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VITRO

TABOLISM

OF CLAVICEPS PURPUREA (ERGOT)

INTROLUCT ION

ergot fungus,

The

rye and

barley, produces

alkaloids of considerable

present

a parasite of

sympatholytic and sympathoinirnetic
pharmacological

The unique synthetic abilities of
the

rurea,

Claviceos

.

interest (88).

purpuret have Induced

undertaking of a comprehensive metabolic study

of this organism.

Previous studies

presence

ol'

in

this laboratory have indicated the

both the pentose cycle and the glycolysis-Krebs

cycle pathways of glucose catabolism in this organism.

On

the basis of the rate of evolution of radioactive carbon dl-

oxide from

glucose

labeled In various positions, lt vas c-

cluded that about 90 per cent of the glucose was dissirnilated by the glycolysis-Krebs cycle pathway (53, 5+).

The

soluble succinic dehydrogenase of Q. rnirturea was found to

possess interesting properties, including ease of solubilization, unusual stability, and rather high inhibition by o-

phenanthroline, which was noncompetitive with succinate

PMS* was used as acceptor (+6,

51+).

This

whi

thesis represents a

continuation and extension of the metabolic studies proviously reported.
Aidr

AU

the experiments wore performed j

acid decarboxvlae.

Amino

acid

viiro.

decarboxylase

activity, Including glutamic decarboxylase, vas first
*Refer to page 82 for meanings of abbreviations used
In this thesis.

reported by Gale in microorganisms in 19+O (19).

The pH

optima of the decarboxylases were below neutrality.

re-

He

solved L-lysine, L-tyrosine, L-argini.ne, and L-ornithine

the apoenzymes arid a soluble dialyzable
seicodecarboxylase (21). The decarboxylases w

decarboxylases into
extract,

sitive to inhibition by cyanide, hydrazine, hydroxylanilne,

and semicarbazide, suggesting
volved (21).

that

an-keto

in-

group was

Gunsalus and co-workers observed that unless

pyridine and nicotinic acid were added to the synthetic
growth medium of StreDt000ccus raecalis in excess of simple
growth requirements no tyrosine decarboxylase activity was

produced
of'

(lf),

that the addition of pyridoxal to suspensions

Strevtococcus

f'aecali.s

activated the enzyme (82), and

that ATP was necessary, in addition to pyridoxal, to acti-

vate the decarboxylase of dried cells (28).

Baddiley and

Gale (1) further showed that pyridoxal and ATP could re-

place codecarboxylase in the actIvation of soluble
tions of amino acid decarboxylases.

prepara-

tJmbreit and Gunsalus

showed that L-glutamic decarboxylase was activated by

decarboxylase or pyridoxal plus

ATP (83).

The cofactor vas

subsequently shown to be pyridoxal-5-phosphate
Amino acid decarboxylases

are

co-

(2,

29).

widespread in nature.

The most ubiquitous is glutamic decarboxylase, which occurs

In a variety of plants, animals, and rnIcroorganIsits (16).
Among

the microorganisms

coliforms

(19),

which contain this enzyme are

clostridia, Proteus vularius and Proteus

morganli (22), Rhodotorula

vsiectu

(6+).

1ut1nis

(53), and Fiisariuii

The pH optimum of the glutamlc decar-

boxylases of microorganism.s is about +.5.

The optimani Is

characteristically sharp; the enzyme possesses little activity below pH 3 or above pH 6.
Metzler, Ikawa, and Snell (59) proposed in l95+ a

theory for the

mechanism of action of pyridoxal phosphate-

containing enzymes involved In amino acid metabolism.

proposed that a

Schiff base is formed

They

between the amino

group of the amino acid and the formyl group of pyridoxal

phosphate.

depending

The steps following Schiff base formation vary

upon the particular type of enzyme.

In the case

of glutaniic decarboxylase, carbon dioxide splits off
from
the Schiff

base, the

resulting amine

Is removed by hydrolysis and

(

pyridoxal

'-aminobutyric acid)
phosphate Is regen-

erated.

ResIratory system.
The

respiratory

system of yeast and mammalian mito-

chondria contains complex suocinic
systems.

and DPNH

oxidase

enzyme

These oxidase systems (succiriic and DPNH oxidase,

respectively)

catalyze

by molecular oxygen.

the oxidation of succinate and DPNB

The succin.Ic oxidase chain of yeast

and mammals contains a flavoprotein, succinic
dehydrogenase,
coenzyme Q and cytochrome

,

the antirnycin-

tive site or Slater factor, cytoebroine
,

and BAL-sensicytochrome

,

and cytochrorne oxidase (cytochrornes

.,

der (12, 26, 39, 62, 78)

Q

Coenzye

.

In that orand cytochrozne
are
and .3) ,

both located between succinic dehyd.rogonase and the Slater
factor.

However, the exact reLationships of coenzyie Q

and cytochrome

to each other arid to the rest of the res-

piratory chain have not been definitely established.

Other

substances or groups may be involved in the succinic ox!dase chain, e.g., the disulfide bond of succinic dehydro-

genase (+i,

The DPNH oxidase chain begins with

4-3).

another flavoprotein, DPNH dehydrogenase and joins the

the

succinic oxidase chain on the reducing side of
factor.

Slater

The flavoenzyme which is reduced by substrate,

succinic dehyth'ogenase or DPNH dehydrogenase,

referred to as the primary

is sometimes

dehydrogenase.

of the reduced cytochromes of aerobic
species (e.g., mainnalian heart or yeast) ob-

The spectrum

cells of

many

served in the microspectroscope contains bands of cytochromes

53(i),

4-

at 603

cytochrornes

m.i,

and cytoch.rome

at 563

have been observed and are
p. +l2--Fl3

(16).

contained the typical
and

+Q3

(1f0).

j

at

50CQ) to

Other cytochrons

in Dixon and Webb,
species of fungi, par-

swninarlzed

In a survey of +5

ticulate prcparations of
,

W31

#

all species, with minor variations,

absorption

bands o

cytoebromes

(7).

Ferricyanide and PMS serve as electron acceptors from
both soluble and particulate succinic dehydrogenase of beef

5

heart and yeast. Methylene blue, DCIP, TTZ, cytochrome ç,
and oxygen, however, accept electrons only froni particulate
preparations (37, 75). i4ethylene blue arid DCIP act between
the Slater factor and substrate (78), exogenous cytochronte
acts between endogenous cytochrome .ç and cytoobronie oxi-

.

dane, and oxygen (39) and TTZ (62) accept electrons from
cytochrorne oxidase. Ferricyanide, in addition to accepting

electrons from the primary dehydrogenase, also accepts
electrons between the Slater factor and cytochrome oxidase
(18) . Incubation of heart muscle preparation in the presence of cyanide results in the loss of all of the methylene
blue and DCIP activity (82), but in only one-half of the
P4S

no

activity (23, +l, 1F3). Incubation with cyanide had
effect on the methylene blue activity of brain or yeast

with cyanide therefore inactivates the system between the sites at which PI4S and
rnethylene blue or DCIP accept electrons.
mitochoncìria

(23).

Incubation

The relative maximum velocities of the artificial

electron acceptors toward the succinic oxidase system of
heart muscle preparation have been determined and comnpared
to the rate of reaction with oxygen as electron acceptor
(22)
The rate with P148 is nearly equal to the rate with
oxygen in fresh preparations suggesting that the concentration of primary succinic dehydrogenase limits the overall rate. The other artificial electron acceptors are less
.

efficient in

accepting

electrons

than

PMS.

o

The succinic oxidase system has been reconstituted

from soluble succinic dehyd..rogencse, cytochronle ., and
heart muscle preparation,

the succinic dehydrogenase ac-

tivity of which had been inactivated by incubation at basic
PII

Hatefi has reconstituted the succinic oxidase

(+2, 1f3).

system from preparations of succlnic-coenzyme Q reductase,
coenzytne Q-cytochrome

cytochrome

(30).

reductase, cytochrome oxidase, and

Tissieres (80) formed a complete suc-

cinic oxidase system by combining the base-Inactivated

oxidase of heart muscle preparation or of wild type Neurospora particles with an oxidase deficient Neurospora

mutant.

Mito chondria.

Mmnilian and plant initochondria are double-membrane,
usually elongated vesicles, 0.5-1.0
occur In the cytoplasm of cells.

,.z

In length, which

Lamellae which are con-

tinuous with the outer membrane extend into the interior

of the zuitoohondria (68).

Yeast mitochondria are similar

in structure to the mammalian and plant mitochondria but
are somewhat smaller, 0.1+O.6

diameter

(81+).

i

long and 0.2-0.3

,.i

in

Organelles corresponding to mitochondria

are not observed In the cytoplasm of bacteria

(16).

The cytochrome oxidase activity of the cell Is local-

ized exclusively in the initochondria of plants
(16), and fungi (6, 13, 15).

,

animals

Although most of the Krebs

7

cycle enzymes are not limited to the mitochondrial fraction

of animal and plant cells, mitochondria

cart

intermediates of the Krebs cycle (16).

The mitochondria

oxidize all the

of animals and plants also contain the enzymes involved in

the/9-oxldation of fatty acids, in oxidative phosphorylation, and in the oxidation of reduced DPN and TPN (16).

After disintegration of bacteria, particles ranging
in size from less than 0.001 to

O.15y

in diameter can be

separated, which contain the bulk of the cytochrome oxidase activity and the bacterial cytochromes, succinic de-

hydrogenase and

mlic dehydrogense

activity, and nearly

all of the cellular RNA (16, 60, 79, 81).

Thus, bio-

chemically these particles might be considered homologous

with

mitochondria, although in size and RNA content they

resemble

the smaller

animal and plant microsomes more

closely.

Yeast mitochondria oxidize most of the Krebs cycle

intermediates and carry out oxidative phosphorylation
They are thus morphologically and enzymatically

(67, 8g).

homologous to the

mitochondria

of plants and animals.

Particles that oxidize Krebs cycle derivatives have also

been prepared from the hyphae of kllontyces inacrogynus ()
and Blastocladiella
the bulk of

activity,

uersonii (10).

the cytochrome oxidase

and

the

cytochromes,

Particles that contain
and succinic oxidase

have been reported

variety of fungi (6, 7, 13, 15, 35).

in a

If the mitochondrial membrane is disrupted by mechani-

cal means

(e.g., sonic disintegration,

prolonged homogen!-

thawing) or osmotically by

zatlon, or freezing and

suspend-

Ing the particles In water; more than half of the dry

weight of liver

mitochondria

appears in solution, Includ-

enzymes,

Ing the entire mitochondrial content of a number of

includIng L-glutamic dehydrogenase and fumarase, as well
as nucleotide coenzymes

(16, 32,

Aging

50).

the

particles

for several hours at 0°C. or treating them with 2,+-DNP

also results in loss of bound DPN (33).

