous kinase in the bovine kidney pyruvate dehydrogenase 
complex was about tenfold higher than that of endogenous 
kinase in the heart complex, the experiments with the kidney 
complex were carried out in the presence of ADP (ADP/ATP 
ratio, 4:l)  to reduce the rate of phosphorylation. Aliquots (0.2 
mL) were removed a t  the specified time intervals and added 
to 300 m M  (final concentration) glucose and 10 pg of hexo- 
kinase in 0.1 mL to scavenge the ATP. A small aliquot (1 or 
2 pL)  was analyzed for NAD-reduction activity, duplicate 
aliquots (50 pL) were assayed for protein-bound phosphoryl 
groups, and the remainder of the sample was dialyzed for 40 
h a t  4 O C  against 0.2 M NH4HC03.  Control experiments 
showed that under the conditions used hexokinase and glucose 
rapidly degraded the radioactive A T P  and did not affect the 
enzymatic activity or the 32P content of the complex. The di- 
alyzed material was digested with trypsin (50:1, w/w) for 6 
h a t  23 OC, lyophilized, and then subjected to high-voltage 
paper electrophoresis a t  p H  1.9 for 40 min. Radioactive pep- 
tides were located with Kodak No Screen X-ray film, the spots 
were cut out, and radioactivity was determined in a Beckman 
LS-230 scintillation counter with 5-mL portions of ACS 
cocktail (Amersham-Searle). 

The content of pyruvate dehydrogenase tetramers in the 
pyruvate dehydrogenase complex was determined by titrating 
the thiamin pyrophosphate binding sites, two per tetramer 
(Butler et al., 1977; Walsh et al., 1976), with thiamin thiazo- 
lone pyrophosphate (Gutowski and Lienhard, 1976; Butler et 
al., 1977). The bovine kidney pyruvate dehydrogenase complex 
contains about 20 pyruvate dehydrogenase tetramers per 
molecule of complex of M ,  about 7 X lo6 (L. Hamilton, P. 
Munk and L. J. Reed, unpublished data), and the bovine heart 
complex ( M ,  about 8.5 X lo6) contains about 30 pyruvate 
dehydrogenase tetramers. 

Time Course of Phosphorylation and Inactivation of Pyr- 

I Abbreviations used: PDH,, active, nonphosphorylated form of pyr- 
uvate dehydrogenase; PDHb, inactive, phosphorylated form; CNBr,  cy- 
anogen bromide; M , ,  molecular weight; EDTA, (ethylenedinitri1o)- 
tetraacetic acid; NAD, nicotinamide adenine dinucleotide. 

uvate Dehydrogenase. The crystalline pyruvate dehydrogenase 
component (5 mg) of the heart and kidney pyruvate dehy- 
drogenase complexes was treated as described above, except 
that N a F  was omitted from the reaction mixture and highly 
purified PDH, kinase (200 pg) or kinase-dihydrolipoyl trans- 
acetylase subcomplex (1.6 mg) was used. Glucose and hex- 
okinase were used, as described above, to scavenge the ATP. 
The NAD-reduction activity of pyruvate dehydrogenase was 
measured after reconstitution of the pyruvate dehydrogenase 
complex (Butler et al., 1977). 

Peptide Mapping. Peptides were separated on Whatman 
No. 3 M M  paper by high-voltage electrophoresis a t  pH 1.9 or 
6.5 in the first dimension and descending chromatography in 
the second dimension. The electrophoresis buffers consisted 
of acetic acid-formic acid-water (8:2:90) and acetic acid- 
pyridine-water (0.4: 10:90), respectively, and electrophoresis 
was performed at 3000 V for 40 min. For chromatography, the 
organic phase of a 1 -butanol-acetic acid-water (4: 1 5 )  mixture 
was used. Where specified, the air-dried papers were dipped 
in cadmium-ninhydrin reagent (Dreyer and Bynum, 1967), 
and the color was allowed to develop a t  room temperature. 

Amino acid analysis was performed with a Beckman Model 
121 or Model 121 M amino acid analyzer. The latter was used 
in conjunction with the automated sequence analysis. Peptides 
were hydrolyzed a t  110 OC for 20 h in evacuated tubes with 6 
N HCI containing 10 m M  phenol. Values of threonine and 
serine were corrected for 5% and 10% destruction, respec- 
tively. 

