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Abstract
1. A coenzyme A- and NAD-linked pyruvate and a-ketoglutarate dehydro-
genage complexes have been isolsted from pig heart muscle as multienzyme units
with molecular welghts of approximately 9 and 2.7 million, respectively. Py-
ruvate dehydrogenase complex contains approximately 67 moles of protein-bouand
lipoic seid and 17 moles of baund FAD. o-Ketoglutarate dehydrogenase complex

contains approximately 10 molez of protein-~bound lipoic acid, 9 wmoles of FaD
and 6 moles of thiamine~PP,

2. Both complexes wsre activated by Ca?* as the seme extent as Mg2*
which had been cénsiderefd as one of che typical metal activators of oxidative
decarboxylation reactigh of a-keto acid. These activating effects were ic
good agreement with e results of the metal conteénts obtained by the atomic
absorption analysis? Pyruvate dehydrogenase complex was stroagly inhibited
by EDTA at low cgncentracion, but on the contrary c-ketoglutarate dehydzo-
genase complex.ras little inhibited by EDTA and rather obviously finhibited
by B-hydroxycuinoline.

3. Atctempts huve been made to dissolve both complexes into three es-
‘gential components coitaining edch coenzyme, but it did not still go well to
restore pyruvate decarboxylase activity. Two other components; lipoic re-

ductase-transacetylase and lipoamide dehydrogenase were isolated ia pure
status.

4. Preliminary experiment to determime the structursl organization of
the mammalian pyruvate and o-ketoglutarste dehydrogenase complexes have been
made and hopeful results were cbtained.




Studlieg on Mammalian and Human Pyruvate aad

a-Ketoglutarate Dehydrogenation Complexes
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oA statement and analysis of_the groblem, ’

Yuzyme systems which cati:lvee CoA- and NAD-linked oxidative decarbox-
yiation of pyruvate and a-ketoglucarate (Reaction 1) bave been isolated’ !r
evtractis of Escherichia coli as orpanized units with molecular weights of
about 4.6 milllon and 2.4 wiltion, respectively (1-3). The E. colil pyruvate

ROJCO -1 4 CoA=S1L + KADY -~ C0-$=CoA + COy + NADH + H* - (1)

weoavaeoyenation complex has been resolved into three essential components:

() pyruvic carboxylase (dependent on added thiamine-PP), (b) lipoic re-
Juctase-transacetylase (contains protein-bound lipoic acid), and (c) a flavo-
nrotein (dihydrolipoic dehydrogenasc, contains bound FAD) (4). The molecular
wolpbts of these components are approximately 183,000, 1.6 million and
1i2,00u, respectively. Tiese components reassociate spontaneously to produce
o laree unit resembling the original complex in composition and enzymatic
wetivities. The picture uf the structural organization of the pyruvate de-
hydrogenation complex which emearged from bLiochemical studies is that of an
crgantzed mosaic of enzvines in which each of the component enzymes is unique-
'v located to permit efficient implementation of a consecutive reaction se-
quence. This picture has been confirmed and extended by correlative electron
microscope studies (5). lLlectron micrographs of the complex negatively
stained with phosphotungstate indicate that it has a_polyhedral structure with
a diameter of about 300 X and a height of about 200 X. The lipoic reductase-
transacetylase apgregate occupies the central portion of the polyhedron. The
subunits of this agpregate appear to be arranged into 4 stacks, comprising a
tetrad.  Surrounding this tetrad are the 16 molecules of pyruvic carboxylase
and & molecules of dihydrolipoic dehydrogenase apparently arranged into two
rings laie one above the otier. It is tentatively concluded that each ring

contains 8 molecules of carboxylase and 4 molecules of dehydrogernase in an
alternating sequence.

An a-ketoglutarate dehydrogenase complex has been igsolated by several
investigators from pig heart as an organized unit of high molecular weight.
Recently CoA- and NAD-linked pyruvate and a-ketoglutarate dehydrogenase com-
plexes has been succesfuily isolated as a soluble organized unit. of high
mnlecular weight from pig heart (6). Recent work has been concentrated on
the following studies: (a) convenient purification procedure, properties and
the electron microscopic macromolecular structures of the complexes; (b) the
mechanism of oxidative deccarboxyvlation of a-keto acids; (c) the resolution
o/ the complexes into their essential components; (d) the reconstitution of
the complexes from its components parts to produce a large enzyme unit re-
seibling the original complex i~ composition, enzymatic activities and their
macromolecular structure.

2. GLutline of experimental procedure.

a. Materials--Cod, NAD, NADE, FAD, ¥MN, Pyruvic acid, thiamine-PP, ATP
‘potassium salt) and crystalline bovine serum albumine were purchased from
the Sigma Chemital Company. Potassium pyruvate was prepared by the method

_of Korkes et al, (7). L-Cystein, protamine sulfate (salmine) and lactic de-

hydrogcnaqu 2 k recrystaliizea from rabbit skeletal wmuscle were purchased
from Nutritional Biociemicals Corporation. The activity of lactic dehydro-
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genase were determined by the method of Ochoa et al. (8). Oxidized and re-
duced lipoic acid and its derivatives were generous gifts of Drs. Tatsuoka,

H. Nawa and H. Hirano. A cell-free extract prepared from dried cells of
Clostridium kluyveri (Worthington Biochemical Corporation) by the method of
Stadtman (9) was routinely as a source of phosphotransacetylase. Its activity
was determined by the method of Stadtman (10). Crystalline D-amino acid oxi-
dase was prepared by the method of Yagi and Ozawa (1l1), and its apoenzyme was
prepared by the Negelein and Brimel (12).

b. Procedures--The activity of D-amino acid oxidase was measured by
using a Beckman Clark type oxygen electrode with a model 160 physiological gas
analyzer. Protein was determined by both biuret method (13) and the phenol
method of Lowry et al. (1l4), with crystalline bovine serum albumin was served
as the standard. Calcium phosphate pel sugpended on Whatman stardard grade
cellulose powder was prepared as described by Price and Greenfield (15). The
lipoic acid content (calculated as (+)-lipoic acid) of several preparation of
the comple: was determined manometrically with lipoic acid-deficient Strepto-
coccus faecalis 10C)l cells (16). The sample was autoclaved in 0.1 N sodium
hydroxide in sealed test tube at 15 1b for 3 hours under nitrogen (17). FAD
content of the enzyme was determined according to the method of Beinert and
Page (18) by measuring the absorbance of neutralized trichlorocacetic acid ex-
tract at 450 my before and after reduction with dithionite. Acid extractable
FAD was identified by paper chromatography (19) and the full activation of
apo-D-amino acid oxidase system. The absorption spectrum and optical density
change in kinetic study were carried out with Beckman DB spectrophotometer
with Sargent SRL recorder or Shimadzu QR-50 spectrophotometer with Shimadzu
ARP-2} potentiometric recorder. Thiamine-PP was determined by the modified
procedure of Kajiro (20) and Green et al. (21). Cuvetts with l-cm light path
were used. Electrophoretic run was made in a Hitachi model HTD-1 Tisselius
apparatus at 4° or in Zone electrophoretic apparatus with Cyanogum 41 gel ac-
cording to the method of Raymond et al. (22). Sedimentation velocity, dif-
fusion and Axchibald procedure for measurement of molecular weight were car-
ried out with Beckman model E analytical ultracentrifuge. Some diffusion runs
were carried out in Spinco model H electrophoresis-diffusion apparatus with
the Schlieren optics. Contents of protein-bound metal ions were determined on
a Hitachi Perkin~Elmer model 139 spectrophotometer with an atomic absorption

attachment. Electron microscopic analysis was carried out with JEM6C electron
microscope.

