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ABSTRACT

The enzyme, propionyl CoA carboxylase (propionyl
CoA : carbon dioxide ligase (ADP), EC 6.4.1.3), was
extracted and partially purified from a microaerophilic

culture of Rhodospirillum rubrum grown in the light.

Product formation by propionyl CoA carboxylase from
R. rubrum displayed a linear proportionality with time
and protein concentration. The pH optimum of the enzyme
was determined to be 7.9 - 8.1 with a temperature optimum
of 30° - 32°. Propionyl CoA carboxylase was subject to
heat denaturation, with the loss of all activity occurring
at 50°. This enzyme was shown to be a biotin-containing
enzyme by its inactivation by avidin and protection against
such inactivation by excess biotin. The effects of cations
and anions on the activity were also examined in this
study, using Na+, K+, SO4=, P04=, and C£  ions.

Apparent and true Michaelis constants were deter-
mined for the substrates involved in the reaction;
propionyl CoA, HCO3—, ATP, and Mg++. As a result of

this study, propionyl CoA carboxylase was shown to display

a distinct homotropic effect with MgATP. Product in-




i

hibition studies were carried out with each product,

(methylmalonyl CoA, MgADP, and Pi), in combination

3 + and MgATP).

From the kinetic results, a mechanism was proposed for

with every substrate, (propionyl CoA, HCO

the action of propionyl CoA carboxylase which involves
two separate active sites on the enzyme; one for each

partial reaction. The two catalytic sites were assumed

to be linked by the biotinyl residue, functioning as a
carboxyl carrier between the two sites. Propionyl CoA,
the substrate for site II, was assumed to interact in
the vicinity of site I at high concentrations. This
mechanism satisfactorily explains most of the kinetic

data obtained in this study.
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INTRODUCTION

Biotin carboxylases, in general, have been ex-
tensively studied for the past twenty years using acetyl
CoA carboxylase and pyruvate carboxylase as model enzymes.
However, two carboxylases; B-methylcrotonyl CoA carboxylase
and propionyl CoA carboxylase; have not been studied in
as much detail as have the other biotin carboxylases. 1In
fact, of the above mentioned enzymes, only those from
eukaryotic sources have been used for studying kinetic
behavior. An attempt to study the kinetics of such an
enzyme from a prokaryotic source would therefore facilitate
comparison with previously studied enzymes from eukaryotic
sources.

The enzyme, propionyl CoA carboxylase, catalyzes
the formation of Dg-methylmalonyl CoA by the direct
carboxylation of propionyl CoA utilizing energy supplied
by the breakdown of ATP to ADP and P;. Propionyl CoA
carboxylase is an enzyme which: functions as a key
anaplerotic distributary for the reactions of the TCA
cycle. The kinetic behavior and physiological features
of this enzyme have only been studied briefly from micro-

bial sources (l1). Therefore, it was of interest to




determine the kinetic behavior of propionyl CoA carboxylase

from Rhodospirillum rubrum and to assess both the physical

and kinetic properties obtained from such a study.
Furthermore, if possible, a mechanism of action of
this enzyme would be proposed; using the nomenclature of

Cleland (2, 3, 4); and this would be compared with mechan-

isms for other biotin carboxylase enzyme systems, already

known.




HISTORICAL

Propionic acid arises from the oxidation of
fatty acids with an odd number of carbon atoms,

catabolism of branched-chain amino acids, and fer-

mentation by- the gastfointestinal flora of ruminants
and other animals. Propionate. is metabolized by a
number of pathways depending on the system studied
(5). One such pathway directly involves a biotin-
dependent enzyme; propionyl CoA;carboxylase; which
converts propionyl CoA to.DS—methylmalonyl CoA.

The fate of propionate and its metabolic
importance have been examined in great detail. over
the last sixty years. Initially; propionate was

thought to be a key glycogenic compound which was

eventually converteduthroughAacrylate’and lactate
to pyruvate (6). Later work by Lorber et al (7)
. suggested that randomization of prdpionate occurred,

resulting in the formation of glycogen, acetyl groups,

or lactate. However, with the demonstration of a

pathway of propionate metabolism involving carboxy-

lation, in Chlorobium thiosulphatophilum. (8),




‘investigations were initiated to examine this mode

of propionate metabolism further.

Lardy and Peanasky. (9), using extracts of @i
acetone-dried mitochondria from rats, showed that
propionate could be utilized via an ATP-and

divalent cation-dependent carboxylation reaction,

yvielding. succinate.as the final product. In

addition, it was observed that this carboxylating
activity was markedly depressed in liver mitochon-
drial extracts\from biotin—deficient,rats;asucompared
to mitochondria of normal rats, thereby first im-
plicating biotin involvement in propionate carboxy-
lation in animal tissuesQ Subsequently, Ochoa and
his co-workers (10, 11, .12), working with prepara-
tions.from.animal,tissues, showed. that .the actual
substrate of this carboxylation reaction was

propionyl CoA and that the product thus formed was

Ds—methylmaldnyl CoA. . This latter compound: was
then converted by the action of a separate enzyme,
methylmalonyl CoA. isomerase, into succinyl CoA.

The carboxylation of propionate to succinate is

therefore dependent on propionyl CoA carboxylase,

an enzyme associated with biotin in some way.




".The discovery of propionyl CoA carboxylase in -
‘animal tissues prompted investigations into propionate

carboxylation in other systems, and the reaction was.

looked for in many prokaryotes.'

One such prokaryote examined was the photosynthetic

bacterium Rhodospirillum rubrum. The studies of

Elsden and Ormerod. (13} on the effect of monofluoro-

acetate on the photometabolism of propionate and

succinate by R. rubrum, suggested that these compoﬁnds
were metabolized by a,commoh pathway. Subsequently
‘Ormerod (14), proposed that carbon dicxide played a
special role in the phqtqmetaboliém of propionate.

The role of carbon dioxide was further emphasized by
the work of Clayton et al (15, 16) who showed that the
metabolic pathway of propionate in R. rubrum in both
light and aark probably involved a preliminary carboxy-
lation to succinateo 'The work -of Elsden (17), strongly

suggested that propionate was metabolized via succinate

after proéionate assimilation. Further studies carried
out by Gibson and Knight (18), and later by Knight (19),

using crude extracts of R. rubrum indicated the

formation of methylmalonate and succinate from propionyl
CoA, ATP, and COz. The reaction quite closely resembled
that found in animal tissues, being inhibited in the

presence of avidin, a biotin antagonist.