Increasing the

shaking time in a

high speed shaker

with glass beads resulted in loss of

-ketog1utarate de-

hydrogenase, isocitrate dehydrogenase (67), and DPN (66)

from yeast mitochondria.

Further shaking resulted in

loss of at least part of

supernatant.

During

al].

aging

Krebs cycle enzymes to the

ofast

rnitochondria,

DPN

Is

also lost (66).

Both the soluble

succinic

dehydrogenase (36)

and

succinic-coenzyme Q reductase contain appreciable nonheme Iron.

Two

forms of the

with two iron ctoms per

soluble dehydrogenase,

molecule

and

atoms per molecule have been reported

succinlc dehydrogenase is

ferne

state (56).

thought to

one

one with four iron

(75).
be

The iron

maInly in the

In

Ortho-phenanthrolino is an effective chelator of metal
ions.

It has a high affInity for iron and

forms a red ferro

ferrous Iron, which
of o-phenanthroline per mole of iron.
partially inhibits beef heart and yeast

o-phenanthrolinate complex with the
contains three moles

Ortho-paenanthroline

succinic dehydrogenase

(73, 75).

a eonctatration of 5.8

x lO

hydrogeriase of

.

Ortho-phenanthroline at

M inhibits the succinic de-

about 60 per cent

urure

Q+6,

53).

A

red ternary, iion-d.ialyzable complex is formed
initially

with succinic dehydrogenase of beef heart, which Is not
identical with ferro o-phenanthrolinate (36, 56, 72,
75).
After prolonged Incubation, the red ferro
o-phenanthrolinate compound can

be

dialyzed, leaving

behind,

The rate

oÍ'

formation of the Iron complex with

Triton-X

is increased

by

denatured protein

bisulfite, p-chloromercurlsulfi-

nate, and urea (56).

studying the electron spin resonance
submltochondrial particles and soluble suocinic

Beinert and Lee,
spectrum of

dehydrogenase, observed a signal at l.9f gauss, which ap-

peared upon the addition of auccinate and which
disappeared
if the enzyme were denatured by heat, urea, or
acid.

The

signal vas inhibited by ftmarate and malonate

creased by the addition
i

.

9-f

cyanide (3).

of'

was confirmed by King

,

and was

de-

The signal at

Howard and Mason (8) in the

soluble sucrinic dehydrogenase.

They also found that the

signal decreased faster than PMS activity

upon

aging and

that the signa]. was present in the absence of substrate.

Since the signal is in a region of the electron spin reso-

nance spectrum char acteristic of transition elements,

Beinert and Lee

(3)

bave proposed that this signal repre-

sents a new type of iron-containing electron carrier in

mito chondria.

11
METHODS AND MATERIALS

Reagents
Seni.tcarbazlde,

DEAE

cellulose, L-rrialic acid,

and nicotirminide were obtained froi

DCIP,

istxnan Kodak Co.,

Rochester, N. Y.; TTZ and protamine sulfate from Krishell

Laboratories, Portland, Ore.;
III cytoebrorno

,

DPNTI,

DPN, horse heart type

-ketog1utnric acid, ADP, PMS, and

EDTA were obtained from Sigma Chemical Co., St. Louis,
Mo.; glutamic acid vas obtained from Maim Research Labo-

ratones, Inc., New York,

N. Y.; niethylene

blue from Cole-

man and Bell Co., Norwood, Ohio; AT? from Pabst Labora-

tories,

Milwaukee, Wisc.; reagent KCN from Nallinckrodt

Chemical Works, St. Louis, 't.; glutathione and vitamin K
from Nutritional Biochemicals Co., Cleveland, Ohio; vitamin
E from Merck and Co.,

Inc.; o-phenarithroline from G. Fred-

erick Smith Chemical Co., Columbus, Ohio; reagent succinic

acid from Allied Chemical and Dye Corp., N. Y.; antiinycin
A from the wisconsin Alumni Research Foundation, Madison,

Wise.; and fumaric acid from Smith-New York Co., Inc.,

Freeport, L. I.

Potassium ferricyanide from J. T. Baker

Chemical Co., Phillipsburg, N. J., was recrystallized
three times from water.

Alumina C1
Kraut (87).

Buffer salts were reagent grade.

was prepared by the method of Willstätter and

12

In the studies of the

respiratory particles and of

the soluble succinic dehydrogenase, all reagents and buf-

fers were dissolved in glass-redistilled

water

all

arid

assay mixtures were diluted to volume in glass-redistilled
water.

Cu],. tu.r e

.Q

Ç.

ur 'our ea

Stock cultures of

tamed on potato-dextrose
were grown in 500 ml

rai. of a sucrose

.

u"ourea ATCC 9605 were main-

Q.

agar (5+).

Erlenmeyer flasks containing 100

succinate medium (53,

hyphae were to be used in the

study of

boxylase, the medium was adjusted
pH 6.5.

Each flask was inoculated

grown culture and

Vegetative cultures

incubated

to

pH

with

51+).

Ithen the

L-glutamic decar-

6.0 instead of
2

ml. of a

fully

on a circular shaker for

1+8

hours at 25°C.
For the culture of large

following procedure was

quantities of hyphae, the

followed.

Ten liters of medium

in a 20-liter carboy were inoculated with two 00 ml.
flasks of the xnycelial suspension described above. The
culture was aerated with spargers attached through a

cotton

filter to an

air-pressure line. After

1+8

hours

the hyphae vere harvested with a Sharples centrifuge.

For the study of L-glutamic decarboxylase

the cultures

were grown for approximately 72 hours before harvesting.

13

Nine volumes of acetone at -11°C. were added to one
volume, of hyphae.

The mixture was blended for one minute,

filtered with suction, rinsed with throc volumes of acetone, refiltered, and finally dried under vacuum.

of

liters

medium

(wet weight).

yielded an average of

200 g.

This amount of hyphae gave

Ten

of hyphae

I45 g.

of acetone

powder.
Sonic disi..ntegration

hvhae

For sonic disintegration a Raytheon 200 watt, 10 kc.

inagnetostrictive oscillator
(1.2-1.3 amps).

was used at maximum power

Protein concentration was determined by a modified
biuret method (86).
a standard.

Crystalline serum albumin was used as

Optical densities at 260

ntii

and 280 ni vere

determined with a Beckman DU spectrøphotometer.

The

non-fat total solid

content of suspensions of

hyphac was determined by the following method.
zn1.)

was added to one

¡nl.

of hyphae.

Water (9

The sample vas cen-

trifuged and the supernatant fluid vas discarded.

Ethanol

(95 per cent) was added and the mixture was centrifuged.
The solid residue was heated at 75°C.

for 6 hours

aweighed.

Determination

-miphutyric acid

-IUzRir1obutyric

acid

was

metric method of Lowe

.

determined by

(52).

the fluoro-

Since the origin1 pro-

cedure waz designed as a iitcro-rnethod, the

materIals prescribed were
ment.

An Aminco-Bowman

i-5O

of

u1t1plIed by 250 in this experi-

spectrophotofluoroineter was used.

Incident light was at 370

measured at

titIe

i

and the emitted light was

ni.

The centrifugal force that is given Is the maximum

force or the force exerted at the bottom of the centrifuge
tube.

The amount of ammonium sulfate to add to

certain per cent saturation at

attain

a

0°C. was determined with

an equation given by King and Cheldelin

(f 5).

absorption bands of the respiratory
examined with a direct version, short dis-

The cytochrome

particles

were

persion microspectroscope according to Keilen and Hartree
(#0).

1easurement Ql L-glutanii C de carboxvlase activity
Enzymatic activity was determined by measuring the
rate of carbon dioxide evolution using conventional Warburg

15
techniques at 36°C.

The final concentrations in the vessels

vere 0.3 M phosphate buffer, pH

M pyridoxal

.75, 0.O

phosphate, and 0.02 M L-glutamic acid. The final volume
after addition of enzyme and water was 2.5 nl. Activity
as expressed as microliters of carbon dioxide evolved in
as microliters of carbon
10 minutes at 36°C., and the
dioxide por lo minutes per mg. of protein at this temperaturo.

The specific activity of acetone powders vas ex-

pressed as microliters per 10 minutes per

dry weight.

ng,

Pyridine- pyi'i dine hydro chlor ide and glycine- glycine

hydrochloride buffers (0.1 M) adjusted to constant chloride
concentration with sodium chloride were used in the deterrnin.ation of :aclae1is constants and the pH activity curve.
The assay conditions were essentially the same as those

used by Shukuya and Sckuiert (69).

Michaelis constants

and maximum velocities were determined by plotting the

reciprocal of velocity vs. the reciprocal of

substrate

concentration as described by Lineweaver and Thrk (51).
The range of concentrations

of L-glutamic

the determination of the Michaelis

to 0.002

M.

A Beckman

zeroniatic

constants

was

0.02

M

pH meter with a device

for temperature compensations was used for
tions.

acid used in

p1-i

determina-

The pH reported is the pH observed at the end of

the assay.
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Succin.tc

dehdroenase activity with rtificia1 eLoctro

cceDtors.

The activity of succinic dehydrogenase with

method of

acceptor was determined rnanometrlcally by the
Singer (37)

.

as

P14S

In the experiments in which only- one concen-

tratlon of acceptor was used, Warburg vessels contained

0.05 M succinate, 6.5 x lO

M PMS,

phosphate buffer (either 0.05

M,

io3

M KCN, sodium

pH 7.7, or 0.033 M, pH

7.5, as indicated in the results section), enzyme,

water to 3.0 ml.

3

placed in the

Succinate and PMS were

sidearm and tipped at zero timo.

and

Readings

were made

at

to 5 minute intervals and the maximum rate reported.

In the
was

methylene blue assay, 1.0 x

substituted for

M rnethylene blue

PMS.

The system was the same for the spectrophotometric

assay of succinic-acceptor roductase activity.

All of

the components were added to the cuvette except succinate,

which was added at zero time.

%ave1engths which were used

with the various electron acceptors wore:
20

mii;

DCI?, 600

mp.;

cytochrome ., 550

ferricyanido,

m'i.