c¢. Enzyme assay~-(l) Pyruvate dismutation activity based on Reaction 2
was essentially the same as that described by Reed, Leach and Koike (23). The
reaction mixture contained 100 ymoles of potassium phosphate buffer (pH 7.0),

4
2 Pyruvate + Phosphate -LoA, KAD, Acetyl phosphate + CO; + Lactate (2)

25 umoles of potassium pyruvate, 0.05 umoles of CoA, 0.24 umoles of NAD, 6.4

ymoles of I~Cysteine, 3 units of phosphotransacetylase, 2,000 unit of lactic

dehydrogenase, 0.2 ymole of thiamine-PP, 0.8 umole of magnesium sulfate and

2 mg of bovine serum slbumin, in a final volume of 1 ml. The mixture was ia-
cubated for 30 minutes at 37° and then assayed for acetyl phosphate (24).

Specific activity is expressed as micromoles of acetyl phosphate formed per
hour per mg of protein.




. (2) vihydrolipoic transucrtylase activity based on Reaction 3 was de-
termined with a reaction mixture containing 100 ymoles of Tris buffer (pH

7.0), 10 umoles of acetyl phosphate, 0,1 umole of CoA, 10 ymoles of dihydro-

lipoamide, 2 units of phosphotransacetylase and 2 mg of bovine serum albumin,
in a final volume of 0.9 ml (23). The mixture was incubated for 30 minutes
at 37°, 0.1 ml of 1 N HCl was added, and the mixture was cooled, and then was

- CH3CO0P03™ + Lip(SH)aamide -%%%* Cli3-CO-S~Lip~SH amide + HPOg~ (3)

assayed for heat-stable thioester (24), Specific activity is expressed as
micromoles of heat-stable thioester formed per hour per mg of protein.

(3) Lipoamid~ dehydrogenasc activity based on Reaction 4 was deter~
mined at room temperature with spectrophotometer as described by Masscy (25)
with the following modification. The reaction mixture contained 100 pmoles
of potassium phosphate buffer (pH 6.5), 0.2 umole of NAD, 0.8 umole of lipo-
amide and 2.5 umoles of EDTA, in a final volume of 2 ml. Specific activity
is expressed as micromoles of NADH decomposed per hour per mg of protein.

Lip S, amide + NADH + H* — Lip(SH),amide + NAD* (4)

(4) The pyruvate and a~ketoglutarate decarboxylase assay, based on
Reaction 5, is a modification of that deseribed by Hager (26). The reaction
mixture contained 150 umoles of potassium phosphate buffer (pH 6.5), 25
umoles of potassium ferricyanide, 0.2 pymole of thiamine-PP, 1.0 ymole of cal-
cium chloride, 50 umoles of potassium pyruvate and 2 mg of bovine serum al-
bumin, in a final volume of 1.4 ml. The mixture was incubated at 37° for 30
minutes, and then 1 ml of 102 trichloroacetic acid solution was added. Fer-
rocyanide was determined in the deproteinized mixture as Prussian Blue (26).

Specific activity is expressed as one-half of the total micromoles of fer-
rocyanide formed per hour per mg protein.

R+COCOZH + 2 Fe(CK)3~ + H,0 -—’;—‘% CH3COOH + COp+ 2 Fe(CN)4~ + 2H* (5)
a

(5) a-Ketoglutarate dehydrogenase assay for the overall oxidation of
a-ketoglutarate, based on Reaction 6, is a modification of that descr¥ibed by
Massey (25). The reaction mixture contained 150 umoles of potassium phos-
phate buffer (pll 7.2), 0,08 umole of CoA, 0.3 pmole of NAD, 5 umoles of L-
Cysteine (free base), 0.5 umole of calcium chloride and 5 umoles of potassium
a~ketoglutarate. The reaction was begun by the addition of enzyme at 25°.
Specific activity is expressed as umole of NADH formed per hour per mg protein.

a-Ketoglutarate + CoA-SH + NADY — Succinyl CoA + CO, + NADH + u* (6)

(6) Lipoic transsuccinylase assay, based on Reaction 7, is a médifica-
tion of that described by Knight and Gunsalus (27). The reaction mixture con-

Succinate + ATP + Lip(SH)pamide — Succinyl-S-LipSH + ADP + Pi (7)
tained 100 umoles of Tris buffer, pH 7.2, 10 umoles of MgClz, 10 umoles of
ATP (potassium salt), 5 units of succinic thiokinase (28), 180 umoles of po-
tassium succinate, 10 pmoles of lip(SH),amide in 0.5 ml of 95% cthanol, 13
umoles of L~Cystein (free base), U.l ymole of CoA and 2 mg of bovine serum

3

I |



albumine, The mixture was incubated for 30 minutes at 30° and assayed for

thioester (24). Specific activity is expressed as micromoles of thioester
formed per hour per mg of protein.

3. Result

complexus from plsr heart muscle

a. Tsclation and properties of pyruvate and a-ketoglutarate dehydrogenase

(1) Preparation of pig heart particles and E coli complexes (as in-
ternal standard)--Pip hearts were collected and chilled as soon as possible
after slaughter, minced, and stored at -20°, Pig heart particles were pre-
pared according to the procedure of Sanadi gg.gl. (29), and frozen and thawed
three times. The protein coagulated by this treatment was removed by centri-
fugation for 30 minutes at 16,000 x g, an amber-colored extract was obtained.
The E. cali complexes were isolated essentially as described previously (1)
from sonic extracts of E. coli (Crookes strain) cells.