Further investigation of propionyl CoA carboxy-
lase in R. rubrum was later performed by Olsen and
Merrick (1). When R. rubrum was grown on acetate,
succinate, glutamate or yeast extract, the microorgan-
ism displayed relatively high levels of propionyl CoA
carboxylase. Furthermore, photoheterot:ophic growth -
on acetate resulted in an accumulation of propionate
which, could-be.used«ésva CO, acceptor during acetate

assimilation intoucéllular.material. Results from

14co,~ fixation experiments obtained. under these growth

conditions indicated that a propionyl CoA. carboxylase

reaction existed. in R. rubrum.with methylmalonate and

succinate clearly being identified as the end products of
the reaction. Later,.étudies by Burton . (20), demonstrated
that propionate aécdmulation‘also resulted when.R: rubrum~
was grown photoheterotrophically, on malate or succinate.

Under these conditions, not only did propionate accumu-

late, but propionyl COAAcarboxylaSe displayed high

activity as compared with that in cells grown on acetate.
Therefore, the presence of propionyl CoA carboxylase in

R. rubrum has been demonstrated. However, questions as

to how propionate accumulates, or what role propionate

plays in the synthesis of cellular material still remain

unsolved.




With the initial discovery by Larsen in 1951,
of a new carboxylation pathway'for propionate
metabolism, as mentioned previously, attention was
shifted slightly to examine certain metabolic
possibilities offered by this new pathway. However,
since specific evidence regarding the enzymes directly
involved in this pathway did not exist, the signi-
ficance of the new route for propionate.utilization
was unclear. Alternative pathways for propionate
metabolism had already been proposed at that time (5),
so that studies.carried out on this oarboxylation
pathway%were’only'one of several avenues to be explored.
However, more reoently, the importance of this carboxy-
lation pathway and.correspondingly, that“oprropionyl'
CoA carboXyiaee has become clearer.

Hsia and his co-workers (21, 22), using fibro-
blasts from propionyl'CoA carboxylase-lacking children,
. have shown that the lack of thié'enzyme.through an
inborn metabolic defect;'resultea in severe metabolic
‘disorders and early death.to patients with this
hereditary condition (23, 24). Further tests revealed
that a high concentration,of propionate developed in
the plasma and urine of these patients since propionate

could not be oxidized to CO,. Hence, propionyl CoA




carboxylase was essentiél for propef metabolic function
and consequently, life itself.

Lynen and Tada . (25) as well.as Wawszkiewicz and
Lynen (26) have suggested that propionyl CoA carboxylase‘
was also important.in .erythronolide synthesis, the
ground structure of erythromycin A. They observed
that-propionyl CoA acted as a primer in a condensation
vdecarbbxylationwfeaction.between units of methylmalonyl
..CoA. .Further'evidence.by Kanada and Corcoran . (27) and
also by Grisebach et al (28) cleérly.supported.this
proposal. '

The importance‘df propionyl CoA .carboxylase is
. also quite evident in photosynthetic bacteria. Evans
and his co—wdrkers (29) demonétrated'an.alternative
pathway for the assimilation 6f'¢arb6n.dioxide in
photosynthetic cells and . in autotrophic bacteria,
. besides the already known reducﬁive'pentose phosphate
éycie. In this cycle, .it is:suggested that photo-
synthetic bacferia, like'g;‘rubrum,are able to carry
out the revérsal of two normally irreversible re-
actions of carbohydrate metabolism. This is accom-
plished using reduced ferrodoxin generated photochemically
by the organism. One such reaction is the conversion of
succinyl CoA.to .a~ketoglutarate by a ferrodoxin-depend-
ent darboxylation reaction. Propionyl CoA carboxylase,

being present in microorganisms like R. rubrum, therefore




could replenish the cycle with succinyl CoA, thereby
being a key anaplerotic enzyme in this ferredoxin-

dependent carbon reduction cycle. However, the

route of formation of the propionate used.in: the
propionyl CoA.carbOXYlase reaction is not known as

yetvand is still under investigation.

Kinetic examination of the behavior of biotin

carboxylases, including.propionyl'COA carboxylase,

hase beeh a topic of research for mény years.

Extensive studies havevbeén conducted to determine.

the molecular and.kineﬁic.pfoperties of such enzymes

in an effort to.establish the mechanism of the carboxy-
lase reaction. vAlthdugh the majority of the work done
on,propioﬁyl CoA carboxylase has made use.of .mitochon-
drial extracts.from'pig,heart.(10; 12, 30-35), prop-
ionyl CoA carboxylase haé also-beén isolated and
purified from mitochondrial extracts from bovine

liver (36-40), and from rat liver (41l).  In addition,

the existence of this enzyme has been established in
manY,microbial‘sources including extracts of

Mycobacterium smegmatis,(42), Rhodospirillum rubrum

(1, 19),.Nocardiafcorallina.(43), Streptomyces

erythraeus . (26), Pseudomonas. citronellolis .(44),

Mycobacterium phlei (44) and Bacillus cereus (44).
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Studies with propionyl CoA carboxylase from
pig heart mitochondria (5, 32-34, 45) demonstrated
that the enzyme had a molecular weight of 700,000
daltons. It contained one mole of bound biotin
pexr 175,000.grams.of‘enzyme,-suggesting the existence
of four subunits per enzyme molecule, each having a
molecular weight of 175,000 daltons. The enzyme had
a sedimentation“coefficient of 19.7 S and in the
presence oﬁ 7 M urea, dissociated into inactive. sub-
units of the 2.5 S variety, of undetermined molecular
weight. Similar molecular characteristics were.
observed with the bovine liver mitochondrial enzyme
(36-38),'although"characﬁerization of the enzyme was
not as extensiVe as was the caée using the pig heart
source.