The mililinolar

these wavelengths
vere 1.03 (79), 19.1 (26), and 19.7 (26), for ferricyanide,
extinction coefficients which wore used at

DCI?, and cytochrome

change per unit

,

The

time was divided by the

tion coefficient (units
(1 cni.)

respectively.

cm.mW1) and

optical

density

millimolar extinc-

by

the light path

to obtain the millimoles acceptor reduced per unit

time per liter of solution; i.e., micromoles per unit time

17
per ml. of solution.

protein per

nil,

This value was divided by the mg. of

solution to give the specific activity in

microzuoles of acceptor reduced
tein.

To

convert

to the

per unit time per mg. pro-

rate of oxidation of

succinate

the rate of reduction of acceptor was divided by two in
the case of ferricyanide, since two moles of ferricyanide
reduce one mole of
Units for

succinate.

espiator

enzymes.

When the enzymes were assayed

are expressed as

rnanoinetrically, units

inicroliters per hour and

activity

or microliters per hour

Is expressed in terms of the

per mg. of protein.

specific

Experiments in which

total

non-fat

solids instead of protein were used to compute the
are Indicated In the results section.

In spectrophoto-

metric assays, the specific activity is given in micromolos

of substrate oxidized

per hour per mg. protein.

The TTZ assay system contained

sodium phosphate,pH 7.5, 0.075

water to a volume of 1.0 ini.
+

nil.

M

i02

M TTZ, 0.06 M

succinate,

enzyme,

After incubation at

and

35CC.,

of acetone were added, the mixture was centriftiged,

and the optical density at

Beckman B spectrophotozueter.

50

r.i

was determined on the

The amount of TTZ reduced

was determined by reference to a standard curve.

RESULTS

A'uin

Cell-Free Extracts

Actd Decarboxy].ase Activity

By Warburg manometry, the amino acid decarboxylase
activity of cell-free extracts of Ç.
mined.

rurep was deter-

Of the 21 axaino acids tested, only L-glutamic acid
It was there-

was decarboxylated at an appreciable rate.
fore of interest to study this enzyme wi

objectives:

(1)

the following

purification of the enzyme;

study

(2)

of the properties of the enzyme and comparison with the
enzyme from other sources;

(3)

interpretation of data in

terms of proposed mechanisms of amino acid decarboxylation.

crîde extract.

Preparation

For the following

preliminary investigations, crude extracts were prepared
either after sonic disintegration of the hyphae or from

acetone powders.

The first preparations were made by sus-

pending the hyphao in O.O5

14

phosphate buffer at

pff

5.7,

disintegrating in a sonic oscillator for 25 minutes, and
separating the supernatant fluid after 10 minutes centri-

fugation at 10,000 x

.

The protein concentration of the

crude extract was 3 to 5 mg. per
to

¡nl.

and the

vas 2

1.

Crude extracts from acetone powders were made by

adding one g. of acetone powder to 30 ml. of 0.66 M

19

phosphate buffer at pH 8.0.
at

After 30 minutes of stirriiig

00C., the suspension was centrifuged for 30 minutes at

10,000 x L, and the supernatant fraction was separated and

retained.

This extract

to 8 mg. per ml, arid a

Time course

had a

Qc2

protein concentration of

6

of 3 to 7.

The rate of CO2 evo-

1 .Q2 evolution.

lution of crudo extracts was linear with time for 90
minutos at

30°C. and for 30 minutes

Products

fl

reaction.

was compared to the amount of

In the Warburg bath under a

moles of CO2 were evolved

aminobutyric acid

at

The amount of CO2 evolved

'-aminobutyric acid produced.

nitrogen

In

36°C.

3 hours.

atmosphere, 9.8 microThe amount of

produced in this period
The

per Warburg

ninhydrin (52),

vessel, determined fluorometrically with
was 10.7 micrornoles.

Y-

'-aminobutyric acid was identified

chromatographically by comparison with an
of $'-aminobutyrlc acid. The mobile phase

authentic sample

was

butanol-

acetic acid-water (+:l:5) and the spot was located with
iiiithydrin.

Effect

T)yrido

Dhostthate

tpbi1ity,

Exposing

L-g].utamic decarboxylase for a few minutes to temperatures

of 55°C. or above resulted in considerable reduction of

specific activity as well as in loss of total units.
tion of

pyridoxal phosphate plus L-glutamic acid

the enzyme from inactivation,

not (Table 1).

Addi-

protected

but L-glutamic acId alone did

It was later fotmd that the addition of

20

Table i

EFFECT OF L-GLUTAMIC ACID AND PYRIDOXAL PHOSPHATE ON
HEAT INACTIVATION OF L-GLUTAMIC DECAFIBOXYLASE

Incubation
Time (min.)

Additions
Glutamate
Glutamate

O

10
20

Crude

-

»1/30 min.

pyridoxal phosphate

63
61

co2

Glutamate
Glutamate

pyridoxal phosphate

20

2.3

+

I+1

7.0

Glutamate
Glutamate

+

pyridoxal phosphate

13
18

2,3
3.9

extracts of the

enzynie were adjusted

to pH 7.0
The final concentrations of
L-glutaaic acId and pyridoxal phosphate were 0.15 M and
After incubation, the suspension
5 x 1O-' M, respectively.
vas centrifuged 30 min. at 10,000 x and the supernatant
vas used for assays and protein determination.

and then incubated

at 55°C.

21

L-glutamate was not necessary for stabilization by pyridoxal phosphate. Concentrations of pyridoxal phosphate
above 0.2

pM

The concentration

gave complete protection.

that half stabilized the enzyme was about 0.1

Pyridoxal at a concentratton of 10

)1M

(Table

2).

did not stabilize

1iM

glutamic decarboxylase.

Effect

tabi1itir.

p

enzyme to heat in the

range 3.7

pli

using crude extracts (Figure

totally
pH 14.0

inactivated at

remained.

If

Above this

.

to

5.

the

ever, loss of activity was

Piirification

5 minutes,

how-

at

1f.75.

The

36°C.

Decarboxylase
enzyme was

further puri-

Fractionation wIth ethanol or acetone and adsorp-

tion on calcium phosphate or alumina
tive

00C.

observed below pH

pH 14.75 to 5.0

L-Glutni1c

stable at

enz3rlue was

For kinetic studies, the

Lied.

At

cent of the original activity

p1-I

stable above

studied

The enzyme was almost

the enzyme were heated at 36°C. for

enzyne was

was

3.75 at 0°C. for one hour.

pli

only about 20 per

1)

stability of the

The

methods of purification.

Ca.

gels were i.neffec-

Small amounts of gel were

used to remove some impurities however.

In some of the

precipitated at pH 5.2
the precipitate with 0.2 M

first experiments the enzyme was
and then extracted twice

from

phosphate buffer at pH 7.5.

This procedure was omitted

in later experiments because

the yield was low.

When
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Table 2
THE STABILIZATION OF L-GLUTAMIC DECABBOXYLASE
AT VARIOUS CONCENTRATIONS OF PYRIDOXAL PHOSPHATE
iM Pyridoxal

)1l.

per hr.

phosphate
O (no heat)

29

0

15

0.1

21

0.2

30

2

29

10

31

10 (Pyridoxal)

12

The enzyme (1.8 mg/mi) vas heated in the presence
of various concentrations of pyridoxal phosphate or pyridoxal for 7 min. at 50°C, The suspension vas then assayed without centrifugation (0.9 mg. enzyme per Warburg
flask).

23

Flrzure 1.

VarIation of' stability with pli iii a crude enzyme preparation. Per cent of original activity
remaining after heating for five minutes at 36°C.
is plotted as a function of pH. The activity
before arid after heating was assayed at 36°C.
using 0.3 M phosphate buffer pH 5.75. Substrate
concentration was 0.02 M and concentration of
pyridoxal phosphate was 0.01+ mM. The protein
concentration was 5.6-7.0 mg/ini. After adjustIng the pli to 5.75, 0.5 nl, of enzyme was added
per Warburg flask for assay.
The specific activity of the unincubated samples was 21-33.

o

o

o

PERCENT OF ORIGINAL ACTIVITY
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partially purified preparations of the enzyme were adsorbed

on DEAL cellulose and the enzyme eluted stepwise with phosphate buffer, the enzyme vas released sharply between 0.075

M and 0.1 M sodium phosphate, pH 7.0, with about 68 per
cent yield.

A yellow peak, presumably flavoprotein, came

off at 0.05 M to 0.075 M;

just preceding

the colorless L-

glutamic decarboxylase peak.
The purest fractions obtained with acid
tion,

immonium sulfate fractionation, negative adsorption

with alumina
had a

precipita-

C'y

,

co2 of 630.

and stepwise elution from DEAE cellulose,
This preparation vas colorless and

had no detectable absorption peak in the region 300 to
650 ni at a concentration of 3.5

g.

per ml.

As a compromise between yield and purification, the

following procedura was used for the preparation of Lglutamic decarboxylase for kinetic studies.

All proce-

dures were carried out at or near 0°C.
One gram of acetone powder was added with rapid

stirring to 30 ml. of 0,06 M phosphate at

pif

8.0.

After

30 minutes of stirring the suspension was centrifuged for
30 minutes at 10,000 x g.

Following the addition of 0.0k

microznole of pyridoxal phosphate per ml. of supernatant

liquid, the crude extract was heated at 50°C. for 10

utes.

mm-

After centrifugation for 20 minutes at 10,000 x z,

enough 2 per cent protamine sulfate In 0.06 M phosphate,
pH 8.0, was added to produce complete precipitation.
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About 0.1

per

mg.

ml.

of

2

per cent protamine sulfate was required

of protein.

resulting heavy precipitate was
trifugation at 10,000 x for 10 minutes.
The

sulfate was added to 0.70 saturation.
at 10,000 x

removed by cerisolid aiìnon1u.iu

After centrifugation

for 10 minutes the precipitate was redis-

solved in the minimum volume of 0.002 M phosphate buffer,

dialyzed for four hours against six liters of
the same buffer. The preparation was dialyzed agaInst an
additional sIx liters overnight. The resultIng material
was centrifuged at 25,000 x ,g and the residue was discarded. The superriatant liquid was adjusted to 5.0 mg.
of protein per ml. with 0.002 M phosphate at pH 7.0.
Alumina C
;îas added to the enzyme solution (0.3k
mg. alumina C
per ui. of solution). After centrifugapH

7.0,

and,

tion, the supernatant traction was brought to 0)+0 satura-

tion with solid
trifuged.

amnonium

sulfate

and the mixture again cen-

The resulting supernatant liquid was diluted

to 0.70 saturation with

ammonium

gation, the precipitate

was

sulfate.