(2) DPreparation of pyruvate and a-ketoglutarate dehydrogenase com-
ple\es~—An amber-colored extract (J.65 mg of protein per ml) is adjusted to
pi G with 1 N acetic acid, and the pyruvate and a-ketoglutarate dehydrogenase
complexes, respectively, are precipitated by addition of 0.0 to 0.015 volume

and 0,015 to G.03 volume of 2% protamine sulfate solution (pH 5.0). Each

precipitate is cluted with 0.1 M potassium phosphate, pH 7.0 and the eluates
are dialyzed overnight against 0.05 M potassium phosphate, pH 7.0, and then
centrifuged. The elutes, designated protamine precipitate eluate, are cent-
rifuged for 2 hours at 198,000 x g in the No. S50 rotor of a Beckman model 2-L
ultracentrifuge. The yellow pellet obtained was dissolved in 0.05 M potas-
sium phosphate, pli 7.0, and purified by chromatography on a calcium phosphate
gel-cellulose column, Yellow fractions are eluted with 42 ammonium sulfate
in 0.1 M potassium phosphate, pH 7.5. The pyruvate dehydrogenase complex is
precipitated with solid ammonium sulfate between 0.29 and 0.36 saturstion and
the a-ketoglutarate dehydrogenase complex precipitated between 0.24 and 0.29.
A summary of the data obtained from a typical purification and recovery of

~enzyme activity is given in Table 1 and 2.

(3) Enzymatic activities of complex--The pyruvate dismutation, di-
hydrolipoic transacetylase, pyruvate decarboxylase and lipoamide dehydrogenase
were determined throughout the purification (Table 1). All the four activ-
ities were associated with the highly purified pyruvate dehydrogenase complex.
The ratio of dihydrolipoic transacetylase activity to pyruvate dismutation
activity was constant over the 280-fold range of purification achieved. This
relativ:ly constant ratio of both activities that dihydrolipoic transacetylase
is an integral psrt of the pyruvate dehydrogenase complex.

o-Ketoglutarate dehydrogenase, a-ketoglutarate decarboxylase and lipo-
amide dehydrogenase were determined throughout the purification (Table 2).
All threc activities werée associated with the highly purified a-ketoglutarate
dehydrogenase complex over the 68-fold range of purification achieved.

(4) Poysicochemicdl properties

(a) Electrophoretic analysig--The highly purified preparations

of the pyruvate and a-ketoglutarate dehydrogenase complexes, corresponding to
' 4




the ammonium sulfate precipitate, were dlalyzed for 16 hours against 1

liter of 0.05 M potassium phosphatc buffer (pH 7.0). The electrophoresis run
vas made in a Tisselius apparatus at 4°, The protein concentration was 1.33
8 and 1.32 g per 100 m}, respectively. The schlieren patterns obtained with
the complexes (Fig. 1 and 2) show single ascending and descending boundaries.

The pyruvate and a-ketoglutarate dghydro?enase complexes show the mobilities
of -4.82 x 1075 and -9.95 x 10-Scu?volt-Isec-!, respectively.

(b) Ultracentrifugal analysis and molecular weight--1. Sedi-
mentation velosity-~Sedimentation coefficients were calculated and corrected
as described by Schachman (30). The patterns obtained with the highly puri-
fied complexes are shown in Fig. 3 and 4. These patterns are typical of
several different highly purified preparations examined. The values extra-
polated to infinite dilution (8°2¢9 ) are 67.5 S and 35.7 S, respectively.

2., Molecular weight determined by the method of approach
to sedimentation equilibrium--Thesc runs were performed at 2,333 rpm in an
An-J analytical rotor, using about 0.5 ml of the sample in a synthetic bound-
ary cell as recommended by Ehrenberg (31). The initial protein concentration
in the cell was determined from a synthetic boundary cell at 8,225 rpm under
identical optical conditions. The molecular weight was calculated at the
meniscus with the equation proposed by Klainer and Kegeles (32). From those
data the average molecular weights are calculated to be 9.0 million for py-
ruvate dehydrogenase complex and 2.7 million for a-ketoglutarate dehydro-
genase complex. As an internal standard, the molecular weight of the E. coli
pyruvate dehydrogenase complex was determined under the same condition men-~
tioned above. The molecular weight was calculated to be 4.9 million. This

value is in good agreement with the molecular weight of 4.8 million, which
was calculated from $°%30,y and Dy . (1).

3. Diffusion studies and molecular weight--Diffusion
studies were carried out at 4.65° in the Spinco model H electrophoresis-
diffusion apparatus. Photographs of the schlieren pattern of the diffusing
boundary were taken at intervals over a period of 21 hours. Diffusion coef-
ficient was calculated and corrected as described by Svensson (33). The
highly purified preparations of the pyruvate and a-ketoglutarate dehydrogenase
complexes was dialyzed against 0.05 ¥ potassium phosphate buffer (pH 7.0)
overnight at 0°. The dialyzed preparations were diluted to the protein con-
centration of 0.58 and 0.25 g per 100 ml with the dialyzate, respectively.
The corrected diffusion coefficient (D20,w) for these preparations were 0.62
x 1077 and 1.18 x 10~7cn?sec-!, respectively., With use of these values for
the molecular weights of both complexes were calculated to be 9.7 million and

2.8 million, respectively. Ilydrodynamic parameter of both complexes were
summarized in Table 3.

(5) Contents of bound-cocnzymes--The contents of bound-coenzymes are
summarized in Table 4.

(a) Protein-bound lipoic acid--It is apparent from the data in
Table 1 and 2 that protein-bound lipoic acid concentrates with the complexes
during the purification. The average amounts of protein-bound :ipoic acid
found in several preparations of purified pyruvate and a-ketoglutarate de-
hydrogenase complexes were 7.4 x 10°% and 3.7 x 10~° moles of brund lipoic
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An a-ketoglutarate dehydrogenase complex has been isolated by several
investigators from pig heart. Recently convenient procedures have been de~ .
vised in this laboratory for simultaneous isolation of the pig heart pyruvate
and a-ketoglutarate dehydrogenase complexes in a highly purified state. This
complex in the present study resembles not only complex isolated by the methods
hydrogenase complex in composition and erzymatic activities. The ratio among,
bound lipoic acid, FAD and thiamine-pyrophosphate in the pig heart a-keto-

glutarate complex is approximately 1:1:0.6, whereas the ratio is approximately
1:1:0.8 in the E. coli complex.

The molecular weights of the complexes determined by Archibald method are
in good azreement with those calculated from gedimentation and diffusion con<
stants. As an interval control, the molecular weight of the E. colii pyruvate
dehydrogenase complex determined by Archibald method under the same condition
is in good agreement with value, which was calculated from sedimentation and
diffusion constants as shown in Table 3. This is the first example of the
molecular weight determination of the charged gilant molecules (order of 2.5-9
million) by Archibald method. 1t is yet unknown whether this procedure is
suitable for such giant molecule or not. Besides these studies the determina-
tion of size, shape and molecular weight by light scattering procedure are un-

der way, so that it will be appeared in some journals in near future (39, 40,
61) .

b. Metal ion activators of a-keto acid dehydrogenase complex

Enzyme systems which catalyze the oxidative decarboxylation of pyruvate
and o-ketoglutarate have been reported to include Mg2* as one of the compo-
nents of enzyme complexes, and some of them are activated by additional Mg2+
(39, 40, 41). Pigeon breast pyruvate dehydrogenase complex was activated by
Mn2® in place of MgZ*, but strongly inhibited by Cu?* and Zn2*, and attempts
to prepare Mgz*-frec enzyme by dialysis against various chelating agents
(pyrophosphate, 8-hydroquinoline) failed. On the oxidative decarboxylation
of gyruvate with crude pig heart enzyme, it was reported that the addition of
Mg2*, Mn?* or thiamine-PP was not necessary (37). In previous paper (6), the
highly purified pyruvate dehydrogenase complex was free from thiamine-PP, but
on the contrary a-ketoglutarate dehydrogenase complex showed only a little
responge to added thiamine-PP., The effects of several divalent cations, es-
pecially activating effect of Ca?*, and the inhibitory effect of EDTA and
other ligands on the oxidative decarboxylation of a~keto acid with both com-
plexes nave been studied. The contents of some protein-bound metals of the
complexes were determined by the atomic absorption spectrophotometry.