Avidin inhibition has been verified .for the
propionyl CoA carboxylasé from all sources thus far
‘studied. This inhibition is almost complete. in all
cases and can be prevented by preincubation'of the
avidin with biotin. . These results demonstrated that
propionyl CoA carboxylase is a biotin-containing
énzyme. The fact that .this éb-factor had a function
in CO, . fixation had.long been poétulated;since it
had been observed in many systems that CO, fixation

was decreased in.biotin deficiencies (45).
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Lardy and Peanasky (9) first .illustrated biotin
involvement in the propionyl CoA carboxylase reaction. -

Later, work by Kosow and Lane (46) verified. these

findings and showed that incubation of liver slices
from biotin deficient rats with . (+)-biotin led to a

rapid restoration of enzyme activity. Furthermore,

incubation of partially purified preparations .obtained

from livers of biotin deficient rats with ATP. and (+)-

[l1&C] biotin yielded propionyl CoA éafboxylase labeled
with 1%C-biotin. (47, 48). This evidence not.only
suggested biotin involvement in the propionyl CoA
carboxylase feaction but‘indicated the presence of
bound biotin in the enzyme itself. .Through further
investigation, many more carboxYlases, besides the
‘propiény1.CoA carboxylase system} were shown to . have a
co-relation With.biotinfin.their reaction schemes.

It now seemed péssible,to;generalize all biotin-

containing carboxylases into one class. In this

respect, at least four other carbdxylases appeared
similar to propionyl CoA carboxylase; B-methylcrotonyl

CoA carboxylase (49), acetyl CoA carboxylase (50),

pyruvate carboxylase (51), and the;transcarboxylase,
methylmalonyl—oxalacetictranscarboxylase (52).

Much of the present knowledge of the mechanism
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of action of biotin’carboxylases was derived from
the work of Lynen and his co-workers (49) using

B-methylcrotonyl CoA carboxylase. In 1959, :Lynen

- first demonstratéd.that the biotin content of
- carboxylase.enzyme. preparations was directly

proportional to the enzyme activity and‘wasvin—

hibited specificallyvby.avidin,which formed. a. complex

with the biotin bound to the carboxylase. (49). 8-

methylcrotonyl CoA carboxylase.catalyzed.a.model

reaction with free (+)-biotin; reaction (1) (49, 53):

- ++ _
ATP + H!%CO3 + (+)-biotin = 1%C00 -biotin+ADP+P, (1)
G r—— . 1

This model reaction provided the means for obtaining
‘direct evidence as to the mode of linkage-of‘HCOE'to
biotin, resulting in the formation of carboxybiotin,
an unstable reaction .intermediate.

By 1961, ammoreigeneral.reactionmmechanism héd
been established for all biotin-containing.carboxylases

(45). The generai.mechanism’involved two partial

reactions and will be mentioned later.
Further insight into the structure and
mechanism of action of biotin-containing carboxylases

. was obtained principally through investigation of

pyruvate and acetyl CoA carboxylases. These findings

may be summarized as follows:-




1. Molecular Structure

The bulk of the information concefning
molecular structure has been obtained by the groups
of P. R, Vagelos and\of M. D. Lane, using the E. coli
acetyl CoA carboxylase.  The system consists of the
following types.of prdteins:

(a) BiotinvCarboxyl Cafrier Protein: This . is a
low molecular weight protein, -which éontains a
covaien;ly~bound.biotinyl group, but which has no
catalytic activity (54, 55). The biotin carboxyl
carrier protein from E..ggii has a molecular weight
of 45,000 daltons,'and.Consiéts of two.similar poly-
peptide chains. of moleéular weighﬁ‘equal to 22,500
daltons; This "native" form is éXtremely'susceptible
to proteolytic modification during isolation (56, 57).

(b) A biotin carboxylase which can carboxylate the
- biotinyl residue of biotin carboxyl carrier protein,
‘and catalyzes the following reaction:-

(Reaction 2) | Me++ | .

CCP - Biotin + HCO3 + ATP == CCP - Biotin - COO

| .+
ADP + Pi.. ———— (2)
This enzyme has been crystallized and exists as a
dimer composed of apparently identical 51,000 dalton

subunits. (58, 59, 60).
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(c¢) A carboxyltransferase which is responsible for
the transfer of the»COO_ function from biotin
cérboxyl carrier protein‘to the aéceptor"molecule.

CCP - COO Acceptor (eg. acetyl CoA)

| --=-- Reaction (3)
A Carboxylated

ccep acceptor (eg. malonyl CoA)

From E. coli this enzyme has avmdleéular weight of
130,000 and is coﬁposed of non—identicai.polypeptide
chains of 30,000 ‘and .35,000 daltons: (58-61).

(d) In some systems a component ié present which
may be regulatory in fﬁnction. For example, .chicken
liver.acetyl CoA.carboxYlase.is a:leYmeric fila_
mentous structure composed of linearly aggregated
protomers. The protomeric form:consists of a tetra-
meric array of polypeptide chains having molecular
weights equal tb 117,000, 129,000, ahd 139,000
‘daltons in the,rati6~2£l:l. One of these presumably
is responsible for the binding of citrate which is
an activator ofvthis.enzyme, but attempts to.assign
function to.each.of the<polypeptides in the protomer
have met with little success (62).

It is of interest that in E. ggli there are

apparently foﬁr polypeptide chains implicated in
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the carboxylation of acetyl CoA. This is similar to
the situation in the avian system in whicﬁ the protomer
is tetrameric.

Pyruvate carboxylases from avian liver and from

yeast (S. cerevisiae) are also known to have tetrameric

structures, and are presumably similar in this respect
to acetyl CoA carboxylases (63).

2. Mechanism.of Action

Without going. into detailed discu%sion,of
individual carboxylaSe sYstems, thévfollowing general-
izations,can,be.made_céncerning the mechanism of action
of biotin cafbokylaées.

The overall reaction catalyzed .is the sum of

the individual reactions discussed above:

++ _
CCP - Biotin + HO-COO +-ATP-M§fé CCP - Biotin - COO +
Biotin Carboxylase

ADP + P, --(2)
. 1
CCP - Biotin - COO + Acceptor —— CCP - Biotin +
Carboxyltransferase

Carboxylated
Acceptor - . -==(3)

Net: HO - COO + ATP + Acceptor 4— carboxylated
? acceptor +

ADP + P, -=(4)
y _ i

"From extensive kinetic ‘analyses, principally using

pyruvate carboxylase from a variety of sources, complex
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kinetic mechanisms have been derived. The bulk of

the work has come from the laboratories of Lardy

- and of Scrutton and Utter.

In essence the mechanism can be described as

~a nonclassical, Ping . Pong, Bi Bi, Uni Uni scheme.