Manual sequence analysis was carried out by the subtrac- 
tive Edman method (Konigsberg, 1967). 

Automated sequence analysis was carried out with a 
Beckman 890C Sequencer (Watson et al., 1977). Fractions 
obtained after each cycle of the Edman reaction were first 
analyzed for 32P using Cerenkov counting, and then divided 
into two portions. One portion was hydrolyzed with 47% H I  
AT [25 OC for 20 h to regenerate free amino acids, which were 
then identified by amino acid analysis. The phenylthiohy- 
dantoin derivative of norleucine ( 1  5 nmol) was added to each 
tube before hydrolysis, and recoveries of amino acids were 
standardized to the yield of norleucine. Serine was detected 
as alanine and asparagine as aspartic acid by this procedure. 
The other portion was converted to the phenylthiohydantoin 
amino acid by incubation with 1 N HC1 a t  80 O C  for 10 min, 
extracted with ethyl acetate, and then analyzed by thin-layer 
chromatography (Summers et al., 1973). 

Digestion of Tryptic Phosphopeptides. Purified peptide 
(10-400 nmol) in 0.2 mL of suitable buffer was digested with 
20 to 100 pg of protease (molar ratio, 30-5O:l) for 6 min to 4 
h. Digestion with thermolysin, aminopeptidase M, or car- 
boxypeptidase B was carried out at 37 O C  in 0.2 M NH4HC03. 
Digestion with carboxypeptidase Y was performed a t  room 
temperature in 0.07 M pyridine-acetate (pH 5 . 5 ) .  Digestion 
was terminated by lyophilization. The reaction products were 
separated by high-voltage paper electrophoresis at  pH 1.9, and, 
where specified, were subjected to amino acid analysis. 

Treatment with CNBr was performed in 70% formic acid 
for 24 h at  room temperature. The reaction mixture was then 
diluted with H2O and lyophilized. 

Partial acid hydrolysis was accomplished by treatment with 
2 N HCI for 10 h a t  100 "C in evacuated tubes. 

Results 
Isolation of Tryptic Phosphopeptides. When 32P-labeled 

PDHb, from both bovine heart and kidney, uncomplexed or 
bound to the dihydrolipoyl transacetylase component in the 
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T-1 

TABLE I :  Distribution of 32P in Tryptic PhosphopeptidesU 

Radioactivitv in oeotides . .  
Time Total 32P (%, 
(min)  (mol/molof PDH) T-l T-2 T-3 

T- 3 

0-  

A B  

FIGURE I: Electrophoretograms (pH 1.9) of tryptic digests of 32P-labeled 
pyruvatedehydrogenasecomplex from bovine kidney (A) and heart (B). 
Phosphorylation of the twocomplexes with endogenous PDH, kinase and 
[y-32P]ATP was allowed to proceed for 8 and 40 min, respectively, at 23 
OC. The electrophoretic mobilities of phosphopeptides T- I ,  T-2, and T-3 
were 0.95. 0.68, and 0.46, respectively, relative to w i n e  (defined as 
1.0). 

pyruvate dehydrogenase complex, was incubated with trypsin 
(501, w/w) for 6 h in 0.2 M NH4HCO3 at 23 OC, essentially 
all of the radioactive material was soluble in 10% trichloro- 
acetic acid. Electrophoretograms (pH 1.9) of the digests 
showed three radioactive spots (Figure 1). The relative pro- 
portions of the three radioactive peptides varied with the extent 
of phosphorylation of pyruvate dehydrogenase. Peptide T-1 
was the major radioactive component in tryptic digests of 
lightly phosphorylated pyruvate dehydrogenase (up to about 
50% inactivation). As the extent of phosphorylation increased, 
the amount of T - l  in the tryptic digests decreased, and the 
amounts of T-2 and T-3 increased (Table I). 