(1) Effects of divalent metal ions on the oxidative decarboxylation
activities--As the results reported already by some authors, low concentra-
tion of Mn2* was able to replace Mg2* in pig heart pyruvate carboxylase assay,
however, in both pig heart a-ketoglutarate and E. coli pyruvate carboxylase
assays MnZ* exhibited inhibitory effect. Cu?*, ZnZ* and Hg?* were strongly
inhibitory in both pig heart carboxylase assays. Fe2* and Pb2* had no effect.
These results were summarized in Table 5. 1In both pig heart carboxylase as-
says Ca?* was strongly stimulatory to the same extent as Mg2*. Considering
that calcium is situated in the same group 1IA of the periodic chart of the
eléments with magnesium, the activating effect of Ca?® on the oxidative de-
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carboxylation of a-keto acids is an intercsting evidence. E. coli pyruvate .
dehydrogenase complex was- activatec by wg~‘ as well as pig heart p pyruvate de-
Jiydrogenase complex and a-kecoglutarate dehydrogenase complex, buf Ca2* had

no effect on it and Mn?* exhibited complete inhibition of its activity at the
concentration of 7 x 10°“ M.

liighly purified enzymes even in the absence of any metal activator showed
»3-60% (pyruvate dehydrogenase complex) and 70-75% (a-ketoglutarate dehydro-
senase complex) of their activitjus which were obtained in each carboxylase
assay containing 0.3 pmole of Ca2*. The trial to prepare metal-free enzyme

protein by dialyzing against 0.01 A EOTA in 0.05 M phosphate buffer, pH 7.0,
at 0" for 48 hours had been made, but it failed.

(2) Effects of several chelating agents on the oxidative decarbosyla-
tion activities--On the other hand, tihe inhibitory effects of some chelating
agents are given in Table 6. Pig heart pyruvate dehydrogenase complex was
strongly inhibited by EDTA, however, o-ketoglutarate dehydrogenase complex
activity was little inhibited by LOTA as contrast with pyruvate dehydrogenase
complex, and it was rather obviously inhibited by 8-hydroxyquinoline and 0-

phenanthroline. Other chelating agents including glycine, histidine, pyro-
phosphate, KCN and KF were almost ineffective on their activities at the con-
centration of 7 x 10°" M,

In Table 7 it was demonstrated that the inhibitory effect of EDTA was
reversed by the addition of eithcr ¥34* or Ca?*

(3) *ctal contents in o-teto acid dehydrogenase complexes--These re-
sults mentioned above suggested that metal ions were concerned positively to
the oxidative decarboxylation reaction of a-keto acid and they sevmed to com-
pine strongly to enzyme protein. fthen it was tried to determine the contents

of protein-bound metal ions dircctly by the atomic absorption spectrophoto-

metry. The enzyme samples were praviously dialyzed against 0.0l M EDTA in

phosphate buffer to dialyze out frec metal ions existing in the enzyme solu-
tion. As shown in Tahle 8 magnesium and calcium contents inm both complexes
were concentrated during the purification though these absolute quantities
were low. ‘These results supported the evidence of the active participation
of Ca?* and Mg?* in oxidative decarboxylation reaction of a-keto acid. In E.
coli pyruvate dehydrogenase complex calciim was not detectcd and this result
fits in no activating effect on its activity with Ca?* alone. In addition,
even the simultaneous presence of Mp2* and Ca2* on the pyruvate decarboxylase
assay had no multiplication efiects as shown in Table Ssﬁsu;gcsting that both

pig heart complexes were activated by either Mg2* or Ca?* according to the
same mechanism.

(4) COnclusion--Both pig heart complexes were activated by Ca?* as
the same extent as Mg2* which had been considered as one of the typical metal
activators of oxidative decarboxylation reaction of a-keto acid. E. coli py-
ruvate dehydrogenase complex was, however, activated only by Mg2* and not by
Ca?*. These activating effects were in good agreement with the results of
the metal contents obtained by the atomic abscrption analysis. Pig heart and
E. coll pyruvate dehydrogenase complex were strongly inhibited by EDTA at low
concentration, but on the contrary pig heart a-ketoglutarate dehydrogenase
complex was little inhibited by EDTA and rather obviously inhibited by 8-

8

eemam ——————— n——




hvdroxyguinoline, PFurther ivvestigoation of the mechanism of the oxidative
uecarboxylation of a-keto acidu, iv: instdnce, interactions among thiamine-PP,
nietal activators and enzyme protein {u now under way.

¢. Resolution of mammalian -kcto acid dehydropenase complex
(s ! g el

(1) Pyruvate dehydrogeunsse complexes--So far at present little is
inovn concerning to the resolution of pyruvate dehydrogenase complex in the
nresence of 4 M urea or 0.02 1 etianciamine (pH 9-9.5). In the presence of 4
4 urea pyruvate dehydrogenase complex is quite stable.. For example, pyruvate
dehydrogenase complex was incubated st 0° with 1-5 M urea for 2 hours, but the
complex retained full activity duriug this period. Examination of a solution
of the complex in 4 M urea in a scchman model E analytical ultracentrifuge re-
vealed the presence of two components; (i) faster moving boundary assumiag
carboxylase-lipoic reductase-transacetylase complex, (2) slower moving bounc-
ary assuring a flavoprotein associatud with yellow color. These results in-
uicated a dissociation of pyruvat. Jdehydrogenase complex into at least two
components. After a number of trisls, & satisfactory procedure will be de-
veloped, invelving fractionation on « calcium phosphate gel-cellulese column

(15) in the presence of urea like resciution of E. coli pyruvate dehydrogenast
complex (4).