The nonclassical feature is the proposal that each
active site on the ehiymé ié composed of two

separate and functionally distinct, catalytic sites
i.e. a separate catalytic site exists for the. reactants
of each partial reaction shown above. (Reactions 2 and 3).
The two c¢atalytic sites are proposed to be iinked‘by a
mobile biotinyi residue which funétions.as a carboxyl
carrier (45, 64—70). A more thoroﬁgh discussion of
this mechanism in thé iight»of the,findings detailed
in this thesis is to. be found later in the text

(See Figure 44). .These mechénisms‘haQe.not.shed light
on the coupling of,ATthydrolysis to C02 fixation,

and it is noteworthy that.Ashman and.Kee¢h~(7l)-have
recently considered three possiblevmechanisms by.whiéh

such coupling may .occur.

3. Regulation

The.fegulatory.p?opérties'of biotin-contain-
- ing carboxylases have been the subject of .extensive
investigation. For information on fhe»régulation of
pyruvate and acetyl CéA carboXYlases.the:reader is

referred to reviews by Scrutton and Young (63) and
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Lane and his co-workers (72-75). A recent observation
which has not yet entered the review literature (76)
is that the acetyl CoA carboxylase -of E. coli is
under stringent control, and may be regulated by
guanosine—s'—diphosphate—3'—diphosphate (pPGpPP) .

df interest in the context of the results
presented in this thesis are the effects of metal
ions and metabolite-metal complexes eg. Mg-ATP, on
pyruvate carboxylases.

Pyruvate carboxylase.from chicken liver is
activated;by both uni-and . divalent cations. Mg++,
in addition to its role as a substrate (in MgATP),
specifically activates the reaction in which carboxy-
lation of the biotinyl residue occurs (77). In
contrast; the univalent activator, K+,’appears.to act
at both the carboxylation&site and the carboxyl-
transferase subsite. Similar.effects with'Mg+.+ have
been found using_rat liver (69) and sheep kidney (78)
.pyruvate carboxylases. K+ activation and Na+'in-
hibition were observed with pyruvate carngylase from
A. niger (70). Evidence implicating Mg++, and perhaps
MgATP, as possible.allosteric effectors ﬁSing pyruvate
carboxylaSe from baker's yeast (79), and pigeon

kidney (80), has been presented.
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According to the general mechanism discussed
above, the reaction mechanism for propionyl CoA
carboxylase may now be written in two. steps

(Reactions 5 and 6) :-

++
: : _ Mg : _
Enzyme - Biotin + ATP + HCO3 =5 Enzyme - Biotin—COO
+
ADP + P, =-=-(5)

Enzyme - Biotin—C0O + propionyl CoA === Enzyme -
Biotin + -

D ~methylmalonyl CoA --(6)

| | Mgttt
Net: Propionyl CoA + CO, + ATP === app +.Pi +

D —methylmalonyl CoA
| === (7)

The net reaction is given in. (7).

This thesis presents an attempt to establish
the kinetic mechanism of action of propionyl CoA |
carboxylase from R.. rubrum. Therresults.shbw a close
degrée.of agreement with what would be expécted in the
light of the above discussion. 1In addition however,
the data obtained using propionyl CoA carboxylase from
R.. rubrum are complicated by the existence of unusual
behavior with.reépect to the substrate Mg++ and ATP,

and this behavior may be allosteric in nature.
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MATERIALS AND METHODS

Chemicals

Propionyl CoA was prepared from CoA and propionic

anhydride using the procedure described by Simon and Shemin

N

(81).

The following chemicals were obtained from P-L
Biochemicals, Inc.:

CoA, lithium salt, cczjhrc@mattgogmiea-

Methylmalonyl CoA

DTT

ADP from equine muscle, disodium salt, Grade I

ATP from equine muscle, disodium salt, crystalline

The following chemicals were obtained from

Nutritional Biochemicals Corporation:

Avidin, 2273 units/g
D-biotin (Vitamin H), crystalline

The following chemical was obtained from Schwarz/

Mann Corporation:
Mannex DEAE-cellulose

The following chemical was obtained from Amersham/

Searle Corporation:

NaH14CO3, aqueous solution, 59.3 mCi/mmol
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All other chemicals were of analytical grade, and

were purchased from standard chemical suppliers.

Growth and Maintenance of Culture

A culture of Rhodospirillum rubrum, obtained from

Dr. Jack Preiss; Department of Biochemistry and Biophysics,
University of California, Davis, California 95616, was
used throughout this study. Cultures of R. rubrum were
maintained in stabs and, for experimental work, were

grown microaerophically in liquid cultures. The basic
medium used for both typeé of culture was essentially

that described by €ohen-Bazire et al. (82 ). The con-
stituents wexe prepared in three parts. Part A contained:
EDTA, 0.25 g; 2ZnS0y4.7H50, 1.095 g; FeSO,.7H50, 0.50 g;

5H

MnSO,.H,0, 0.154 g; CusO 0, 39.2 mg; C6(NO3)3.6HZ0,

4°=72
24.8 mg; NaB,07.10H0, 17.7 mg; a few drops of HySO4;

and distilled water, 100 ml. Part B contained: KP; 1.0 M
buffer, pH 6.82 Part C contained: EDTA, 10.0 g, dissolved
and neutralized with approximately 7.3 g KOH; MgSO4, 14.5 g;
CaClj, 2.55 g; (NHy)g M6705,.4H20, 9.3 mgy FeS04.7H,0, 99 mg;
nicotinic acid, 50 mg; thiamine-HC£, 25 mg; biotin, 0.5 mg;
Part A, 50 ml; and distilled water, to 1.0 litre. The pH

of Part C was adjusted to 6.8. The complete cdefined

liquid medium was now made up as follows:

a';‘h’e abbreviation used is KP;, potassium phosphate,




21

PART B 20 ml
PART C 20 ml
(NH4)ZSO4 0.2% (w/v)

DL-malate 2.68 g

Distilled water to 1.0 litre
The pH of this complete liquid medium was then adjusted
to 6.8 and it was autoclaved at 121° for 45 minutes.