For isolation of the phosphopeptides, 154 mg (1.0 pmol) of 
bovine kidney PDH, was incubated with [-p3*P]ATP and 
PDH. kinase for 3 h at  23 OC as described under Methods. The 
phosphorylated, inactivated enzyme ( I  .63 pmol of phosphoryl 
groups/pmol of protein) was dialyzed for 40 h a t  4 OC against 
two changes of 0.2 M NH4HCOx and then digested with 
trypsin (50:1, w/w) for 6 h at  23 "C. The digest was lyophi- 
lized, and the residue was dissolved in 5 mL of cold 0.2 M 
N-ethylmorpholine which was adjusted to pH 8.5 with hy- 
drochloric acid. The solution was made 10% with respect to 
trichloroacetic acid. After IO min a t  4 'C, the mixture was 
centrifuged, and the precipitate was discarded. About 90% of 
the radioactivity was recovered in the supernatant fluid. The 
solution was extracted with ether and then lyophilized. The 
residue was dissolved in 1 .O mL of 0.2 M N H 4 H C 0 3 ,  and the 
solution was chromatographed on a column (100 X 2.5 cm) 
of Sephadex (3-25 (fine). About 90% of the applied radioac- 
tivity was recovered in a broad peak (V/Vo = 1.5). The ra- 
dioactive fractions were pooled and lyophilized. The residue 
was subjected to paper electrophoresis at  pH 1.9, and the three 
radioactive bands were located by radioautography. Explor- 
atory experiments showed that each of the three radioactive 
bands migrated as a single radioactive component when 
subjected to paper electrophoresis at pH 6.5, but each band 
gave two radioactive components when subjected to descending 
paper chromatography. In each case, a sample of the faster 
migrating component was converted to the slower migrating 
component by treatment with hydrogen peroxide. These ob- 
servations suggested that air oxidation of a methionine residue 
in peptides T-1, T-2, and T-3 had occurred. Ninhydrin staining 
indicated that the radioactive peptides separated by paper 

0.33 0.36 74 I2 14 
0.67 0.61 70 14 16 
I .5 0.99 64 20 16 
3 I .46 53 31 16 
7 2 37 33 49 I R  

15 
30 

~~ ~~ ~~ 

3.17 17 60 23 
3.93 8 60 32 

80 4.31 5 58 37 

Bovine kidney pyruvate dehydrogenase complex was incubated 
with [y-32P]ATP. At the indicated time intervals, aliquots were re- 
moved for assay of total protein-bound phosphoryl groups and dis- 
tribution of radioactivity in the three tryptic phosphopeptides derived 
from pyruvate dehydrogenase (PDH). Components and conditions 
are described under Methods 

TABLE 11: Amino Acid Compositions of Tryptic Phosphopeptides 
from Kidney and Heart Pyruvate Dehydrogenase." 

Amino mol/mol of peptide 
acid T- 1 T-2 T-3 HT-I HT-2 

ASP 
Thr 
Ser 
Glu 
Pro 
GIY 
Val 
Met 

I . O ( l )  

2.7 (3) 

1.0(1) 
2.1 (zj 
0.9 ( I )  
0.8 (1 )  

I . O ( I )  1.1 ( I )  I . O ( I )  

2.5 (3) 0.9 (1) 3.0 (3) 2.7 (3) 

1.0(1) 1.0(1) 1.3(11 

I . O ( l )  

1.1 ( I )  

2.1 (2j 2.1 (2) 2.2 i 2 j  2.3 (2j 
I . O ( I )  1.1 ( I )  l . O ( I )  1.1 ( I )  

1 . 8 i 2 i  1.9(2) o.6(1) 1.6(2) ~ ( 2 )  
0.8 ( I )  0.8 (1) 0.8 ( I )  0.9(1) 

2.2 (2) 1.8 (2) 1.9 (2) 
l . O ( I )  I . O ( l )  0.9(1) 1.1(1)  

2.3 (2j  
I . O ( l )  

Total 14 14 9 14 14 
32P 0.8 (1) 1.8 (2) 1.2 ( I )  0.8 (1) 2.0 (2) 

a Impurities below 0.2 residue are omitted. Methionine deter- 
mined as methionine plus methionine sulfoxide. Phosphopeptides T-I, 
T-2. and T-3 were derived from kidney PDHa, and phosphopeptides 
HT-I and HT-2 were from heart PDHb. 

chromatography were essentially free of contaminating pep- 
tides. Accordingly, the three radioactive bands obtained by 
preparative paper electrophoresis at pH 1.9 were subjected to 
preparative paper chromatography, and each radioactive 
peptide (T-I, T-2, and T-3) and its oxidation product were 
eluted and combined. Analytical paper electrophoresis a t  pH 
6.5 showed the absence of nonradioactive contaminants. In a 
typical isolation,O.IlrmolofpeptideT-l,0.15rmolofT-2, 
and 0.04 rmol of T-3 were recovered from a tryptic digest of 
1 .O pmol of PDHb. 