When pyruvate dehydrogenase cenpicx was allowed to stand at €° in con-
tact with an ethanolamine~phosphiatc buifer, pH 9.5, which was 0.02 M with re-
spect to ethanolamine and approximua.cly 0.01-0.03 M with respect to potassium
phosphate, only 15-25% of the NADV-ilicked pyruvate dehydrogemase activity was
destroyed in one hour. During 2 hours incubation with this buffer, pyruvate
dehydrogenase complex lost only 30% of its activity. In the presence of excess
»f thiamine-PP or j;yruvate, pyruvaic lehydrogenase complex did not lose any
activities during 2 hours incubatiou with this buffer. Examination of a fresh-
ly prepared mixture in the analytics: ultracentrifuge showed two components;
(1) faster moving yellow component ussuming lipoic reductase-transacetylase-
flavoprotein complex, and (2) slower moving colorless component assuming py-- .
ruvic decarboxylase (5.7 S). This pattern in analytical centrifuge indicated .
& possibility of the dissociation of pyruvate dehydrogenase complex inte at -
least two components. As a preliminary experiment, separation of the two
components was achieved by fractionation on calcium phosphate gel~cellulose in
the presence of the ethanolamine-phosphate buffer. The column (3 x 2 cm) of
calcium phosphate gel-cellulosc wa+ washed with the ethanolamine-phosphate .
buffer until the pH of the effluent was approximately 9.0-9.3. A solution of -
26.8 my of pyruvate dehydrogenase complex and 1.4 ym of thiamine-PP in-4 ml.
of ethanolamine-phosphate buffer (final 0.02 M ethanolamine and 0.025 M potas-
sium phosphate) was applied to the coluan. The column was then washed with
approximately 38 ml of the sameg buffer. A coclorless protein fraction was
eluted, leaving a broad yellovl¥iusrescent band on the column. The latter
band was eluted with a solution of &% ammonium sulfate in 0.1 M potassiun
phosphate, pH 7.5. A colorless fraction was precipitated immoediately, after
cominj; off from the column, wit: amwoniun sulfate between 0 and 507 saturarion
and dialyzed against 0.05 M phosphate buffer containing thiamine~PP (40 ng
per 250 ml of this buffer). Yeliow fraction was also precipitated with am-
noniun sulfate between 0 and 50U s:»iuration and dialyzed against 0.05 M potas-
sium phosphate buffer, pi 7. Th. rccovery of the proteinm in the twe fractions
was 14 mg and 4 wmg, respectively. lirst colorless fraction exhibited very

" Best Available Copy




weal pyruvate decarboxylase activity. Tte activity scems to be destroyed
during this process. 'The latter froction exhibited dihydrolipoic transacetyl-
ase activity and also dihydrolipoic dchydrogenase activities. Especially the
specific activity of yallow fraction was approximately three times that of °
the original complex in dihydrolipolic transacetylase assay. This yellow frac-
tion was esseatially homogeneous uvon ultracentrifugation in a Beckman model

E analytical centrifuge with the scdimentation coefficients (8°20 ) of 37 3.
Its molecular weight was determined by Archibald method and it is’calculated
to be 4 million from these data. This yellow fraction was also separated into
two cnzymes, exhibiting a dihydrolipoic transacetylase and lipoamide dehydro-
genase activities, respectively, under the same condition described by Koike
et al. (4). The latter enzyme, lipoamide dehydrogenase showed honogeneous
pattern in the analytical ultracentrifugation with S°20 ( = 5.7 S. The mole-
cular weight of this enzyme was determined by Archibald'method and its value
is calculated to be 123,000. This enzyme also contains two moles of FAD per
moie of enzyme., Convenient separation procedure of the dihydrolipoic trans-
acetylase is in progress. At present the main problem is how to retain the
carboxylase activity during the course of ethanolamine fractiomation of com-
plex. The other hand the complex, which is free from flavoprotein and ex-

hibites pyruvate decarboxylase and dihydrolipoic transacetylase activities,
was subjected to the similar type of resolution.

There is, however, no good
resolution of this complex into two components.

Recently pig heart pyruvate dehydrogenase complex, 0.8 ml (13.44 mg) was
mixed with 0.8 ml of 1 M potassium iodide in 0,05 M potassium phosphate buffer,
pH 7.0 and this mixture was examined in analytical centrifuge. The following
two components were obgerved in this run: (a) faster moving yellow component
assuming lipoic reductase-transacetylase-flavoprotein complex, and (b) slower
moving colorless component assuming pyruvate decarboxylase. One-half part of
this mixture and the other part of mixture recovered from analytical run were
dialyzed against three changes of 0.05 M potassium phosphate buffer, pH 7.0
for overnight. pialyzed mixture was subjected to analytical centrifugation.
From these runs it was observed that two separated components in the presence
of 0.05 M potassium iodide at pH 7.0 were reconstituted to produce a large
unit giving the same sedimentation velosity as before mentioned treatment.
Both dialyzed pyruvate dehydrogenase complexes after treatment showed over 60%
activity of origimal for pyruvate decarboxylase assay. This reagent might be

nopeful one to reserve pyruvate decarboxylase activity when the complex is
dissolved.

(2) o-Ketoglutarate dehydropenase complex--There is so far, no
available informationm and successful procedure for the resolution of o-keto-
glutarate dehydrogenase complex. By Massey (25), o-ketoglutarate dehydro-
genase complex was separated into a flavoprotein and colorless fractions
with high molecular weight in the presence of 2.5 M urea on calcium phosphate
gel-cellulose. However he could not retain &-ketoglutarate decarboxylase
activity and could not reconstitute both components, either., With E. coli
a-ketoglutarate dehydrogenase complex 1 have been atempting to dissolve it
into the similar fractions like mammalian @-ketoglutarate dehydrogenase com-
plex, but decarboxylase activity was destroyed during the course of this
fractionation. Detergents, the changes of both ioning strength and pH etc.,
did not give any promising results for the separation of the complex. Resolu-
tion of E. coli o~ketoglutarate dehydrogenase complex was accomplished on a

10



column of calcium phosphate gel-suspended in cellulose by Mukherjee et al.
(42). Similar procedure is adopted with a little modification for the resolu-
“tion of mammalian g-ketoglutarate dehydrogenase complex, however, there is no
light on its resolution experiment so far.

d. Electron microscopic and biochemical studies of the pyruvate and -
ketoglutarate dehydrogenase complexcs, and its subunit

To confirm the structural organization of the complexes and its subunits
electron microscope studies were introduced. E. coli pyruvate dehydrogenase
complex has provided a unique opportunity to correlate functional properties
as revealed by blochemical analysis with ultrastructure as revealed by elect-
ron microscopy. The picture of the structural organization of the pyruvate
dehydrogenase complex which emerged from the bilochemical studies of Koike and
Reed is that of an organized mosaic of enzymes in which the component enzyme
is uniquely located to permit efficient implementation of a comsecutive re~
action sequence, This picture has been confirmed and extended by correlative
electron microscope studies carricé out in collaboration with Fernéndez-Mordn

(5).