Stock cultures were maintained in stabs in which
2.5% agar (Bacto-Agar, Difco Laboratories, Detroit) was
added to the basic liquid medium and the resulting
solution distributed in 10 mf aliquots into screw-cap
test-tubes, then autoclaved as before. Inoculation into
stabs was performed aseptically, using a platinum wire
and a fully developed liquid culture of R. rubrum or
another stab. Addition of approximately a 0.25 mf liguid
culture layer onto each stab provided a substantial
supplement for luxuriant growth of the organism to arise
in each stab. Luxuriant growth was obtained after 4 days
incubation at 30° in a Conviron Model E7 incubator
(Controlled Environments) under continual fluorescent
and incandescent lighting conditions. The stabs were
then stored at 4° and subcultured approximately every
month to six weeks thereafter.

This defined medium was also used for growth of

R. rubrum on a larger scale for later experimental
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purposes. A 1.0 mf inoculum from a fully grown R. rubrum
liquid culture was aseptically transferred to a 150 ml
sterile screw-cap milk-dilution bottle filled to the neck
with medium. This was then placed in the Conviron in-
cubator and the microorganism allowed to grow under the

same conditions previously indicated. Approximately 75 mf
of this liquid culture were aseptically transferred to a

3 litre carboy containing the same liquid medium filled

up to the neck. Incubation was repeated in the Conviron
incubator under the same conditions as in the case of the
milk-dilution flask or stab cultures. After 3 to 4 days,
the 3 litre carboy of R. rubrum liquid culture was used as
an idnoculum for a 40 litre carboy filled with the basic
liquid medium. A sterile gas outlet tube was attached to
the stoppered 40 litre carboy to allow the escape of any
hydrogen gas produced by R. rubrum during the growth period.
The iknoculated 40 litre carboy was then incubated as before
in a Conviron Model PGW-36 incubator (Controlled Environ-

ments) until stationary phase was reached (about 48 hr).

Harvesting and Storage of R. rubrum Cells

The cells were harvested using the Sharples Super
Centrifuge Model T 1-P at a centrifugal force of 20,000 x g

and a flow rate of 8-10 litres/hr. The cells were washed
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twice with 500 m& of 20 mM KP, pH 7.0 buffer and collected
by centrifugation. The wet weight of the cells was deter-
mined and they were then resuspended in a 20% (w/v) ratio

using 20 mM KP; pH 7.0 buffer. Once resuspended, the cells

were dispensed in 10 mfaadliquots and frozen at ~76°¢

Preparation of R. rubrum Cell-free Extracts

All procedures were carried out at 0°-4°C. The
cell suspension was thawed and the suspending buffer was
removed by centrifugation. After weighing, the cells
were resuspended in homogenizing buffer (20 mM KP; pH 7.0 +
2 mM DTT) in a 20% (w/v) ratio using a hand-operated glass
Ten-Broeck homogenizer. The cell suspension was then
sonicated in a Raytheon DF 101 Sonic Oscillator for 8-10
minutesz. The sonicated cells were centrifuged at 48,000 x
g for 10 minutes and the supernatant - the cell-free
extract - was carefully removed. Negatively stained smears
of this supernatant were prepared, and observed under the
light microscope to ensure that all whole cells were in
fact disrupted and were no longer present in the extract.

This was then used for further purification.




24

Enzyme Assays

The enzymatic activity of propionyl CoA carboxylase

was measured by following the rate of propionyl CoA-

dependent H14CO3_ incorporation into acid-stable non-

volatile material. Under the assay conditions used, l4C

is incorporated into Dg-methylmalonyl CoA (1,83). Spectro-

photometric techniques could not be used as the assay

procedure, since the presence of contaminating NADH
oxidase in the enzyme preparation did not allow any coupling
of the propionyl CoA carboxylase reaction with other NAD-
dependent enzyme systems.

The following mixture was used for measuring
propionyl CoA carboxylase activity (Final concentrations
are given): Tris-HCL buffer pH 8.0, 50xmM; ATP, 2.25 mM;*

MgCl,, 4.5 mM; DTT, 5.0 mM; KH'?

CO3, 12.6 mM; propionyl
CoA, 1.5 mM; and enzyme (18 ug); in a total volume of 0.5

mf. After equilibration at 30° , the reaction was in-

itiated by the addition of the enzyme. After 10 minutes
incubation, the reaction was terminated by the addition

of 50 u£ of 3N HCL{ 200 uf aliquots of the assay

mixture were added to scintillation vials and after air-
drying to remove any H14CO3— not incorporated, the samples
were redissolved in 0.5 mf water. 10 mf of scintillation

fluid, prepared according to Bray (84), were then added

to each sample and the radiocactivity was quantitated in a
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Beckman Model LS-230 liquid scintillation spectrometer.
One unit of propionyl CoA carboxylase activity was

defined as that amount of the preparation which catalyzes

14CO3_ into acid-stable

non-volatile material per minute. Specific activity was

the incorporation of 1 nmole of H

expressed per mg protein. Protein concéntration was

determined by the method described by Lowry et al. (85 ).

Purification of Propionyl CoA Carboxylase

All steps were carried out at 0°-4° . The purifi-
cation procedure was basically a modified version of that
described by Olsen and Merrick (1). ). The crude extract
was centrifuged in a Beckman 60 Tj rotor for about 1 hr
at 177,000 x g in a Beckman Model L Ultracentrifuge.
Solid ammonium sulfate was added to the supernatant to
bring the final concentration to 50% saturation. After
fifteen minutes stirring, the cloudy suspension was
centrifuged (48,000 x g, 10 minutes) and the pellet was
dissolved in a minimal volume of the homogenizing buffer
(20 mM KP; pH 7.0 buffer + 2 mM DTT) and dialyzed over-
night against the same buffer. After dialysis, the
ammonium sulfate fraction was mixed batehewise, with DEAE-

cellulose which had been previously equilibrated with the
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standard homogenizing buffer. The mixture was centrifuged
at 5,400 x g for 10 minutes and the pellet was washed with
approximately 250 mf of the homogenizing buffer. This
washing and centrifugation procedure was repeated twice
more using a 0.1 M KP; pH 7.0 buffer + 2 mM DTT and a

0.2 M KP; pH 7.0 buffer + 2 mM DTT as the washing buffers
(250 mf per buffer). After centrifugation, the 0.2 M
eluate supernatant was brought to 90% of saturation using
solid ammonium sulfate. After stirring for 15 minutes,
the cloudy suspension was centrifuged at 48,000 x g for

10 minutes and the resulting pellet was resuspended in

as small a volume of homogenizing buffer as possible.
Dialysis against the same buffer was carried out overnight.
After dialysis, insoluble material was removed by centri-
fugation at 48,000 x g for 10 minutes. The resulting
supernatant was removed carefully and frozen in 0.2 mf
aliquots at -76° . The propionyl CoA carboxylase enzyme,
present in this supernatant fraction, was the enzyme form
used for all the kinetic and physical studies. An outline

of the purification procedures is presented in Table I .
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RESULTS

Purification of Propionyl CoA Carboxylase

A 2-fold purification of propionyl CoA
carboxylase was obtained with a combination of
procedures involving ultracentrifugation, ammonium
sulfate precipitation, and batch DEAE;cellulose
chromatography. Table I presents the purification
steps of propionyl CoA carboxylase from R. .rubrum.