The amino acid compositions of peptides T-1, T-2, and T-3 
are shown in Table 11. The data demonstrate that peptides T-1 
and T-2 differ only in the amount of covalently bound phos- 
phoryl groups. The former peptide contains one phosphoryl 
group, whereas the latter peptide contains two phosphoryl 
groups. 

Crystalline PDH, from bovine heart was phosphorylated 
and digested with trypsin, and the phosphopeptides were iso- 
lated as described above. The amino acid compositions of 
peptides HT-1 and HT-2 (Table 11) were the same as the 
corresponding tryptic phosphopeptides isolated from the bovine 
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T A B L E  111: Amino Acid Compositions of Subfragments  Derived froin Tryptic Phosphopeptides. 

Amino mol/mol of peptide 
acid T - I A ( T - 2 A )  T-2B T - I B  T-2C T-2D T-1Th 

1.6 
2.0 (2) 0.9 ( I )  

( \ I h  
1 . 1  ( I )  1 . 1  ( I )  

0.8 ( I )  
0.6 ( I ) 
1.0 ( I )  1.3 ( 1 )  
2.2 (2) 

0.8 ( I )  

1.3 ( I )  1 . 1  ( I )  
0.6 ( 1 )  1 . 1  ( I )  1.7 (2)  2.1 (2) 

2 .2  ( I ) <  1.3 ( I )  1.4 1.8 (2) 

1 . 2 ( l ) d  I . O ( I ) d  0.7 ( I )  
0.4 ( I )  0.8 ( 1 )  0.6 (1) 1.3 ( I )  
I .6 (2) I .9 (2) 2.2 (2) 

1.3 ( I )  

0.5 ( I )  

1.0 ( I )  

Total 8 6 6 6 8 I O  
32P 0.8 ( I )  0.8 ( I )  1 .o (1) 0.9 ( I )  0.9 ( I )  1.1 ( I )  

The  high value for aspartic acid is apparently due to overlap of the aspartic acid and methionine sulfoxide peaks under the conditions used 
Proline was estimated by comparison of the heights of the 440-nm absorption peaks of proline 

Methionine determined 
in the amino acid analysis (Hutcheson, 197 I ) .  
and serine. 
as  hemoserine. 

The  high values for glycine a re  presumably due to contamination with glycine eluted from the paper. 

kidney enzyme. Although the amount of phosphopeptide HT-3 
obtained was insufficient for amino acid analysis, its charac- 
teristics observed during the purification procedure were 
identical with those of peptide T-3 derived from bovine kidney 
PDHb. 

Sequence Determination of Tryptic Phosphopeptides. 
Manual sequence analyses using the subtractive Edman 
technique and quantitative amino acid analyses of subfrag- 
ments derived from phosphopeptides T- I and T-2 permitted 
the deduction of tentative sequences for peptides T- 1, T-2, and 
T-3. The amino acid analyses are given in Table 111, and a 
summary of the sequence data is shown in Table IV. The first 
six residues of peptides T-1 and T-2 were established by 
manual Edman degradation. Peptides T-1A (T2-A) and T-2B 
were isolated from a tryptic digest of PDHb that had been 
subjected initially to ion-exchange chromatography on Aminex 
A-4 a t  55 "C with a pH gradient of 2.5 to 5.0 (Hutcheson, 
1971). The amino acid compositions of these two peptides to- 
gether with Edman degradation data indicated that peptide 
T-1A (T-2A) corresponded to residues 1-8 of peptide T-l (and 
T-2) and that peptide T-2B corresponded to residues 9-14 of 
peptide T-2. Peptides T-1A (T-2A) and T-2B were apparently 
produced by cleavage of an Asx-Pro bond in peptides T-l and 
T-2 (Bradshaw et al., 1969; Piszkiewicz et ai., 1970). 