In this laboratory original negative staining procedure of enzyme mol-
ecule is in progress to prove our muitienzyme concept from macromolecular
structural stand point of view. Moreover, through systematic application of
improved preparation techniques, important structural details of individual
multienzyme complexes could be directly observed, hereby disclosing novel
feature of the molecular architecture.

(1) The principal preparation procedure of specimen can be classfied
as followed: 1. Negative staining techniques with horse cytochrome C and

yeast cytochrome C-~mercury complex, and conventional negative staining pro-
cedure with buffered phosphotungstate (pH 7.5), 2. Positive staining technique
with 1-3% aqueous uranyl acetate, 3. Shadowing with Pt-C or Pt-Pd.

(a) DNegative staining methods: Ultrathin carbon film specimen
grid is used for this procedure. Specimens are prepared by two methods; 1.
nmicrodroplet spraying techniques--1% cytochrome C sclution previously ultra-
centrifuged for one hour in Spinco Mode L-2 or 1% buffered potassium phospho-
tungstate (pH 7.5) and varying concentrations of complexes solution or subunits
solution are mixed in the spraying tube at 0° just before spraying. The tip
of the capillaries of sprayer bended right angle is mounted on the holder in
the horizontal position about one foot above the specimen grid level. The
mixture is sprayed on the grid placed at 2-3 feet distance from the sprayer.
After spraying the grid is dried under freezing in vacuo, 2. drop techique--
at first the mixture of the complex and 1% buffered potassium phosphotungstate
are placed on the carbon film grid with a capillary pipet. After removing
excess of the mixture with filter paper the grid is allowed to be dried.

(b) Positive staining method: On the carbon film grid adequate
concentration of complex is placed by spraying or dropping and is partfally
dried. 1-3% of aqueous uranyl acetate solution is dropped an it with a ca-

pillary pipet. After removing excess of staining reagent, che grid is allowed
to be dried.

11
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(c) Shadowiny wmcitw . wiaeing the complex on ultrathin
formvar filw prid, the srid i- shadoc.. aich Pe-C or Pt-Pd at varied angles”

by conventional procedure. Two si.o. of polystyrene molecule are used for a
control for this method.

(2) Results-~Electroun al i.,cupns oi complexes obtained with shadow-
ing with Pt~Pd indicate that both conplesgs uave a prolate ellipsoid struc-
ture with an average diameter 600 (o &40 A for pyruvate dehydrogenase complex
and 350 to 400 A for a-ketogluiaraie :ielycCzopenase complex rather than poly-
hedral structurve like E. ¢oli pyruvat. dehvdrogenase complex (Fig. 7 and 8).
Electron micrographs of pyruvate uvhy;XULt11&u complex negatively stained with
potassium phosphotungstate and pusiisvely staised with uranyl acetate indicate
a flower like shape with 10 to 20 novui-n, suspecting the possibility of re-
solution into subunits (Fig. 9 ars 10) )l.cctron micrographs of a~ketoglutar-
ate dehydrogenase complex staiued wiii pviussium phosphotungstate and uranyl-
acetate indicate tetrad struccviv {vi.. it md 12). There is no explanation
of these electron micrographs of «-k:taglutarzte dehydrogenase complex. The
mwolecular weights of the compl2ac: caivuiated witii these diameter according
- to Scheraga's equation (S=M (1-¥); .if; V=volume, fwtramsitional coefficient,
Segedimentation coefficient) are very sprecabie with those calculated with
hydroparametric data.

There is no convincing evide.... ¢ Luppori the polyhedral structure of
E. coli pyruvate dehydrogenasc compuun shcwn in our earlier work. I suspect
that the polyhedral structure of tic c.uspiex, which were observed at low tem~
perature with specimen negatively stivined with buffered phosphotungstate solu-
tion by Ferndndez-Mordn's cross-sprajying procedure, seems to be artifact of
strong deproteinizing reagent againsc wighly purified giant protein molecule.
Fernéndez-Mordn stated that phosphotuugstate did not chemically modify the
structure of mitochondria in his reporc. Chemical composition of mitochondria
is quite different from pure enzyme prot¢in and we kn~w that the over-all
activity of complex irreversitly losi their activity immediately, after mixing
with phosphotungstate or uranyl acetate. 1% buffered potassium phosphotung~ -
state, winich is one of the good deprotzinized reagents, gives apparently un-
idegtified changes of the shape of pyruvcte and a-ketoglutarate dehydrogenase
conplexes. In this laboratory a crossz-spraying apparatus devised by Fernindez-
Moran was set and the negative staining with potassium wethyl-phosphotungstate
is now in progress. As an internal conirol E. coli pyruvate and a-ketoglutar-
ate dehydrogenase complexes and jolysiyrene, hatex tex molecule which calibrated
a diameter and obtained from Dow Cnzmicai fo., U.S.A., are used for this pur-
pose. In stead of shadowing with “c-Pd, Pt-carbon will be introduced to pre- .
serve native shape under cooling. Eiectron microscope studies are im progress,
and should shed further light on its structural organizationm.

4, Conclusion

a. A coemzyme A- and LAL iir.cu jsruvate and a-ketoglutarate dehydrogenase
complexes have been isolarzd from pi, uasrt as multienzyme units with molecular
weights of approximately 9 milliou zad .7 nillion, respectively. The pyruvate
dehydrogenase complex containes approximately 67 moles of protein-bound lipoic
acid and 17 moles of bound FAD. The raiio of bound lipoic -acid to FAD in this
complex is 5:1, The highly puriried comples is free of thiamine-PP and the
activity in the dismutation :issay <5 restored by added thiamine-PP, Kmws.2 x

* Best Avallable Copy



3.

List of References'

l.

2,
3.

9.
10.

1.
1z,
13,

14,

15.
16.

17.

18.
19.

20.
21.

22.

23.

24,

Xoike, M., Reed, L. J., and Carroll W. R., J. Biol. Chem. , 233,
1924 (1960).

Koike, M., and Reed, L. J., J. Biol. Chem., 233, 1931 (1%60).

Koike, M., Shah, P. C., and Reed, L. J., J. Biol. Chem., 235, 1939
(1960). - T |

Koike, M., Reed, L. J., and Carroll, W. R., J. Biol. Chem., 238, 30
(1963).

Ferndndez-Mordm, H., Recd, L. J., Koike, M., and Willms, C. R.,
Science, 145, 930 (1964).

Hayakawa, T., Muta, H., Hirashima, M., Ide, S., Okabe, K., and
Koike, M., Biochem. Biophys. Res. Commun., 17, 51 (1964).

Korkes, S., del Campillo, A., Gumsalus, J. C., and Ochoa, S., J.
Biol. Chem., 193, 721 (1951).

Ochoa, S., Mehler, A. H., and Kormnberg, A., J. Biol. Chem., 174
979 (1948).

Stadtman, E. R., and Barker, li. A., J. Bicl. Chem., 180, 1085 (1949).