After centrifu-

dissolved in the minimum volume of 0.02 M phosphate buffer, pH 7.0, and dialyzed for
four hours against two two-liter portions of the sane
buffer. The resulting preparation was centrifuged at
25,000 x g and the precipitate was discarded.
The supernatant liquid was placed on a 1.5 x 30 cm.
DEAR cellulose column which had been previously equilibrated
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with 0.02 M phosphate buffer, pH 7.0.

The enzyme was sub-

jecteci to gradient elution between 100 ml. portions of

0.02 M and 0.35 M phosphate buffers, pR 7.0.

The tubes

containing the highest activity were combined and the

saturation with ammonium
centrifuged. The precipitate was dissolved

solution was brought to 0.70
sulfate and
j_n

the minimum

volunie of 0.002 M phosphate buffer, pH

7.0, and dialyzed for

two hours against two one-liter

portions of the same buffer.

The final enzyme prepara-

tion was stored at -110C.
The specific activities and yields at the various

stages in the purification procedure are shown in Table 3.
The

of the final preparation was 111.

This repre-

sents about a 77-fold purification of the starting material

with a 22 per cent overall yield.
Proterties

Purified Enzyme

..th

Stimulation Ql activity

activity of the
per

enzyme,

after

pyri,Uoxal

osphate.

fractionation between 37 and

cent saturation with ammonium sulfate, was

mately 78 per cent greater

in the

phosphate than in its absence.

cation procedure,
greater In the

approxi-

presence of pyridoxal

After

the complete purifi-

the activity was about 95

per cent

presence of pyridoxal phosphate.

stimulation of activity was obtained with 5
phosphate.

The

).1M

Maximum

pyridoxal
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Table 3

PURIFICATION OF L-GLUTAMIC DECARBOXYLASE FROM
CLAVICEPS PURPUR
Treatment

Total Units

_2

*

Yield
cent

Acetone Powder

87,000

1)+5

Crude Extract

57,000

6.7

66

Heat

60,000

7.1

69

S0i.

51f,000

13.7

62

0.70 (N1)2SO

38,1+00

31+3

1+1+

Alumina

33,600

35.5

39

21+,80o

62.6

29

19,200

111.0

22

Protamine

C

loo

0.1+0-0.70

(NH)2sO
DEAE cellulose

*QCO
that
dry solid.

is expressed in,u]./1O min./mg. protein except
acetone powder the
is in jil,'lO min./nig.
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ibtion

hvdrQxvlamine.

The

addition of

1O

M

hydroxylaznirie caused 80

er cent inhibition of activity.
addition. of excess pyridoxal phosphate reversed this

The

inhibition.
Effect

tivity is
5,2.

The

ícttvi.

The effect of pH

in Figure 2. The pH optimum was .8 to
activity fell rapidly on either side and vas
shown

practicafly zero below pH 3.0 and above pH 7.0.

sion of pyridoxal phosphate
effect on the pli optinn.im.

velocity and {icbaelis

stant. Michaelis constants, determined
Lineweaver and Burk, were 0.0169

at

pH

.6,

The omis-

from the assay medium had no

Effect

M,

on ac-

5.25,

and

5.65,

M,

by

O.Ol7+

-

the method of
and 0.0139

M,

respectively.

velo-

Maximal

cities corresponding to the above Michaelis constants were
1014.,

10+, and 90 »liters per 10 minutes at pH

and 5.65,

respectively, using pyridine

5.25,

buffers.

5.75 in 0.3 M phosphate buffer was O.0l4-0 M.

K,.

at

pli

A Lineweaver-

Burk plot of the effect of substrate concentration on
velocity at pH 5.25 is shown in Figure 3.

was the same in the presence

The K

at

pli

+.6

or absence of exogenous pyrl-

doxal phosphate.
mananous ion.

Thiring an investigation of

the effects

of metal ions on L-glutaniic decarboxylase activity, oxygen

consumption was observed in the presence of L-glutamate,

30

Figure 2.

Variation of activity with pH at 36°C. in purified enzyme preparation. Substrate concentration was 0.0]. M.
Concentration of pyridoxal
phosphate was 0.O-, m4. Glycine-glycine hydrochloride and pyridine-pyridine hydrochloride
buffers (01M) were adjusted to O.1M chloride
ion concentration with NaC1. Each warburg
flask contaIned 0.36 g. enzyme.

V
I

M/CROL/TERS CO2
r3
o

PER
IO

MIN

32

Fiure

3.

Lineweaver-Burk plot of reciprocal of activity
in uliters per ten minutes VS, reciprocal of
L-glutamic acid concentration in moles per liter.
Concentration of pyridoxal phosphate was O.01f mM.
0.1 M pyridine-pyridine hydrochloride buffer, pH
5.25, was adjusted to 0.1 M chloride Ion concentration with NaC1. Each flask contained O.3+ mg.
of pi'otein.

/

Ti

0.04

0.02

M

F1uxe

3
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pyridox&1 phosphate, and mariganous chloride, and In the
abseroe of enzyme,

L-glutamate, 2 x

With a syteni containing 2 x

iO3

io3 M

pyridox&i phosphate, 0.2 M mngaiious

chloride, and 0.16 M phosphate buffer, pH 5.6, in a fina].

volume of 2.5

fll.;

60 mlcroliters of oxygen were consuned

per hour per Warburg vessel at 36°C.

No oxygen consuinp-

tion occurred in the absence of L-glutamate, pyridoxal
phosphate, or rwnganous ion.

The reaction vas accoiipan1ed

by blenching of the yellow color of pyridoxal phosphate,

Activity

pticles

reared

various methods.

Respiratory particles were prepared from hyphae of

.

p-

purea by suspending the hyphae in buffered sucrose, disintegrating the cells, and separating a zn.itochondrial

fraction by centrifugation.

Disintegration with the sonic

oscillator, Potter-Elvehjem homogenizer, sand, or Waring

blendor, yielded particles with some succinic oxidase
activity.

When the cells were blended with alumina, the

particles possessed no succinic oxidase activity.

cies blended

Parti-

in the Pottor-Elvehjem homogenizer were most

active and those disintegrated by sonic irradiation were

least active.

Acttvitr

artificiaL

succinic clehyclrpgena.se

Ç.

1ectron acceptors toward

purpurea.

For determination

of the relative effectiveness of artificial electron
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acceptors toward succinic dehyth'ogeriase of .. rnirurea,

prepared

particles were

with sonic disintegration.

The

hyphae were rinsed with and suspended in a sucrose phospìate
buffer containing 0.5 M sucrose, icr3 M verserte, and 0.1 M

sodium phosphate,

pli

7.5.

The mixture was disrupted

soriicafly for 90 to 120 seconds and centriftiged for 10

minutes at 1,000 X .g

in a Lourdes centrifuge.

natant liquid was centrifuged at 25,000 x
ultracentrifuge

.g

The super-

in the Spinco
The pellet

(no. 30 head) for 30 minutes.

was resuspended in the sucrose phosphate buffer described
The relative rates of succinate oxidation by the

above,

particles with

various

are shown in Table

+.

electron

acceptors

Relative

rates with soluble succinic

compared to PMB

dehydrogenase prepared by blending with alumina and
niuzn sulfate

fractionation

Preparation Q
hour

cultures were

0+)

mmr-

are also shown.

resDiratory

Qticle.

Hyphao of +8

washed successively with distilled

water, glass-redistilled water, and buffered sucrose solu-

tion containing 0.5 M sucrose, 0.1 M sodium phosphate,
7.5, and

l03

M versene.

pli

The hyphae were suspended in

the latter solution and homogenized with 5 to 8 rapid

strokes at maximum speed with a power-driven Potter-

Elvehjem homogenizer.

The resulting suspension was cen-

trifuged at 500 x g for 10 minutes in a Lourdes centrifuge.
The eupernatant fraction vas then centrifuged at 15,000 x g
for 10 minutes and the supernatant portion was discarded.
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Table

+

RELATIVE ACTIVITIES OF ARTIFICIAL ELECTRON
ACCEPTORS TOWARD SUCCINIC DEHYDROGENASE
Electron AcceDtpr
PMS

Relative Activity
Soluble
Particles
(lOO)*

(lOO)*

Ferrlcyanide

3

Methylene blue

3

26 *

DCIP

0.5

18 *

*
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*

Warburg vessels and cuvettes contained 0.05 M sodium
phosphate buffer, pH 7.7, 10i M KCN, 0.05 M succinate,
enzyme, and water to a final volume of 3.0 ml.
In the
ferricyazilde assay 5 mg. of serum albuniln was added. The
PMS specific activity of the particles vas 60 to 110 j.1./
hr./ing. in various assays.
Protein concentration was 1.0+.o mg. per 3.0 ml. final volume. The PMS Q
of the
soluble enzyme vas 100 to 350 and 2)+ to 3.2 g. of protein vas added per 3.0 ml. The temperature for the manometric assays of PMS and methylene blue activity was 36°C.
The spectrophotometric assays for ferricyanide and DCI?
activity vere at 250C. The ranges of concentrations of
artificial electron acceptors used in the determination
of the
wee: P145, 1.3-8.1
1O
M; ferr1cyaide,
0.25-1.0 x 10.) M; 0.3-1.3 x 10) M; 2.0-8.2 x 10-' M.
With the so1ub1 enzyme a single concentration of rnethylene
blue, 1.0 x 10i M, and of DCIP, +.l x 10-j M, was used.
A Beckman B Spectrophotometer was used for the spectrophotometric determinations. See methods for wavelengths
and extinction coefficients.
*

Per cent based on

V.
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residue was resuspended in the buffered sucrose solution described above, dispersed with a Potter-Elvehjern
homogenizer, and recentr1ftged at 15,000 x g for 10 amutes. The supernatant fluid was discarded and the residue
was resuspended In buffered sucrose. The succinic oxidase
activity of these particles was +O to 110 nilcroliters of
oxygen (# to 10 m.tcronioles of succinate) per hour per mg.
protein at 36°C. The DPNH oxidase activity, measured
spectrophotornetrically at 31+0 ni was 20 to 21+ micrornoles
of DPNH oxidized per hour per mg. at 27°C.
Succinic oxidase activity of hvthae and resDiratorY
Darticles of C. turDurea. Prior to homogenization, the
washed hyphae had appreciable endogerious oxidase activity.
The addition of succinate or succinate plus cytochrome
had little or no effect on the rate of oxygen consumption.
The respiratory particles, on the other harki, had essentially no endogenous activity. The succinic oxidase activity was also stimulated 3- to 10-fold by the addition
of cytochrome . The amount of succirtic oxidase activity
recovered vas about 3.5 per cent of the endogenous acThe

tivity

(Table

5).