Automated sequence analysis of peptide T- 1 confirmed and 
extended the earlier findings. Although no residue was iden- 
tified a t  position 6, this residue was known to be methionine 
from cleavage of peptide T-1 ,with CNBr  as described below. 
Residue 8 was identified as asparagine by thin-layer chro- 
matography following conversion of the sequencer product to 
the phenylthiohydantoin derivative. The carboxyl-terminal 
sequence was confirmed by digestion of peptide T- I with 
carboxypeptidase Y, which sequentially released arginine, 
tyrosine, serine, and valine. 

The first seven residues of peptide T-3 were sequenced by 
the manual subtractive Edman technique. The carboxyl-ter- 
minal residue was shown to be arginine by digestion with 
carboxypeptidase B. Digestion with carboxypeptidase B, fol- 
lowed by digestion with carboxypeptidase Y, liberated argi- 
nine, glutamic acid, and then valine. 

Identvication of Phosphorylated Residues in the Phos- 
phopeptides. Limited acid hydrolysis of peptides T-2 and T-3, 
followed by paper electrophoresis a t  p H  1.9 and radioauto- 
graphy, showed phosphoserine and orthophosphate as the only 
radioactive species. This observation established the site of 

TABLE IV: Summary of Sequence Data for Phosphopep1ides.a 

Site 1 

P 
1 2 3 4 5 6 7 8 9 10 11 1 2 1 3  14  

T\.r-~is-C;ly-His-S~r-~et-Set-Asn-Pro-Gly-Val-Ser-Tyr-Arg 
+ * + + - - + + + + + + + + +  

Site 1 
P 

Site 2 

P 
Tyr-His-Gly-Ilis-Set-Me I t-Ser-Asn-Pro-Gly -Val-Ser-Tpr-Arg I 
4 T-2 ___ 4 - - - -  - 7  - 
m- T-2A 

-T-2C- 4 T-2D 

c f- T..2B ___c 

- 7 - 7  7 -  7 7 -, - 7 -. 
7 

S* 
1 2 3 4 5 6 1 8 9  

T-3 . 
a (-) Direct Edinan (automated sequencer analysis); (-) subtrac- 

tive Edman; (--) cdrboxypeptidase B ;  (-) carboxypeptidase Y ;  Th ,  

thermolysin 
b Y 

phosphorylation on peptide T-3 as the serine residue a t  position 
6. 

Automated sequence analysis of peptide T-1 showed a peak 
of radioactivity a t  cycle 5 (data not shown). This observation 
indicated that the site of phosphorylation on peptide T-1 is the 
serine residue a t  position 5. Confirmation of this conclusion 
was obtained by cleavage of T-1 with CNBr. The peptide was 
incubated with 2 M 2-mercaptoethanol for 16 h in 0.2 M 
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the digest was subjected to paper electrophoresis a t  pH 1.9. 
Ninhydrin staining and radioautography showed the release 
of serine, but not phosphoserine or orthophosphate. Also, after 
one Edman degradation of peptide T-2D, essentially all of the 
radiolabel remained attached to the peptide. These observa- 
tions demonstrate that the serine residue at  position 7 in peptide 
T-2 is not phosphorjlated. It follows, therefore, that the second 
site of phosphorylation of peptide T-2 is the serine residue at  
position 12 .  

Peptide T- I ,  but not peptides T-2 and 7'-3, was cleaved by 
therrnolysin. Amino acid analysis of the single radioactive 
product (T- ITh,  Table I l l ) ,  which had an electrophoretic 
mobility of 0.83 at  pH 1.9. showed that it consisted of residues 
1-10, Apparently. the presence of a phosphoryl group on the 
serine residue at position 12 in peptide T-2 blocked thermolysin 
cleavage of the Gly -Val peptide bond. Samples of peptide T-1 
obtained a t  various stages of the phosphorylation of pyruvate 
dehydrogenase (see belou) were cleaved quantitatively by 
thermolysin. This observation indicates that phosphorylation 
of the serine residue at  position 12 occurs subsequent to, and 
not indcpendcntl? of. phosphorylation of the serine residue at  
position 5 .  