Stadtman, E. R., in Colowick, S. P., and Kaplan, N. O. (Editors).
Methods in enzymology, New York, 1, 596 (19553).

Yagi, K., and Ozawa, T., Riochem. Biophys. Acta, 36, 413 (1962).
Negelein, E., and Bromel, K., Biochem. Z., 300, 225 (1939).

Layne, E., in Colowick, S. ., and Kablan, N. 0. (Editors), Methods
in enzymology, New York, 3, 447 (2957). :

Lowry, O. H., Rosenbrougn, N. J., Farr, A. L., and Randall, R. J..
J. Biol. Chem., 193, 265 (1951).

Price, V. E., and Creenfield, R. E., J. Biol. Chem., 209, 363 :€(1954) .

Gunsalus, I. C., Dowlin, M. i., and Struglia, L., J. Biol. Chem.,
194, 849 (1952). : : '

Wagner, A. F., Walton, E., Boxer, G. E., Prus, M. P., Holly, F, W.,
and Folkers, K., J. Am. Chem. Soc., 78, 5079 (1956).

Beinert, H., and Page, E., J. Biol. Chem., 225, 479 (1957).

Huennekens, F. M., and Feltoa, S, P., in Colowick, S. P., and Kaplan,
N. 0. (Editors), Hechods in enzymology, New York, 3, 950 (1957).

Kajiro, Y., J. Biochem., 44, 827 {1957)..

Green, D. E., Herbert, D., and Subraheanyan, V., J. Biol. Chem., 138,
327 (1941).

‘Raymond, S., and Wang, Y., Anal. Biochem., 1, 391 (1960).

Reed, L. J., Leach, F. R., and Koike, M., J. Biol Chem., 232, 123
(1958)

Lipmann, F., and Tuttle, L. C., J. Biol. Chem., 159, 21 (1945).
’ 14




————E

25,
26,
27.

Massey, V., Blochem. Biophys. Acta, 38, 447 (1960).

Hager, L. P., Thesis, Univﬁisity of Illinois (1953).

Knight, E. Jr., and Gunsalus, 1. C., in Colowick, S. P., and Kaplan, °
N. 0. (Editors), Methods ir enzymology, New York, 5, 651 (1962).

Hager, L. P., J. Am. Chem. Soc., 79, 4865 (1957).

29. Sanadi, D. R., Littlefieid, J. W., and Bock, R. M., J. Biol. Chem.,
192, 851 (1952). ‘

28.

30. Schachman, H. K., in Colowick, S. P., and Kaplan, N. 0. (Editors),
Methods in enzymology, New York, 4, 32 (1957).

J1. Ehrenberg, A., Acta Chem. Scand., 11, 1257 (1957).

32. Klainer, S. M., and Kegeles, G., J. Phys. Chem., 39, 952 (1955).

33. Svensson, K., and Thompson, T. E., in Alexander, P., and Block, R.
J. (Editors), Analytical methods of protein chemistry, 3, 57 (1961).

KT Levitas, N, Robinson, J., Rosen, F., Huff, J. W., and Perlzweig, W.

A., J. Biol. Chem., 167, 169 (1947).

35. Sato, T., J. Japan. Blochem. Soc., in Japanese, 33, 331 {1963).

36. Jagannathan, V., and Schweet, R. S., J. Biol. Chem., 196, 551

(1952). . , |

37. Schweet, R. S., Katchman, 8., Bock, R. M., and Jagannathan, V., J.
Biol. Chem., 196, 563 (1952).

38. Korkes, S., del Campillo, A., and Ochoa, S., J. Biol. Chem., 193,
541 (1952)

39,

Schueet, R. S., and Cheslock, K., J. Biol. Chem., 193, 749 (1952).
40. Goldman, D. S., Biochem. Biophys. Acta, 27, 506 (1958).

41. Linderstrom, E. S., J. Bacteriol., 83, 565-(1953).
42,

Mukherjee, B, B., Matthews, J., Horney, D. L., and Reed, L. J., 3.
Biol. Chem., 240, PC2268 (1965).



uog3IowNay

57T 9°9 0°L6 z°9 - L9 1€°0 883710T0D
. . . . . (9€°0-62°0)
8¢€°T %01 0°<8 €'Y 7% AN 96°0 39TTed
» » * » o ¢ N 0““’.""
L] . - L] - uuw“uum
61°0 9°6L 9°9 L§°0 Lzt s°S €2 paioToo-1aquy
- - £'1 €10 £92 A | 612 27973318y
- - (2 A 76°0 oTy‘Y $€°0 G¢0'Y #718u3Bowol
wraead - 4 9 . i upeload ?u "
Sapan wppgoad Fuflufearonn Jeatoan  jayfeatoud i
aseual sseyd3ade ase
Uﬁwwum ~o1apiyap ~sueay -1dxoq s31uUn . urajoad .
13 apyue ar0drT ~2182 1e301 vorIeInusTd teal noy3oeld
punog d p,
~0d}7 -02pAUT( -2d

xa1dwoy aseusB8oapiyaq aieanikg 32edy Fyg JO uoyIBOdIIIANg

1 214qe]

e
~d




(62°0-%2°0)

LL°o 08y 91 002 13 9z It°0 +3dd “osuy
16°0 €€ 14 oz1  ¢°tL ST 6%°0 33719d
syenga
¥2°0 09T €9 68 o1 or €T cadd oupnesond
2823%2
61°0 08 S 33 €€ Yy T be10700-20qUY
- - - - 0€T - 6°'T L9 97973a8d
- - - - oLy 8€°0 00Z°T a3euadowon
ugajoad ay uyezoxd Buw
Sw /31 urajo1d 3u/ay/satoud /satoun  /agqfeatowr s
- aseual ase :
pyoe aseual asetL
o108 FT -oxpiyap -tAupdons —01pAY s3yun ~x0QA®D uyazoad uoF1991]
ano apyme -suR1y e 1830} e 1230}
P g —~od¥1 270dT11 a a

xopdwo)y aseualoapiyaq a1e1BINT3032)~0 uuwua 814 Jo uoyiI®IY¥I¥FaANd

T 9?1981

17




- Lc
Yz 8'¢c
16°1 81°1
oY Lge

- ———— —

169 3 laway 834

xa1duo) 3aswualoapiyaq
s3vamanyogan~-o

(401 %)

poqaem

. . PT®QIYIaY
ABYNDITON *2

(g01 %)
8’y L°6 Y3
ARTAOPTOR °*O

't 29°0 a‘0zq °q

1'99 $°L9 n'oz g e Y

7709 3 Jiwey ¥34

xa1dmo)y dswuaBoaplyaq
239ANZLY

saxopduo) oswusBoapiysq PIOV 039%-0

3o as3swwaeg Ojumukpoaphy

€ 9IqeL

18

LERSA AR




o1 9
o1 6
(129 o1

swlzus Ju aTOW/SaTOU

it n——

Tios 3 Jagay S1d

xnputon AreuaBorndyad

azuxeinTiolaN-0

(Hg-OT X Z°y=m))