Stability

resyiratpry

The succinic

oxidase and DPNH oxidase activity were stable for

1+

to

j

hours, after which time the activity decreased rapidly.
vacio the succinic oxidase activity was stable for one

to

two

12

days.

The

addition of vitamin

K1

or

E

also prolonged

Table 5

COMPARISON OF HYPHAE AND RESPIRATORY
PARTICLES OF CLAVICEPS PURPtTBEA

Mg./ml.

Total sample

Activity
al.Jhr.
cent

Q02

mg.

Hyphae

l3f,OOO

9600.

Particles

22

Warburg

#8.

vessels contained O.O
pli 7.5, 5.1 x 102

3.5

+,75O

99
M
M

succinate,

0.033

.,

M

cytoabroine
0.5
ini. of suspended hyphae or 0.2 ml. of particles and water
to 3.0 ml. Temperature was 36CC. For the hyphae, non-fat
solids and the particles, protein, are given in mg./xnl.
The Q02 of the hyphae is il./hr./mg. non-fat solids and
sodium phosphate,

of the particles, ul/hr./rng. protein.

-J

the succinic oxidase activity of the particles.

The suc-

cinic oxidase activity, as well as the succinic-DCIP reduetase activity, was completely destroyed after the particles

had been incubated at

Efficay p
side

j

pff

9).

to 9.5 at 36°c. for 15 minutes.

eleqtron acceptors actth

Slater factor.

oxygen

The rate of oxidation of suc-

cinate with oxygen as electron acceptor was approximately
the same as the rate with PMS as acceptor (Table 6).

activity with cytocliromne
the activity with

PÎ4SJ

The

as acceptor was 50 per cent of

and TTZ activity was 2 to 3 per

cent of PMS activity.

Efct
nietflylone blue

incubation with

caide

reductaso activity.

succinic-

Incubation of the

particles with 0,05 M potassium cyanide for 13.5 hours
at 20°C. had negligible effect on the succinic-methylene
'blue

reductase activity of the particles.
ProDerties

,uccin1c-DPNH oxidase system.

Some of the properties of the succinic oxidase and DPNH

oxidase systems of Q.
6 and 7.

purur

are summarized in Tables

The DPNH oxidase system was assayed spectro-

photometrically, by measuring the reduction of DPNH at

3O

and manometrically.

In the manoznetric determi-

nations DPNH was generated from DPN in the presence of

ethanol and alcohol dehydrogenase and the rate of oxygen

consumption was measured.

The results of the nianometric

assays closely paralleled the spectrophotometric

Table 6

succiric

OXIDASE SYSTEM OF

LÄVICEP

Additions

Q0

Succinate
Succinate # cytochrome
Succinate + cytochrome
Succinate
cytoebrome
Succinate
Succinate

+

Succinate
Succinate

+ cytoebroine
+ l'MS + ICCN

cytochrome
PMS + KCN

Succinate + TTZ
Succinate + l'MS

+

KCN

2

36
100
+
+

KCN
Antimycin A

(V)
+ KCN

(Vm)

O
O

Micromoles
succinate/

----

Per
cent

----

8.9

97

--

36

50

--

0.13

-

99
2O

(V)

PUBPURA

161
126

9.1
7.2
5.6

--

--

The temperature of all assays was 36°C.
Succiniccytochrome
reductase activity was determined using a
Zeiss PMQ 11 spectrophotometer.
Warburg vessels contained
2 to 3 mg. protein per 3.0 ml.
In the succinic-cytochroine
.Q reductase assay the protein concentration was 0.10 mg.
per 3.0 ml. and in the succinic-TTZ reductase assay was
1.0 mg. per 1.0 DLI. final volume.
All cuvettes and 1#iarburg vessels contained 0.03 M
sodium phosphate buffer, pli 7.5 and O.Q5 M succinate. Other
components were added as follows: lOi 4 KCN; 2»g. antirnycin A per mg. protein; 1.3 - 8.1 x 1O
M P
in the
determinations, arid 6.5 x 1O
M PMS when one level of'
the acceptor was used; 1.3-7.7 X i05 M cytochrome
in
the determination of the V
for succinic-cytochrome
reductase activity, and 5. x 105 M cytochrome
when
one level was used.
The conditions for the TTZ assay are
described on page 17.

'fi

Table 7
DPNH OXIDASE. SSTEII OF CLAVICEPS PUFPTJREA

Addit10

Wavelength

Micromoles
Substrate!
hr.Irag

DPNH
DPNH + amytal
DPNH + KCN
DPNH + cytochrorae
DPNH +
DPNH +

DPH

+

3'fO
3'fO

310
+

cytochrome
cytochrome
cytochrorne

Reduced cytochrome

+

6.6
2.1
0.0
0.0

antimycin A

3'fO

3'fO
3'fO

20)4

KCN

KCN

550

114.1

550
550

'fo .5

Succinate + cytochrome
+ KCN
DPNH + cytocbrome
DPNH + cytochronie
succinate

i'f.'f
1.9

3'fO

20.0

3'fO

15,1

All cuvettes contained 0.03 M sodium phosphate
buffer, pH 7.5, and
ing. protein pr 3.0 ml.
Othor
components were added as follows: 10-J M KCN 0.05 M
succ1nate, 'f inN arnytal, 5.1 x io5 M cytochrome , and
145 X 10' M DP1H, and 36 alcrograms antlrnycin A per mg.
protein. The concentrat1çn of reduced cytochrome
was
1.0 x io-5 M to 7.7 x 102 {, The temperature was 27°C.
All assays were performed using the Model 11 Cary RecordIng Spectrophotometer.

observations.

Both the

was stirrru.lated

3-

DPNH

and

to 10-fold by

succinic oxidase activity
horse heart cytochrome

sensitive. The
oxidase activity was partially inhibited by airta1.
oxidase activity measured at 3k0 nrç equalled cytochron

and was conipletely antimycin and cyanide
DPNI

DPNH

oxidase activity determined by

of reduced cytoch.ronie

usine various concentrations

and msking

of the intia1 rates measured at
miun

velocity.

A

linear plot

from the data of Minneart

was

(65) .

tase activity in the presence of

a

5O zni to obtain a maxiobtained as expected
DPNH-cytochrome
redueKCN

less thaì the DPNH oxidase activity.

succinate

reduced the rate of

Lineweaver-Burk plot

was only

slightly

The addition of

DPNH oxidation measured at

slightly increased the rate of DPNB-cytochrome
reductase activity measured at O ni. Succinate did
not increase the rate of ocygen consumption when it was
nzi

and

added to the alcohol-alcohol dehydrogenase

DPN

system.

Neither ADP nor ÂTP appreciably altered either the DPNH or
succinic oxidase activity.
tochroe. In the presence of succinate and
v&cuo, distinct absorption bands at 553 and 560 mi vere
visible In the microspectroscope. 1then cyanide was added,
a very faint band could barely be seen at 605 ini. When

dithionite

was added

the cytochrome ., band

all
wa

of the bands intensified, although
still very faint.

Oxidation

Krebs

c1e

jrdJates.

The only

Krebs cycle intermediates whlch vere oxidized at an appre-

dable rete

by the

art1cles were succincte, malate, and

fucrate and pyruvate combined (Table
slight ftmrte-cytochrorne
x'ate

of reduction of

8).

There was

reductase activity.

The

-ketoglutarate, isocitrate, iso-

citrate plus TPN, oxalacetate, and pyruvcte vas zero.
the presence of

acid,

added

ADP, riagnesiurD.

chloride,

and coenzyme A, however, there was

soe

TPP,

In

lipoic

activIty

with '-ketoglutarate and pyruvate.
Sparking of the rate of reduction of cytochroe

was observed

in the presence of fumarate or nalate

the addition of pyruvate.

tively unsthble and

upon

The sparking effect was rela-

decreased considerably in 12 hours.

Pyruvate sparked the oxidation of oxalacetate only in the

presence of cofactors.

The rate gradually decreased and

was nearly zero in one minute.

Likewise the addition of

ox8.lacetate to a cuvette containing malate gradually de-

creased the

about

r8t.e

of cytochrome

reduction to zero in

minute,

a

fÌect

ìçyity

Q.:

sojii.c

!tic1Q!.

di

teRr&tto

succjj

gjjdase

The ease of soiuhilizthg

uccinic

dehydrogenae by sonic disintecratlon or by freezing and
thawing followed by blending with alumina 0+6,

+)

prompted

a sthdy of the effects of sonic disintegration of the res-

piratory particles

on the

distribution of

succinic

Table

8

OXIDATION OF KREBS CYCLE INTERIDIATES
BY PARTICLES OF CLAVICEPß PURPUBEA

/hr./mg.
-coractors +cpfpptprs -cofactors
Micromole cytochrome

Substrate
Malate
Malate
Malate

+
+

Fwnarate
lkimarate
Fwnarate

o-6

pyruvate
p3rruvate

antlmycin

4

pyruvate
pyruvate i

+
s

hr.

12-13 hr.

20

9

+2

35

21
20

O

--

2

1

25

16

0

A

--

2

--

o
O

o
11

---

--

i

--

o(-Ketoglutarate

O

3

--

Succinate
Succinate

O

---

---

OAA

OAA*
0k/k +

OAA +

pyruvate

pyruvate (1 miri.)

5.

OAA

+

Isocitrate

Isocitrate
Malate
Malate
Malate

O
4

4.

OLA

+

OAA

TPN

O

(1 mIn.)

12

--

8

---

O

--

---

--

----

The concentrations of substrates, cytochrome

., KCN,

buffer, and DPN, the wavelength, and temperature, are the
same as in the previous table. The concentration of antimy;in A was 33 )lg./mg. of protein, and of TPN was 1.4- X
1O
M.
he concentrations of cofactors were 0.01+ M ADP,
8 7 x l0
7 .2 X 10_Li. M TPP
M coenzyme A 6 5 x io3 M
lipoic acid, and 0.03 M MgC12. Cuvettes contained
0.12
¡ng. protein per 3.0 ini.
*O
= oxalacetate
,

.

,

.

5

dehydrogenase between the soluble and particulate fractions.
Since particles prepared froni sonic extracts

had relatively

low oxidase activities compared to particles prepared by

other methods, a study of the effects of sonic disintegra-

tion on activity with other acceptors vas also undertaken.

identical

For comparison, particles prepared in the

from beef heart vere also

About 7

g.

manner

studied.

of minced beef heart vas homogenized in

30 ml. of the sucrose-phosphate solution (rf. page 35).