The activity of pfopionYl CoA carboxylase
for all subsequent results presented'in this study,
was expressed in terms of initial &elocity, v, in
unit values; unless specified otherwise. One unit
of propionyl CoA carboxylase activity was defined
as that amount of the preparation Which,catélyzes
the incorporation of 1 nmole of H!*CO3. into. acid-

stable non-volatile material per minute.




;
:
I
]

28

TABLE I

Purification of propionyl CoA carboxylase

from Rhodospirillum rubrum

precipitate, 0-90%

Total ‘Total Specific
Protein Activity Recovery Activity
Stage " (mg) (units) (%) " (units/mg)
‘I  Cell-free extract  1501.2 57,586 100 38.4
ITI (NHy) S0y ,
precipitate, 0-50% 445.1 12,000 20.8 40.3
IIT 0.2 M buffer 71.8 5,385 9.4 70.8
eluate from
DEAE-washing
IV (NHy) 280, 48.9 3,814 6.6 78.4
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Protein Concentration and Time Dependence of

Propionyl CoA Carboxylase

As shown'invFig. 1, propionyl CoA carboxylase
activity was proportional to the amount of protein
added. A concentration of 18 ug of protein per
assay was selected.as the concentration of enzyme
for all subsequent assays.

Activity was.also linear with time, for at
least 12 minutes, with the protein concentration
used (Fig. 2). A 10 minute incubation .time period
was selected as the standard assay period. Although
this time interval seemed rather close to the non-
linear portion of the durve, the 10 minute time
allotment permitted sufficient H1*CO3 - incorporation
to occur in the reaction system to ensuré.reproduci—

bility of results.

pH Optimum

As éhown in. Fig. 3, the pH dptimum for propionyl
CoA carboxylase was 7.9 - 8.1l. This curve was deter-
minédkusing two different buffers:; KPi buffer and Tris-
HCl buffer. Although KPivbuffer was used.in the puri-

fication of propionyl CoA carboxylase from R..rubrum,




Figure 1. Dependence of reaction rate on
. . .protein .concentration for R. rubrum

.propionyl CoA carboxylase.
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Figure 2. Dependence of H!*CO3 incorporation
on time for. R. rubrum propionyl

CoA carboxylase.
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Figure 3. pH.depehdence.of gf'rubrum propionyl
CoA carboxylase.
o —0 Tr.is—I-_ICl ‘buffer (50 mM)
o——0 . Potassium phbsphate buffer {3

(50 mM)







Tris-HCl buffer was found to give higher enzyme
activity at the pH optimum than KPi buffer, and wés
therefore used for all subsequent studies.

- All buffers used in. this section were of a

final concentration of 50 mM,

-Temperature Optimum and Heat Stability. of Propionyl

CoA Carboxylase

As shown in.Fig. 4, the temperature optimum
for maximal propionyl CoA carboxylase activitywwas
309-32°. Furthermore, (Fig. 5), a rapid decline in
enzyme activity was .observed starting at 382 with a
resultént loss of almost all enzyme activity at 50°.
30° was selected.as the standard assay. temperature

for all subsequent.assays.

Effects ovavidinwand.Biotin‘

Propionyl CoA.carboxylase, like all other
biotin carboxylases thus far studied, has been
found to be inhibited by avidin. This inhibition
was eliminated if the enzjme was protected by pre-

incubation with biotin.




Figure 4. Dependence.of Reaction on Temperature.
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- Figure 5.

Heat Stability of R. rubrum

propionyl CoA carboxylase.
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The effects of these compounds on R. rubrum
propionyl CoA carboxylase were tested. The aséays
were carried out using the standard procedure except
for the avidin and biotin additions. Avidin was
incubated for 2 minutes with the enzyme at the assay
temperature before addition of the latter to the
reaction mixture. When biotin was employed, it was
added to the avidin 2 minutes before the latter was
mixed with the:enzyme.

The results.of this,stpdy are shown in Table II.
Inhibition of activity by avidin and protection against
this effect by preincubaﬁion with biotin, are demon=-
strated in this £able. Although the inhibitory effect
is not' as large as one might expect, the fact that
.some inhibiﬁion and .protection against inhibition by
using avidin and biotin are obsered, indicates that
propionyl CoA carboxylase from R. rubrum,is a.biotin—
containing enzyme as is the case of other biotin

carboxylases (70, 86-89).

Effect of Cations and Anions on Propionyl CoA

Carboxylase Activity

The effects of various cations and anions on

R. rubrum propionyl CoA carboxylase activity were
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TABLE II

Effects of avidin and biotin on propionyl Coa carboxylase mo#w<wﬁ%m

Additions Enzyme Activity
(units)
None 6.42
Avidin (0.10 units)P 5.97
Avidin (0.21 units) 5.10
Avidin (0.34 units) 4.90
Biotin (25 ug) 6.20
Biotin (25 ug) + Avidin (0.34 units) 6.19

mmzmwam activity was measured as described in "Materials and Methods".

b

1 unit of avidin is that amount which binds. 1 ug of D=biotin.
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studied using nat, &%, cl, P., and SO,” ions. The
resuits are presented,in'Table ITTI. Standard-assay
conditions were used.with the‘exgeption,that the .KHCO3
final concentration was.approximately 4AmM@  The
various anions and .cations were then .added to the
assay system as indicated in the table. It was found
thaﬁ 50 mM NaCl had a.slight inhibitory effect on

enzyme activity while 50 mM KCl caused 18% stimulation

of-the.enzyme. 50 mM KPi resulted in a 28% inhibition

- while 50 mM NaPi inhibited.enzyme activity.by approxi-

mately 45%. K,S80, displayed a 12% stimulatory effect
at 50 mM while Na,SO, at 50 mM resulted.in.a 5% in-

hibition of activity.