Relutionship between Inut'ticution OJ' Pyrurute Dehydro- 
genclse tind Phosphorj~lution ut Site 1.  A study was made of 
the extent of inactivation of kidney pyruvate dehydrogenase 
and the degree of phosphorylation at each of the three phos- 
phorylation sites. Preparations of crystalline pyruvate dehy- 
drogenase and the pyruvatc dehydrogenase complex were 
phosphorylated to different degrees in the presence of PDH, 
kinase and [Y-~?PP]ATP. The degree of phosphorylation at  the 
individual sites was calculated from the total radioactivity 
incorporated into pyruvate dehydrogenase and the ratio of the 
radioactivities found in tryptic peptides T- 1, T-2, and T-3. The 
radioactivity at  site 1 was assumed to be equal to the radio- 
activity found in peptide T-1 plus one-half the radioactivity 
of peptide T-2, The radioactivity a t  site 2 was assumed to be 
one-half the radioactivity of peptide T-2. 

The results obtained with several different preparations of 
crystalline pyruvate dehydrogenase are shown in Figure 2. 
Inactivation of the pyruvate dehydrogenase tetramers ( L Y ~ D ~ )  
correlated closely with phosphorylation at  site I on the C Y  

subunit. With uncomplexed kinase little phosphorylation, if  
any, a t  sites 2 and 3 was detected (Figure 2A,R).  However, 
when kinase bound to dihydrolipoyl transacetylase was used, 
extensive phosphorylation at  sites 2 and 3 occurred (Figure 
2C).  Presumably, binding of the kinase or the pyruvate de- 
hydrogenase, or both, to the transacetylase facilitates phos- 
phorylation at  sites 2 and 3.  With some preparations of pyr- 
uvate dehydrogenase, phosphorylation of half of the LY subunits 
at  site 1 was sufficient to block the enzymatic activity com- 
pletely whereas the other half did not undergo phosphorylation 
(Figure 2A). However, with other preparations of pyruvate 
dehydrogenase complete inactivation was associated with in- 
corporation a t  site 1 of more than 1 .O but less than 2.0 mol of 
phosphoryl groups per mol of enzyme. Preparations of crys- 
talline pyruvate dehydrogenase from bovine heart also ex- 
hibited this latter phenomenon (data not shown). 

With the bovine kidney pyruvate dehydrogenase complex, 
phosphorylation a t  site 1 proceeded a t  a markedly faster rate 
than did phosphorylation at  sites 2 and 3 (Figure 3). As was 
observed with uncomplexed pyruvate dehydrogenase, some 
preparations of the kidney complex exhibited half-site reac- 
tivity with respect to phosphorylation at  site I and inactivation 
(Figure 3A).  whereas other preparations of the complex 
showed a tendency toward phosphorylation of both CY subunits 
in the pyruvate dehydrogenase tetramers (Figure 3B). 
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F I ( ; ~ J K E  2:  Relationship betheen inactivation and phosphorylation ob- 
served with different preparations of kidney pyruvate dehydrogenase. 
'Three different preparations of crystalline pyruvate dehydrogenase (S mg) 
here  incubated a t  23 O C  with 200 pg of highly purified PDH, kinase (A 
and B) or 1.6 mg of kinase-transacetylase subcomplex (C). 0.1 m M  [y- 
12P]ATP, 1 mM MgC12,O.l mM EDTA, 2 mM dithiothreitol, and 20 mM 
potassium phosphate buffer (pH 7.0) in  a final volume of 2.0 mL. Aliquots 
were withdrawn a t  the indicated time intervals and assayed for enzymatic 
activity ( O ) ,  total protein-bound phosphoryl groups. and degree of phos- 
phorylation at sites 1 (0), 2 ( A )  arid 3 (0). 

'VH4HCO~ at 50 "C, prior to treatment with CNBr, to convert 
methionine sulfoxide to methionine (Polzhofer and Ney, 1971). 
The mercaptoethanol was removed i n  a vacuum. Paper elec- 
trophoresis at  pH I .9, followed by radioautography, revealed 
the presence of only one major radioactive peptide (T-IB).  
Amino acid analysis (Table 111) showed that T-1B consisted 
of residues 1-6. 