Particles were then isolated by the exact method used to
isolate particles from

purpurea.

diluted with sucrose-phosphate
per

ini.

The particles were

solution to

ing.

and 10 ml. were disintegrated with the sonic os-

cillator and then centrifuged at l+3,000 X
(no.

about 3

+O.2 head) for one hour.

in sucrose-phosphate buffer.

in the Spinco

The residuewas resuspended

The entire procedure was

repeated with a new preparation.

The succinic-PMS and

succinic-cytochrome

redue-

tase activities of the various preparations is shown in

Table 9.

Sonic treatment for 15 minutes resulted in a

56 per cent loss in PMS activity of particles derived from
.

urpurea.

The particles prepared from beef heart,

to

the contrary, were twice as active with PMS after sonic

treatment.

Most of the PMS activity of

.

urt,urea (73

per cent) became soluble after sonic treatment whereas

only 27 per cent of the PMS activity from beef heart was

Table 9

EFFECT OF SONIC DISINTEGRATION ON TIlE RESPIRATORY
PARTICLES OF C
ICFP PURPUBE.A AND BEEF HEART
PMf3

Fraction

Mg./inl.

Q0
2

Cytochrome L

Activity

pinoles!

Activity

--

9

--

. Pu.rpurea

--

117

2.8

66

Residue

1.9

20

28

0

---

Superna tant
fraction

0.8

i3

73

0

--

Particles

--

172

--

16

--

Son! c - tr ea ted
particles

2.9

3&+

10

(100)

Residue

1.7

i-23

70

13

79

Supernatant
fraction

1.0

278

27

2

7

Particles

Sonic-treated
partic1e

(100)

0

Beef 1Iart

(100)

Warburg flasks contained 0.5 ml. of untreated and
sonically disintegrated particles plus 0.5 nil. phosphate
(0.1 M, pH 7.5)-sucrose (0.5 M).
The residue and supernatant fractions (1.0 ¡nl. each) were added v1ithout phosphate-sucrose. Succinate (O.O5 M) 6.5 x 1O
M P1(8, io3
M KCN, and water were added to a final volume of 3.0 ini.
The temperature was 36°C.
The spectrophotometric assays
were run at 270Q. at 550
The cuvettes contained 0.1
ini. enzyme, 1OM KCN 0.05 M iccinate, 0.033 M sodium
phosphate, pH 7.5 and
.1 x 102 M cytochrome
in a

ìi.

final

volume of 3.0 ml.

solubilized.
supernatant

The

specIfic activity of the

PMS

urrnrea

.

fraction was greater than whole sonic-trea bed

partidos; the specific actIvity of the
tion derived from beef

heart
was

.

frac-

particles was less.

The succinic-cytochromo

particles of

supornatant

reductase activity of the
destroyed completely by

sonic treatment, but the suecinic-cytochrome
actIvity of beef heart was only decreased +O

rediictase

per cent.

oxidase activity of beef heart
particles was parallel to the effect on

The trend of the succinic

u'pr

and Q.

suceinic-cytochrome

reductase activity.

To localize the break in the respiratory chain

resulted in loss of stccinic-cytochrome reductase
activity the effect of time of sonic treatment on activity
which

with

P,

10).

DCIP, and cytochronie

Initial

After an

remained fairly

drop

constant.

,

vas cleterm.tned (Table

in activity,
The DCIP and

activity
cytochrome
rethe

PÌ

ductase activity, however, continued to decrease to nearly
zero In 10 minutes.
Inhibitior

Soluble Succinic Dehdroenaso

o-Phenari-

ti._9i irte

Effect

effect

,reincubation.

little

Preincubation had

on the inhibition of succlnic-PMS reductase

by o-phenanthroline.

M o-phenanthrollne was

The per cent inhibition by
5].

per

cent

Immediately

activity

60

after

x l0

5

Table 10
EFFECT OF TIÌ
OF SONIC DISINTEGiATION
ON SUCCINATE OXIDATION BY RESPIRATORY
PARTICLES OF CLAVICEPS PUBPUREA

Disintegration

Electron Acceptor

Time

PM51

Minutes

cvtociirome

o

152

1.2

8.1

1

91

0.8

3.0

2

101

0.65

2.5

5

90

0.2

0.7

10

87

<0.02

15

95

(0.02

O.1

Protein concentration of particles was 2.9 mg./ml.
Warburg vessels contaied 0.05 14 succinate 0.05 M sodium
phosphate, pH 7.7,
M KCN, 6.5 x 1O
k pìis, o.i mi.
and water to 3.0 ml. The temperature was 36°C.
In the DCIP assay the çuvettes contained 0.033 M sodium
phopliate, pH 7.5, 10i M KCN, 0.2 ml. enzyme, and 6.2 x
1O-' M DCI? per 3.0 nil. final volume. The wavelength vas
600 nei. The assay system for the measurement of succinatecytochrome reductase vas the same as in the previous

10i

enzymes

table.

The

vas 270C.

temperature for spectrophotometric nieasuremerth

3-Activity is expressed in m.icroliters oxygen/hr/mg.

protein.

2Activity is expressed in micromoles succinate/hr./

mg.

protein.

2

minutes equlllbratiøn at 36°C. and was 59 per cent
90 mInutes preincubation at 36°C.

after

iìthi.bitlon. It itas previously found that
the Inhibition of . ururea ucc1nic dehydrogenase Is
riot reversed by succixiate, i.e., the inhibition is nonyDe

.Q1

competitive with succmnate

(1*6, 514)

test

To

whether the

inhibItion by o-phenantho1ine was noncompetitive with
reciprocal plots of activity vs. concentr&tlon of
P
at 1.0 x 10 M end 6.0 X l0 M o-phenanthro].ine

P,

(Figure

were made e.ccording to the riethod of Lineweaver

1*)

and Burk (51).

throughout.

concentration of succinate was 0.05
figure shows that the inhibition by o-

The

The

M

phenanthroline is noncompetitive with PMS since the lines

not meet at the abscissa (Infinite
The K1 was 6.0 x io1* M at 6.0 x 10
do

and approximately

1*.8

concentration).
o-phenenthroline

P1(8
4

M at 1.0 X iO..1*

x l0

M

o-phenan-

throline.
Inhibition with othei
Ç.

Table 11.
enzyme.

at

The inhibition of

urrurea succinic dehydrogenase by o-phenanthroline,

o,o'-dipyrIdine,

The

chelntors.

At

.t

iO3

io2

M

and 8-hydroxyquinoline, ara compared In
M,

inhibited the

only o-phenanthrolìne

all of

the chelators were

inhibitory.

contents of the Warburg vessels became very turbid
the higher level of the chelators at 36°C.
Reconstitution

were made to

succijiç oxidase.

reconstitute succinic oxidase

Several attempts
from

soluble

50

Figure

+,

Lineweaver-Burk plot of reciprocal velocity
vs. reciprocal of PMS concentration at two
concentrations of o-phenanthroline. The
assay system consisted of 0.05 M succinate
io-3 N
0.05 M sodium phosphate, pli 7.',
6.5 x l0
M PMS, o-phenanthroline as indicated, 0.2 ml. enzyme (12 mg. per ml.) and
water to 3.0 nl. The temperature was 30C.
(A - no o-phenanthroline; B - 11.0 x 10
M
o-phenanthroline; C - 6.0 X l0
M o-phenanthroline).

600

-

300

0

300

600

900

iòi

¡"igure

L

1200

500

800

Table li

INHIBITION OF SOLUBLE SUCCINIC
HYDBOGENASE
OF
AVICEP$ EURTJRE4 BY CILATORS
Inhibitor

Concentration
Noleslliter

o-Phenanthrollne

lO-i

io2

8-Hydroxyquinoline
o<., o<

'-Dipyridine

Per cent
Inhibition

62
loo

lO

i02
io2

7

98
O

73

assay system consisted of 0.05 M succinte, iO3
M l'MS,
Inhibitors as indicated O.f nl. enzyme containing 6.8 mg.
of protein (Q0 equals ¿7), and water to 3.0 ml. The
360C.
temperature 2
The

M KCN, 0.05 M sodium phosphate, pH 7.7, 6.5 X lO

succinic dehydrogenase prepared by blending of the hrphae

with alualna and ammonium sulfate fractionation 0+6,
cytochrome

and oxidase.

made by incubating either

5h.),

The oxidase preparation was
Q.

nurpurea respiratory particles

or Kellin-Hartree heart muscle preparation for 15 minutes

at pH

9)-f

to 9.5.

No

activity was observed.

reconstitution

of succinic oxidase

Even with the addition of sued-

nate before blending with alumina and dialysis wider
nitrogen, the soluble enzyme was still inactive as far as

reconstitution was concerned.
Stimulation

OxYRen ConsumDtion
Ascorbate
Pr e s ence
Eih Leve is
Cvan e

ehr ome

A few preliminary manometric measurements of
chrotue oxidase activity wore made using

cytochrome

.

Cyto-

cyto-

ascorbate and

In the course of these determinations a

nonenzymatic stimulation of oxygen consumption occurred
when high levels of cyanide were added (Table 12).

Table 12
EFFECT 0F CYANIDE CONCENTRATION ON THE NONENZYMATIC
OXIDATION OF A SYSTEM CONTAINING
CYTOCHROME C AND ASCORBATE

KCN

Concentxation

moles/liter

Microliters
per hour
32
35

3x1O
103

31

35

3x1cr3

53

icr2

62

Warburg vessels contained 5.1 x icr5 M cytochrome
2.8 x 10-2 14 ascorbate, 0.07 M sodium phosphate, pH 7.5,
and water to 3.0 ml.
Temperature was 36°C.

,
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DISCUSSION

L-G1utinic Decarboxvlase

purturea

Generai PrøDerties.

The properties of L-glutamic

decarboxylase from Ç. purur

were found to be similar

to those of the enzyme fron other microbial sources.

common with the decarboxylase from

.

In

coli, purified prepa-

rations of the enzyme were stable, and had higher activity

when exogenous pyridoxal phosphate was added (69).
activity in the

ureo, enzyme

.

The

system was 95 per cent

greater when pyridoxal phosphate was added compared to
only 25 per
the

cent in

urnure

.

cofactor

the

.

QU. system, indicating that

decarboxylase had been depleted of the

to a greater extent.

______

activity.