- 0
TA 91
ys L9

swlzua Jjo ayow/sayou
F199 °F jasay 3314

xatdwon aseualoapiyaqg
symAnakg

dd-2uyweryy
ava

p3oe dor0dy]

19

. ————— . gty e~

e S e

saxsyduoy oseuadoapiyaq PIdV 039x-v JO
s3ua3lu0) awA2u30)

vy 91qeL

-




xa1dwo) asevusBoapiya 23vaeInyBoirad-0 :HAON
xatdwoy aseusBoxpAysq 23vanikg :9dd

- 4 - 9¢ - 147 ++30
- z9 18 <6 - 1 +30Z
- 11 1L 91 - 6t ++00
- 49 6 66 - Le +490
- - 0 - - 89 (310U T) +4UR
- 88 6L 86 - zs1 ++UR
- - - - - LT (e1owrt €1°) 4490
(a10unt GT°) 443K
8zT 3¢ 7 801 26 6T 641 ++T0
10T %01 611 101 vt 991 ++31
001 ool 00T 001 00T 001 : auoN
uoytl T - UuoeFl
-njosa asaf&k osel4 . uore3 -070AD aset4 (stomd ¢*)
20D -X0qIEddp -X0Q3Iedsp -NUSYP (1 %) ~-X0q18ed3p SU0I3Ld
209y 3aeay 8yd oad V109 .m..a, 204 aeay 23d

‘-

SITITATIOV U0FIBTLAXOQARII(
DATIEPIND SY3 UC SUO] [BIIW JUSTBAJQ JO $30933F °¢ d¥19qB],




xa1duwod aswuaBoapiyaq 239a83INTEOIN-0 DGO
xaydwo) aseuaSoaplyag aivanidd :0ad
117 <8 S8 16 S JUTTOIYI
€6 96 = 00T 1 |=¢“Mcumo
aujtouynd
0 174 - 69 1 -&x01pAy-g
L8 - - - o1
88 - 6 - S
96 0 i3 - 1
- - 9y - G
- 9¢ (73 0 1 yial
oot 00T 001 001 SUON
asuth agwyk :o«umw | aseld | h
-X0qa19d -x0q1ed ~NUSEP ~%0q1"d soyour spusBET
saoy 3aeey 831d  0ad ¥1o9 ‘3 Jad 33way 33d

S3T3FATIOV uocyieTLX0qIEI2q 3AFIEPIXO

a2y2 uo sjuady SulleTIY) TLIIAIS jo 8302334 ‘9 o198l

21

R S




VIQd INOYITA AITAFIOC ., 5y9e3 2y3 sjussoadey

-

00T X —rsypoud 1) Vi(d QI¥A KIFATIo€

‘uoyl TB3IBW yOEa JO UOFITPPE 23033Q ‘ujwW QT 103 L0
1@ Y1g3 jo @aoudsaid ayl uy paaeqnouyaad a1am 5IINIXTW UOFIOEIY »

¥

001 86 €8 - 8¢ o +48D
001 56 53 59 0 + 48R
xx%
02 £°1 0'1 ¢°0 0
suo13ed

suoyles jo satoar

«+BD PUB 8K JO uoTIFPPY Y3 Aq ‘»viad &q pPa3I¥rqryul
K3JA130V 9serdxoqQae) 23uAn1Ld JO uoraIvAaTIORIY +L @19%l

22

N e




»xapdwoy eseusBoapiysg eImaeinyBoray-o {349y
xeo1duwoy @swuaBozpiysg a3sanihg ¢oad
*pa3oa3ep 0N q
‘ura30ad.Bu/ (0T X ) ITOW UF da® SIUIFUOD TEIIH ‘e

- - - - q 8%°0 Aad
¥100 °3
. . (62°-97°)
q q 12°0 q L1 L°1 3dd osuy
. . uunNyod
%2 0 90°0 €1 q L6°0 rA 1} 23039g
. . *3dd
810 L0°0 €1 q T'T 69°0 sujuRIOg
2aM
. og- - ~62°
q q 1°¢ q 91 86°0 .Au& omaw
£2'0 q a9y q $L°0 1L°0 9TTed
. . . *3dd
YZ°0 q %1 q 9¢°0 96°0 suTwwIoad
oda
‘axa
£€L°0 L0°0 4 q 9°1 A 4 paI0T0d
-laquy
Jav9y By3a
UOFIO0AY
uz ny ag Ul L) ] sTvIaK

wmuxoﬂnsou 9seuaBoapiysag pIov 03I3}-0 UT SJUIIUCD I¥IAN ‘g ITqLL

PR




L4 Fig. 1. Eleatrophoretic schlieren pattern, descending (top) and
ascending (bottom), obtained with a preparation of the pyruvate
dehydrogenase complex, 13.3 mg per ml of 0.05 M potassium phos-
phate buffer, pH 7.0, after 182 minutes (descending) and 180
minutes (ascending) at 4.6 volt ca~!.
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ascending (bottom), obtained with a preparation of the o-keto-
glutarate dehydrogenase complex, 1.32 mg per ml of 0.05 M potas-
sium phosphate buffer, pH 7.0, after 60 minutes (descending) and

¥
‘ Fig. 2. Electrophoretic schlieren pattern, descending {(top) and
i 61 minutes (ascending) at 4.6 volt cm~!.
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Fig. 3. Ultracentrifuge schlieren pattern obtained with
the pyruvate dehydrogensse complex, 4.19 mg per nl of
0.05 M potassium phosphate buffer, pH 7.0, after 24 min-

 utes at 35,600 vpm, bar angle, 60°.
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Fig. &. Ulctracentrifuge schlierem pattern obtained with
the a-ketoglutarate dehydrogenase complex, 4.8 mg per nl
of 0.05 M potassium phosphate buffer, ph 7.0, after 27
ninutes at 47,660 rpm, bar sngle 55°.
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Fig. 7. Electron micrograph of the pyruvate dehydrogenase
complex shadowcasted with Pr-Pd. ( x 180,000)

Fig. 8. Electron micrograph of the o-ketoglutarate de-
hydrogenase complex shadowcasted with Pt-Pd. ( x 180,000)
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. Fig. 9. Electr~n micoriraph of the pyruvate dehydrogenase
complex positively stained with uranyl acetate. ( x 300,000)

Fig. 10. Electron nicrograph of the pyruvate dehydro-
] genase complex negatively stained with potassium phos~
‘ - photungstate (pH 7.5). ( x 300,000)
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Fig. 11. Electron microerapn of the a-ketoglutarate
dehydrogenase complex staine¢ with potassium phos-~
photungstate (po 7.5). ( x 300,000)

Fig; 12, Electron micrograph of the s-ketoglutarate

dehydrogenase complex stained with uranyl acetate.
( x 300,000) .
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