Kinetics.of,Propionyl CoA,Carboxylase from

.Rhodospirillum rubrum

The initial velocity data, unless stated other-
wise, were plotted .in the double reciprocal form
(1/v versus 1/3) according to Lineweaver and Burk. (90),

where v is the initial velocity and.S is the concentration

of the variable .substrate.. The nomenclature .of reaction

mechanisms and definitions of kinetic .constants were

those proposed by.Cleland (2).
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TABLE III

Effect of cations and anions on propionyl CoA .carboxylase activity

Additive v " . Concentration of Ién
W 10 mM 50 mM
| NaCl 102.7%  96.53%
| KC1 - 107.2% 118.1%
m KP, 102.4% 72.1%
NaP . _ 93.9% 54.8%
K5 S0% . . 108.4% _ 112.5%
Naj, SOy : - 98.6% 94.9%

mm&msmmhm_nosmHﬁHOSm‘smHm employed . (see."Materials and Methods")
except that the KH!*CO; was approximately 4 mM. Note therefore
that all the above results were.obtained with a minimum of 4 mM
Kt in the reaction mixture. Activity is expressed as a per-
centage of that observed in the absence of added.ions.
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Determination of Apparent K. Values for Reaction

Components

Propionyl CoA carboxylase catalyzes the reaction:

propionyl CoA + HCO3; + MgATP. &=

methylmalonyl CoA + MgADP + Pi

The apparent Km values for various substrates
were calculated from the intercepts at the horizontal
“axis of double reciprocal plots according .to the
equation: }

= 1 1 1
/v = 1/v- + K/ v- (1/s)
where Kml is the apparent K value for the variable

1

substrate 8, and v~ is the apparent maximum velocity.

1. Apparent K, for propionyl CoA

The_plots for v versus 8 and 1/v versus
1/8 are shown in Figs. 6 and 7, respectively. The
'apparent.Km for propionyl CoA was calculated -to be

1.33 x 10" % M.

2. Apparent K . for bicarbonate

The plots for v versus 8 and 1/v versus
1/s are shown in Figs. 8 and 9 respectively. The

endogenous bicarbonate concentration was assumed to




Figure 6.

Rate-concentration plot, using
propionyl CoA as variable

substrate.
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Figure 7.

Lineweaver~Burk plot using propionyl

ColA as variable substrate.
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Figure 8.

Rate-concentration plot, using

'HCO,.as variable substrate.
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Figure 9. Lineweaver-Burk plot, using

HCO3 as variable substrate.
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be 0.8 mM (70, 91). The apparent.Km for bicarbonate

was 2.8 mM.

3. Apparent K, for MgATP

In apparent Km studies with propionyvaoA,
and HCOj, it was found that the presence or .absence
of free Mg++ did not influence the reaction kinetics.
In the absence of free”Mg++, propionyl CoA and_HCOS
displayed Michaelis-Menten kinetics, i.e. hyperbolic
v versus S plots. Lineweaver~Burk replots for these
substrates were linear and gave apparent.Km values
.similar to those.obtained under standard. assay con-
ditions (i.e. 2.25 mM.free Mg++).

However, as seen in Fig. 10, the plot for v
versus S for MgATP, carried out in the absence. of free
Mg++ is sigmoid, in,nature. 1/v versus 1/S replots
for this data were.noneiinear in shape.. Thus,
apparrent‘Km values could not be determined under these
conditions. However, in the presence of 2.25 mM free
Mg++, (standard assay,éonditions), the plots for v
versus S aidd 1/v versus 1/S (Figs. 11 and 12) became
of‘Michaelis—Menten.fype. The apparent K, value of

MgATP was calculated to be 0.176 mM.




Figure 10.

Rate-concentration plot, using MgATP

as variable substrate, in the absence

of free Mg++.
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Figure 11.

Rate-concentration plot, using MgATP

.as variable substrate, in the.presence

of free Mg++ (2,25mM).
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Figure 12.

Lineweaver-Burk plot, using MgATP

as variable substrate, in the

+

presence.of free_Mg+ (225 mM) .




43 -

i 1 : 1 | | |

y ' 0 10 20 - 30 40 50

- [MgATPT-! (mM)-1



49

The Influence of Free Mg++ on Propionyl CoA

Carboxylase Activity Using MgATP as Variable Substrate 2

As stated previouély (Fig. 10) , when free Mg++
is absent from the reaction mixture, the plot for v
versus S (where S is MgATP) is sigmoidal in shape,
suggesting the existence of an allosteric effect.
Furthermore, when standard asséy conditions were
employed, the v versus S pth for MgATP. became of
Michaelis-Menten type. To further investigate this
homotropic effect in which MgATP apparently acts as
both a substrate and alloéteric effector, a Hill plot
was prepared. |

Standard assay conditions were employed with
the exception that the KH!"COj; concentration was
approximately 4‘mM not i3 mM as in‘the standard
conditions. The amount of free Mg++ was gradually
‘ingréased from zero ﬁd a final concentration of 2.25
mM (standard conditions). Plots of v versus S for
MgATP, (Fig. 13), formed_a series of lines, varying
from a sigmoidal plot at zero free Mg+% to a hyperbolic
plot at 2.25 mM free Mg++. At concentrations between
the two extremes, the lines fell between the sigmoidal
and hyperbolic plots. When the data was now applied

to the Hill equation:

The reader is referred to the additional naterial

following page 101 for further cosideration of this
subject.




Figure 13.