L-glutamic decarboxylase from

The pH-activity curve of
.

purpurea

corresponds

closely to the curves obtained by Najjar and Fischer (63)

of the enzyme in

.

coli, although

Naj jar and

Fischer used

acetate buffers, in contrast to pyridine and glycine buffers for the present study.

The decrease in enzyme activity observed as the pH
is increased above the optimum or decreased below it may

be due to one of three causes:

(1)

irreversible loss

in

activity due to instability of the enzyme in this pH range,
(2)

decrease in affinity of enzyme for substrate caused

by reversible conversion of

free

enzyme or substrate into

an Inactive form, or

decrease in

(3)

as a result of

the reversible formation of an inactive enzyme-substrate

complex.

Efrect

The activity

teb1litv.

ol'

the en-

zyme fell rapidly as the pH was lowered below the optimum.

There was practically no act1vitr at

pfl

35.

was also progressively more labile as the

pff

The enzyme

decreased.

Activity was almost completely destroyed after exposure
Epps reported loss of

of the enzyme to a pH of 3.75.

activity by L-tyrosTha decarboxylase at
optimum

jgl

for the enzyme was

55.

+.5 (17).

pff

The

The data are consistent

with the conclusion that the decrease in activity below

the optimum Is due to inactivation of the enzyme.
In contrast to the

instability of the

acid solution, the enzyme was stable above

decrease in activity
the

result of

some

above the optimum

enzyme in
.8,

rrast

and the

therefore be

factor other than the denaturatlon of

the enzyme.

Michgelis constants.

The Michaclis constants of the

enzyme for the substrate from

.

ururea

are quite simi-

lar in magnitude to those reported by Najjar and Fischer
(63)

The

in
Km

L

despite the difference in buffers used.

values of the

constant over the pli
with the observation
had

little

effect

enzyme in Q.

urpurea

range of '+.6-5.75.

were

practically

This Is consistent

of King and Lucas (+) that the acidity

on the

stability

constant

for the

57

formation of

the Schiff base from glutamic acid and pyri-

doxal phosphate.
The Km values of L-glutainlc decarboxylase of
t'urea and those of

.

tur-

reported by Najjar and Fischer

.

are shown in Table 13.

From the low K

concluded that the

erizyie is in an inactive form at

pH +.O, an active fori
pH 5.6.

in

at pH 5.0, and an inactive form at

The reduction In K

near pH 5.0 was not observed

the enzyme system of Q. Durnurea.

that

neither the

at pH 5.0 they

This would suggest

free enzyme ncr the substrate change to

an inactive form above or below the pH optimum.

Further

data will be needed to see whether the differences In

data and Interpretation can be re2oJ.ved.
that the discrepancy represents a basic

mechanism of action of the enzyme from
.

It is not likely

difference In the
and

Q,.

coli.

Effect
tiori at a

velocity.

The rate of decarboxyla-

concentration of 0.01 M glutamic acid decreased

with Increasing pH above +.8-5.2

whereas the

K,

for glu-

tamic acid was essentially constant over the same pH range.
A decrease of affinity of enzyme for substrate would be

expected to result In an increase In the Km.
velocity, which is

less at

riot

The maximum

affected by the affinity, was also

pH 5.65 than at 5.25.

Therefore, the

decrease In

activity Is not due to a change In affinity of enzyme for
substrate.

Neither is

it due to Instability of the enzyme

Table 13
OF L-GLUTMIIC DECARBOXYLASE AT VARIOUS pH VALUES

.

pH

1PUrPurea

.

coli (63)

Km(M)

pH

1Ç11(M)

0.0169

f.O

0.0166

5.25

O.0171f

5.0

O.O0+5

5.65

0.0139

5.6

O.0l+3

5.75

O.O1+0

59
at higher pH, since the

GflZYlflG

can be heated at 50°C. at

pH 7.5 wIthout loss of activity, but is essentially in-

active at pH

.7.5.

The most likely reason for the reduc-

tion In activity over the pR range 5.2 to 7.0 is that the

enzyme-substrate complex is changing to an Inactive form
through loss of a proton.
several

pff

If naaximwn velocities at

values within this range were available, lt

would be possible to calculate the pH for this transition.
Lacking these data, the pH was estimated from the halfmaxinnim velocity in the

pli

activity curve and from the

limited number of maximum velocities which were determined
by use of the Henderson-Hasselbaich equation.

The pH

values obtained by the two methods were 5.8 and 6.5, respectively, suggesting that the pH for dissociation of the

enzyme-substrate complex occurs in this

pff

range.

The pH for the dissociation of the pyridinlum ion

in a Schiff base of pyridoxal with valine is 5.9 (58), and

of pyridoxal phosphate with valine is 6.3 (1c).

It is

therefore possible that the decrease in activity above
the pH optimum results from conversion of the pyridinlum

form of the enzyme-substrate complex to the uncharged
pyridine ring.

Stabilization
zation

,vridoxal thosphate.

The stabili-

of D-amlno acid oxidase by FAD studied in detail

by Burton

(9)

Is analogous to the stabilization of L-

glutamic acid by pyr:oxa1 phosphate.

By comparing the

60

stabilization constants (Stabilization constant

corteen-

tration of the substance at which one-half the enzyme
activity Is lost that would have been lost without the
substance.) and Km's

01'

FAD

8.fld

alanine for D-arníno acid

oxidase, Burton was able to show that the stabilization
is related to the affinity of cofactor or substrate for

the enzyme

(or apoenzyme)

.

Boyer

.

(8)

had previously

shown that the stabilization constant of caprylate for

albumin was equal to the affinity of caprylate for

albumin

The Km of Q. rnirri.rep glutamic decarboxylase for

pyridoxal phosphate was not determined.

However, the Km

of 3 x io-? M of pyridoxal for tyrosirie decarboxylase of

inactive Streptococcus faec&.t

whole organisms (27) is

fairly close to the concentration of pyridoxal phosphate
for half-stabilization of i X l0

M observed for C

nur-

Durea, supporting a relationship between affinity and

stabilizatIon.
the enzyme.

L-glutamate cUd not appear to protect

This may be because its primary bind1n

site

is on the aldehyde group of pyridoxal phosphate rather

than on the apo enzyme.
The phosphate group of pyridoxal phosphate has no

effect on the nonenzymatic reactions with amino acids (58).
However, analogous enzymatic reactions occur only with

pyridoxal phosphate.

Pyridoxal is inactivo.

This evidence

has pointed to the conclusion that the phosphate group

functions as a point of attachment of the cofactor to the
apoenzyrne.

The relationship between binding and stabilization

gives a means of determining the role of the phosphate
group, since binding of enzyme to substrate (or apoenzyme

to cofactor) is necessary for stabilization to occur,
Pyridoxal did not stabilize the apoenzyrne of . vururea
and hence did not bind to the apoenzyrne. Since pyridoxal
phosphate

jß stabilize the

apoenzy!ne,

the phosphate

group is therefore necessary for the binding of pyridoxal
phosphate to L-glutamic
NorLenzYmatic
d

m,angazious

tic

consumption of

decarboxylase apoenzyìne.

oxidation with prridoxil Dhohate,
L-lutamic acid.
oxygen with

The rapid,

nonenzyina-

pyridoxal phosphate,

man-

ganous ion, and L-glutamic acid ls probably analogous
the reactions reported by Ikawa

to

and Snell (3sf) and by

Mazelis (57).
Ikawa and Snell first reported the oxidative deami-

nation of amino acids by pyridoxal and

30 minutes

at

glutaznic acid

100°C.

with

the products

pyridoxal in

ion were ammonia and

from

the

metal

salts. After

the reaction of

presence of copper

o(-ketoglutarate. Pyridoxal

was

destroyed in the course of the oxygen consumption, as
determined by manometric experiments.

ture employed

by Ikawa and Snell

The high tempera-

is not necessary,

since

the rate of oxygen consumption under appropriate conditions
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was round to be rapid at 36°C.

Repeating the determina-

tions made by Ikawa and Snell with the

present system

36°C. and ì&iking simultaneous nian.ometric

at

measurements

might help to further characterize this reaction.

Mazelis measured

the rate of reduction of iodine

spectrophotometrically at room temperature in the presence
of pyridoxal phosphate, amino acid, and manganous ion.

Because his system was modified by the addition of iodine
and by use of light to activate the reaction, it is difficult to compare the

rnanornetric measurement of oxygen

consumption with his data.

Resprtory System
General pr.oertes.

The respiratory particles of

.. ourturea have many properties in common with plant

and mammalian mitochondria; i.e., the appearance of the
cytochromes in the microspectroscope, the

cyanide

sensi-

tivity of cytochrome oxidase, the antimycin sensitivity

of succinic- and DPNH-cytochrome

reductase, the anti-

mycin insensitivity of succinic-DCIP reductase activity,
and the amytal sensitivity of DPNH oxidase activity.

Succinic oxidase and

DPNB

oxidase

are not separate chains

since the two activities are not additive when both substrates are added simultaneously.

This too is a common

characteristic of the particulate respiratory systems
of plants and mammals, e.g., the Keilin-Hartree heart
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muscle preparation.

The

ability of

mammalian cytochrome

to serve as electron donor arid acceptor in the Ç

t,ururea

suggests similarities between the two
it is possible that mammalian cytochrome

oxidase system also
systems, although
.ç.

is acting merely as an artificial electron acceptor and

donor.

However, bacterial cytochrome

markedly

systeiiis

which are

different from the common systems of plants and

mammals cannot use manunalian cytochrome

.urep system to

ceptor and so the ability of the Q.

use mammalian cytochrome

may have

as electron ac-

sorno

functional sig-

nificance.
There was no evidence for microsomal antimycin-

Insensitive DPNH-cytochrome

reductase

or various cyto-

chromes common to bacteria.
Cvtochroriie pxid.ase activj.ty.

There appears to be

a correlation between the relative intensities of the

cytochrome bands and the ratio of

chrome oxidase
in

Q.

uxe

activity in heart

DPNII

uauscle

urDure. respiratory particles.

particles

was very

faint

muscle preparation was the same as the

The DPNH

preparation and
The

,

compared to

bands, whereas the intensity of the

(38).

oxidase to cyto-

band of Q.
the

and

band of heart
and

bands

oxidase activity was just equal to cyto-

chrome oxidase activity in Q. purpurea particles, whereas
the cytochrome oxidase activity of KellIn-Hartree heart

muscle preparation vas

+

to

5 times the

DPNH oxidase
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activity (77).

The cytochrome

,

band in the spectrum of

respiration pai'ticles was due to cytochrome oxidase.