Cleavage of peptide T-2 with CNBr yielded equal amounts 
of t w o  major radioactive peptides (T-2C and T-2D). The 
,Imino acid compositions of these two peptides (Table 111) 
showed that they consisted of residues 1-6 and 7-14, respec- 
tively Peptide T-2D was digested with aminopeptidase M, and 
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Discussion 

The data reported in this communication demonstrate that 
three serine residues in the a subunit of bovine kidney and heart 
pyruvate dehydrogenase are subject to phosphorylation by 
PDH, kinase and establish the amino acid sequences around 
these sites (Table IV). These sequences do not bear any obvious 
similarities to sequences a t  sites on proteins which are phos- 
phorylated by adenosine 3':5'-monophosphate (cyclic AMP) 
dependent protein kinase and by other protein kinases (Kemp 
et al., 1975; Yeaman et al., 1977). Among a variety of other 
proteins tested as substrates for PDH, kinase, only casein is 
phosphorylated a t  a detectable rate, about 0.5% of the rate 
observed with pyruvate dehydrogenase (Hucho et al., 1972). 
The only other known substrates for PDH, kinase are the de- 
phosphopeptides corresponding to tryptic peptides T- 1 (T-2) 
and T-3 (Davis et al., 1977). This latter finding indicates that 
PDH, kinase does not require an intact tertiary structure in 
pyruvate dehydrogenase but apparently can recognize com- 
ponents of the local primary sequence around the phospho- 
rylation sites. However, that the conformation of pyruvate 
dehydrogenase plays an important role in the phosphorylation 
reaction is indicated by the observation that titration of the two 
thiamin pyrophosphate binding sites on pyruvate dehydroge- 
nase with the transition-state analogue thiamin thiazolone 
pyrophosphate (Gutowski and Lienhard, 1976) strongly in- 
hibits phosphorylation of the enzyme by PDH, kinase and ATP 
(Butler et al., 1977). The conformation of the kinase is also 
important, as indicated by the finding that several effectors 
of the phosphorylation reaction appear to act .by binding di- 
rectly to the kinase (Pettit et al., 1975; F. H. Pettit, P. F. Davis 
and L. J. Reed, unpublished data). 

The results presented in Figures 2 and 3 clearly show that 
inactivation of pyruvate dehydrogenase, uncomplexed or bound 
to the dihydrolipoyl transacetylase component, is associated 
with phosphorylation a t  site 1. The functional role, i f  any, of 
phosphorylation sites 2 and 3 is not known. Phosphorylation 
a t  site 2 apparently requires prior phosphorylation at  site 1. 
However, it is not clear whether phosphorylation a t  site 3 re- 
quires prior phosphorylation a t  sites 1 and 2. Also, the location 
of site 3 in the primary sequence of pyruvate dehydrogenase 
in relation to sites 1 and 2 is not known. It should be noted that 
with peptide substrates derived by tryptic digestion of PDH,, 
the kinase exhibits markedly greater specificity for the serine 
residue a t  site 1 than a t  sites 2 and 3 (Davis et al., 1977). 

Although the tryptic pcptides derived from heart PDHb were 
not sequenced, the data presented in this communication 
strongly indicate that the same three sites are phosphorylated 
in both bovine kidney and heart pyruvate dehydrogenase. This 
finding is consistent with previous results, indicating that the 
two pyruvate dehydrogenases are very similar, if not identical 
(Barrera et al., 1972; Pettit et  al., 1975). 

Pyruvate dehydrogenase is a tetramer possessing the subunit 
composition a202 (Barrera et al., 1972). Phosphorylation oc- 
curs on the a subunit. Some preparations of uncomplexed 
pyruvate dehydrogenase and of the pyruvate dehydrogenase 
complex clearly exhibited half-site reactivity (Lazdunski, 1974; 
Seydoux et al., 1974; Levitzki and Koshland, 1976) with re- 
spect to the degree of phosphorylation a t  site 1 and the extent 
of inactivation. However, with other preparations complete 
inactivation was associated with incorporation a t  site 1 of 
1.2-1.6 mol of phosphoryl groups per mol of enzyme. Although 
the molecular basis of this difference is not known, it is possible 
that in some preparations of the complex not all of the 20-30 
pyruvate dehydrogenase tetramers (or the subunits thereof) 
had a functional connection to the limited amount of dihy- 
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FIGURE 3: Relationship between inactivation and phosphorylation ob- 
served uaith different preparations of kidney pyruvate dehydrogenase 
complex. Two different preparations of highly purified complex (6 mg) 
were incubated at 23 "C with 0.1 m M  [y-32P]ATP, 0.4 m M  ADP. I m M  
MgC12, 0.1 m M  EDTA, 10 m M  NaF,  2 m M  dithiothreitol. and 20 m M  
potassium phosphate buffer (pH 7.0) in a final volume of 2.0 mL. Aliquots 
were withdrawn and assayed, as described under Methods, for enzymatic 
activity ( 0 ) .  total protein-bound phosphoryl groups, and degree of phos- 
phorylation a t  sites 1 (0), 2 (A), and 3 (0). 