Evi-

relative to other components of the respiratory
system, the
Dyure resp1atory particles contain less

dently,

.

cytoehrome oxidase than heart muscle preparation

does.

j

Limji;jn rect&on
succinic oxidase. The succinic
oxIdase aîid succinic-PMS reductase activities were nearly

equal.

These two

activities

are also roughly equal in

Keilin-Hartre.e heart muscle preparation (22).

appear, a

It would

proposed br Singer for heart muscle prepara-

tioris, that the limiting reactIon in succinic oxidase of
is the reaction with succinic dehydrogenase.
.Q.
The limiting nature of the succinic dehydrogenase of
Q. iur'urea particles is further emphasized by the low

succinic-cytochrome

reductase activity compared to the

amount of DPNH-cytochrome

succinic-cytochrome

respiratory

reductase activity.

reductase activity of Q.

The

urea

particles was only about 13 per cent of the

DPNH-cytochrome

reductase activity.

In the Keilin-

Hartree heart muscle preparation, the succin.ic- and DPNIIcytochrome

reductase activities are about eqtial.

The

low succinic dehydrogenase activity may be due to the

so].ubillzation of succinic dehythogenase during disintegration of the hyphae of Q. purtue. MacDonald
(+6,

1) have shown that the succinic
dehydrogenase of

Q. nurpu.rea is easily solubilized.

Experiments, which
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'will be discussed later, confirmed this observation.
ComDajor Qi: regt'iratory particles witb ittpthc,n-

dri.

The

fact that Krebs cycle

enzymes are

associated

with the particles indicates that they are ana1ogou

to

the iiitochondrìa In other organisms. Like yeast and
brain mitochondria (23) the partIcles exhibited little
or no inactivation by cyanide

(Thou effect).

The Tsou

effect Is observed In the simpler Keilin-}iartree heart
muscle preparation.

respiratory particles of Q.
possessed
very little endogenous oxidase activity and required
absolutely the addition of exogenous DPN for the oxidation of DPN-linked substrates. .Also, some of the Krebs
The

cycle activities appeared to be absent, or nearly so;

i.e.,

fumarase

-ketoglutarate dehydrogenase, and iso-

citrate dehydrogenase.

Those properties are characteris-

tic of aged or otherwise damaged mitochondria of other

organisms, e.g., beef heart and yeast m.itochonth'ia, and

suggest that the respiratory particles of Q.

pipea

have lost enzymes and coenzyrnes through the mitochond.rial

membrane during their preparation.

Perrieabllity of respiratory Darticles to PMS. The
increase in succinate-PMS reductase activity after sonic
disintegration of beef heart mitochondria appears to be

due to

the mitochondrial membrane to permit
to the dehydrogenase. Singer previously has

the breaking of

access of

PMS

reported that the addition of calcium, rhich causes swelling of axriinalian rnitochondri resulted in an increase in
succin±c-PI4S reductase activity (76). He concluded that
calcium increc.sed the permeabIlity of the mitochonth'ia to
P?
auch as sorJ..c disintegration has done in the present
experiment.
With the

.

r1rea particles

the

P

activity de-

This indicates that in contrast to the
heart mitochondria, there was no permeabilit3r barrier

creased somewhat.
boe

respiratory paTticles T1.e ability
PMS to enter the respiratory particles of
.
is probably related to the exIt o2 DPN and sorne ol' the
Krebs cycle enzymes and suggests that the particle, as
isolated, Is unusually permeable to a variety of compounds.
Effect
sonic disintegratiQ
succinI oxidase
system. The succiriic-cytochrome reductase activity of
to
of

Q'

PMS

by Q.

urDu.re,

gration.

LUD1Uea

was gone after l

pea

minutes of sonic disinte-

reductase was also inactive
and the succinic-PMS reductase activity was mainly in the
soluble fraction. The loss of succinlc-cytochronie
reductase activity of beef heart particles from sonic disintegration Was only about 37 per cent, and the degree of
solubilizatlon of succinic dehydrogenase from beef heart
particles vas also much less.
The loss in succinic-cytochrome
reductase activity
of C.
iure can be attributed to solubilization of
The succinic-DCIP
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succinic dehydrogenase.
tase activity in the

The residual succinic-PMS redue-

particles could

be due to nonspecific

binding of soluble succinic dehydrogenase to the particles.
or to the fact that the soluble succinic dehydrogenase has

been inactivated for DCIP and

cytochrome

but not

for PMS

as acceptor.
The small amount of soluble suecinic-cytochrorne

reductase activity after sonic disintegration of beef
heart particles is of some interest since it is antimycin

sensitivo.

The small residual suceinic-cytochrome

re-

ductase in the soluble fraction from Q. tururea particles

was antimycin insensitive.
It was mentioned earlier that the properties of the

succinic and DPNH oxidase systems of Q.

ururea were

mon among particulate oxidase systems in plants and

niais.

On

the

corn-

rnam-

other hand, the structural lability of the

particles as reflected in the ease of solubilization of
succinic dehydrogenase and the permeability of fresh partieles to various substances is quite different from mani-

mallan (beef heart) mitochondria.
The question may be asked why respiratory particles

of beef heart and Q.

urture, have such different perme-

ability characteristics, and such differences in binding

power for succinic dehydrogenase.

The lipid "cement" of

the mitochondria is definitely implicated and a comparative

quantitative and qualitative study of the lipids of

inainmaJ1an and

.

purpu.ea respiratory particles may reveal

some striking difîerence.
Reconstitjitjgr

suc1ni.c oçidase

.

wDurea.

Succinic oxidase activity could not be regained by combin-

ing Q. purDu.rea or beei heart oxidase E.nd soluble succinic
dehydrogenase of . vurDurea. King (7) has observed that
the ability of beef heart succinic dehydrogense to reform

the succinic oxidase

system is even more labile than the

succ1n1c-P'(S reductase
nation of components

activity.

vas done within

beginning of the experiment

soluble enzyme
experirient.

nase oC

.Q.

However,
3-4-

the recombi-

hours of the

and in some experiments the

was kept under nitrogen during most of the

Fu.rthermore,

the soluble succinic dehydroge-

DurDure. is exceptionally stable 0+6, 5+)

pared to beef heart

succinic

corn-

dehydrogenase as far as ac-

tivity with PMS as acceptor is concerned.

dile this does

not give direct information about the stability of the
soluble succinic dehydrogenase of . urt,ure for reconstitution, it would be somewhat surprising to find exceptional stability with PMS to be accompanied by exceptional

lability for reconstitution.

does not appear to be the

The failure to reconstitute

result of

lability of

the soluble

dehydrogenase.
It may be that there is a relationship between the

ease of solubilizing the enzyme and difficulty In recoinbining with the particle. Also the specific activity of

the soluble succinic dehydrogenase of

.

1urrn1..rea

was much

less than that of preparations from beef heart used by

Keilin and King

113).

(11.2,

proteins in the soluble

Consequently, contaminating

preparation ay

have prevented

the reconstitution.

Increase

j

oxygen uDtak

the presence

ascorbate
rtpchrpme
concentrations
cyanLde

hig1

e

in

The stflnulatlon of oxygen uptake by high concentra-

tions of cyanide in the presence of ascorbate and cyto-

chrome

may be due to nucleophilic attack on dehydro-

ascorbato, which would shift the equ1librum between ascorbate and dehydroascorbate in the

direction of dehydro-

ascorbate.
olub1e

uccinic Dehydrogenase

Inhibition

Q.

o-phenanthroline.

urourea

o-Phenanthrollne

was found to be a noncompetitive inhibitor of the soluble
succin.ic dehydrogeriase of Q.

MacDonald

.

(116,

52+)

urpurea with respect to PNS.

had previously shown that the

inhibition by o-.phenanthroline with respect to succinate
was also noncompetitive.

Inhibition of Q.

pwurea

The noncompetitive nature of the
by o-phenanthroline with respect

to PMS was sornewkt unexpected, since

Singer

had reported

that this inhibition was competitive for yeast (73) succinic dehydrogenase.

The inhibition also appeared to be free of some of
the complications encountered by Singer and co-workers.

70

inhibition vas not altered
inhibitor and could vary up to
The

the concentration of

by

preincubation with the

per cent depending on
o-.phenanthroline. This is In contrast
loo

to the soluble succinic dehydrogenases of beef heart and
yeast reported by Singer. With these enzymes o-phenanthroline produced progressively greater inhibition with time
when the enzyme was

Incubated with substrate and only

partially Inhibited succinic dehydrogenase activity (72,
75).

values were 6.0 x lO M at an o-phonanthroline concentration of 60 x lO M and approximately .8
X lO
M at 1.0 x l0
M.
The K1 was calculated on the
assumption that one mole of enzyme combines with one mole
of Inhibitor. The kinetic data are consistent only with
the conibinatloii of one mole each of enzyme and inhibitor
The

IC

in nonenzyinitic chelation with Iron three
moles of o-phenanthrollne combine with one mole of in
organic Iron.
Since o-phen.anthroline is ari effectIve chelator of
even though

o-phenanthrollne probably combines with
the iron moiety of succinic dehyth'ogenase. Since tne inhibition is nonconpetitIve when measured with PMS, the
ferrous iron, the

site at

acts must not be iron but some other
part of the succinic dehydrogenase molecule. Rypotheses
which Involve iron as an electron carrier In succinlc-PMS
reductase activity nst be rejected since this model leads
which

P

71
to either competitive or mixed type of inhibition.

The

reaction of o-phenanthroline with enzyme-botind iron may
cause a change in the tertiary structure of the enzyme so
that the PMS cannot react.

Iron may still act as an electron carrier beyond
the site at which PMS accepts electrons, since the pres-

ent experiment has considered only the reactions with
PMS.

The increase in the ESE signal attributed to a

transition element in the presence of succinate (59)
suggests that iron may be involved in the transfer of
electrons.

It would be interesting to test the effect

of o-phenanthroline on this ESR signal.
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APPENDIX

I.

ABBREVIATIONS
ADP

Adenosine diphosphate

ATP

Adenosine triphosphate

DCIP

Dichj.orophenolindophenol

DNP

Dinitropheno].

DEAE

Diethylamino ethyl

DPN

Diphosphopyridine nucleotide

DPNH

Reduced diphosphopyridine nucleotide

EDTA

Ethylenediamine tetraacetate

OAA

Oxalacetate

PMS

Phenazine nethosulfate

RNA

ilibonucleic acid

TPN

Triphosphopyridine nucleotide

TPP

Thiamine pyrophosphate

TTZ

Triphermyltetrazolium chloride