drolipoyl dehydrogenase (5-6 dimers). If such were the case, 
the degree of phosphorylation at site 1 would exceed the extent 
of inactivation. That the preparations of pyruvate dehydro- 
genase contained little, if any, protein-bound nonradioactive 
phosphoryl groups is indicated by the good agreement between 
32P content and the amino acid analyses of the phosphopeptides 
(Tables I1 and 111). It should also be noted that at  an early step 
in the isolation of the pyruvate dehydrogenase complex, the 
latter was exposed to PDHb phosphatase and 10 m M  Mg2+, 
conditions which favor dephosphorylation of PDHb. 
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Nuclear Magnetic Resonance Studies of 6-Hydroxydopamine and Its 
Interactions with SH-Containing Model Compounds. Evaluation of 
Possible Mechanism for Neurocytotoxicityt 

Joseph Granot and Avner Rotman*,I 

,\wl K.ACT: 6-tlydrox~dopaiiiine ( I )  is a well-known neuro- 
cytotoxic agent which has become an important tool in many 
neurochemical studies in recent years. Biochemical investi- 
gations of the mechanism of action of 6-hydroxydopamine 
indicated that this amine binds covalently and irreversibly to 
proteins. In the present work, molecular properties of 6-hy- 
droxydopamine in aqueous solution such as self-association, 
ionization, intramolecular conformations, and possible cycli- 
7ation were investigated using H nuclear magnetic resonance 

T h e  compound 6-hydroxydopamine (6-OHDA;’ 2,4,5- 
trihydroxyphenylethylamine; I )  is well-known for its selective 
neurotoxic action on catecholamine-containing neurons in both 
the peripheral and central nervous systems (Kostrzewa & 
Jacobowitz, 1974). This selectivity of the cytotoxic action is 
associated with effective uptake transport and accumulation 
of this compound within catecholamine neurons by the axonal 
amine “membrane pump”, whereas the neuronal degeneration 
effects seem to relate to the ease of the autoxidation of 6- 
O H D A  (Lundstrom et al., 1973: Sachs et al., 1975: Creveling 
et al., 1975). These properties have made 6-OHDA a valuable 

From the Department of Structural Chemistry (J.G.) and the De- 
partment of Membrane Research (A.R.) ,  The Weizmann Institute of 
Science, Rehovot, Israel. Receioed Noumber IS, 1977. * Charles E. Smith Research Fellow. 

I .4bbreviations used: ’ H  NMR, proton magnetic resonance; 6-OHDA. 
6-hgdroxydopamine; BSA. bovine serum albumin. 

spectroscopy. A model study forthe interaction of 6-hydroxy- 
dopamine with proteins was’ undertaken by using SH-con- 
taining molecules: cysteine, glutathione, and bovine seruni 
albumin. The binding of these compounds to 6-hydroxydo- 
pamine was found to cause labilization of the hydrogen at- 
tached to Cz of the amine aromatic ring. This effect was in- 
terpreted in terms of nucleophilic attack of RS- on C )  of 6- 
hydroxydopamine. A proposed model for neurocytotoxicity 
is discussed. 

H H H  

H 

I 
denervation tool in experimental studies in the central and the 
peripheral nervous system (Malmfors & Thoenen, 197 1 : 
Jonsson et al., 1975). 

Numerous data have been published concerning the 
mechanism of action of 6-OHDA (Rotman, 1978). It is known 
that, for nerve degeneration to occur, accumulation of 6- 
O H D A  in the nerve terminals up to a critical concentration 
is required (Blank et al., 1972) and that autoxidation is also 
a prerequisite (Jonsson & Sachs, 1975). However, the specific 
steps resulting in the cytotoxicity are still obscure. Two possible 
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