Rate~concentration plot, using MgATP
as variable substrate, at various

levels of free Mg+

O——-—O,

nﬂ,

KX r

U—-—ﬂ,

0 mM;

0.05 mM;
0,10 mM;
0725 mM;
0.5 mM;
1.0 mM;

2.25 mM,

+




MgATP  (mm)
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v
1 —————. =S —_
og T — n log S log K

where n number of interacting sites

v = velocity at any point on the curve

VmaX = maximum velocity

S = concentration of wvariable substrate

and K = equilibrium constant for the reaction

and the log ve—XF——

max~V ,
log S, a series of straight lines was observed with

was plotted as a function of

the slopes of the lines varying from n ~ 2.in the
absence of free Mg++ to n Vv 1 under the standard
assay conditions (2.25 mM free Mg++). The maximum

velocity, V. had been determined from. a Lineweaver=-

max’
Burk double reciprocal plot of Figure.l3 and had
demonstrated the same maximum velocitynno"matter

what concentration.of free Mg+f if any, was present

in the assayssystem; The values of n for those lines
between the upper and lower limits fell between the
valués obtained at the two extremes (i.e. between n = 1

and n = 2). The Hill plot is presented in Figure 14

and the data is summarized in Table IV.

Determination of True Ky Values for Reaction.Components

True Michaelis constants (Ky's) were determined

by measuring initial velocities at varied concentrations




Figure 14.

Hill plots obtained using MgATP

as variable substrate at various

levels

."'"“'—.’

of ffee Mg++.-

0 mM; .
0.05 mM;
0.1 mM;
0.25 mM;

0.5 mM;

‘l.0 mM;

2.25 mM.
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TABLE IV

+

Influence of mwmm.za+ concentration on "n" values of mHHH.@HOﬁmm

Free z@++ concentration . n.Value

(mM)

0 . 1.85
0.05 1.64
0.10 1.40
0.25: . 1.33
0.50 1.33
1.00- 1.30"

2.25 1.28

merm.mHHH plots were prepared as described in "Results" section.
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of one substrate and several fixed concentrations
of the second substrate. The third substrate was
kept at the concentration used for the standard assays.
The only exception"to standard assay conditions was
that the KH!“*COj3 used throughout this study was
.approximately 4 mM f£inal concentrationunot.l4“mM as
in the standard‘conditions. At higher KH14C03 concen-
trations, i.e. at 14 mM, . inhibition by.KH?“C03 was
observed-resultinglinﬁveryfcomplex kinetic behavior.
From the double reciprocal plots, the intercepts
(1/v!) and slopes (¥m!/vl) were replotted against the
reciprocal of the fixed substrate concentration (92).
Ky values were obtained from the intercepts at the
horizontal axis. |

1. Propionyl.CoA:MgATP

‘When propionyl CoA was used as the variable
substrate at several fixed concentra£ions.of.MgATP,
the double'reciprocalvplots (Fig. 15) Weré linear.
The ;eplot of values for intercepts against regiprocals
of MgATP concentrations was also linear (Fig. 16) and
yielded a true Ky for MgATP of 0.111 mM. However at
high propionyl CoA concentrations, the parallel lines
lost their linearity and became concave upward, in
nature.
With MgATP as the variable and propionyl CoA

the fixed variable substrate, the double reciprocal




Figure 15.

Lineweaver-Burk plots obtained

using propionyl CoA as variable

and MgATP as'fixed variable.

o—0,

0.05 mM;
0.1 mM;
0.15 mM;-
0.25 mM;
0.5 mM;

2.25 mM.




0 o} 20 30 40 50 60
[ Propionyl CoA]-! (mm)-1



Figure 16. .

Replot. of intercepts obtained

from Figure 15, as a function
of the reciprocal of MgATP

concentration.
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plots (Fig. 17) and replot of (l/vl) against
reciprocals of propionyl CoA concentrations were
linear (Fig. 18). The intercept replot yielded a
true K, for propionyl CoA of 91 uM.

2. Propionyl CoA}-hicarbonate

Doubleureciprocallplots obtained when

propionyl CoA was varied at several fixed concen-

trations of bicarbonate.yielded a set of lines which
were biphaéic; being;linear at low propionyl Coa
concentrations and.curved dowhward.atvhigh propionyl
CoA concentrations, indicating complex.kinetic be-
havior. The basic-pattern was intersecting but the
lines became closer.to:parallelf ih nature. at
‘higher HCO3; concentrations (see "Discussion"). The
linear portions of thencurves (Fig. 19) were_used
for the determination of the true Km of the fixed
variable substrate, HCO3. Thus the replot of wvalues

for (1/vl) against reciprocals of bicarbonate .con-

centrations was linear (Pig. 19A4) and .yielded a
true Ky for bicarbonate of 5.20 mM.

When bicarbonate was varied at several fixed

concentrations of propionyl CoA, the double reciprocal
plots were eésentially,parallel at high propionyl CoA
concentrations and intersecting at low propionyl CoA

concentration values: (Fig. 20). The replot of the




- Figure 17. Lineweaver-Burk plots. obtained
using MgATP as variable and
propionyl CoA as fixed variable.
o—0, 0,022 mM;

‘e—o, 0.044 mM; -

A=——A, 0.056 mM;

V=¥, 0.067 mM;

g—8, 0.111 mM;

X——x, 0.22 mM;

+

+“"""‘+, 2.25mM.
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Figure 18.

Replot of intercepts obtained.from-

FPigure 17, as a function of the-
reciprocal of propionyl CoA

concentration,
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Figure 19.

Lineweaver—-Burk plots obtained
using propionyl CoA . as variable,

and HCO3 as fixed variable.

"A——A, 3.93 mM;

@@, . 7.43 mM;

V"_""V, l3-9mM-
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Figure 19A. Replot of intercepts obtained from
Figure 19, as a function of the.

reciprocal of HCO3 concentration.
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intercepts against reciprocals of propionyl CoA
concentrations was linear and yielded a true Ky
value of 0.4 mM for propionyl CoA. (Fig. 21).

3. MgATP : bicarbonate

With MgATP as the variable substrate and
. bicarbonate at several fixed concentrations, double
reciprocal plots resulted in linear intersecting
lines (Fig. 22). Replots of (Kul/v!) and (1/v!)
against reciprocals of bicarbonate concentrations
were linear (Figs. 23A and 23B). The true K, for
‘bicarbonate was calculated from the slope replot

to be 2.56 mM while that value obtained from the
iintercept replot was 2.90 mM.

When bicarbonate-was varied against several
fixed concentrations of MgATP, the double reciprocal
plots were linear and intersecting (Fig. 24).
Replots of values forfslopes and intercepts against
reciprocals of MgATP cencentrations were also linear
(Figs. 25A and 25B). The replot of slopes yielded
a true K, for MgATP of 0.167 mM while a true Km
value for MgATP of 54-uM was obtained from the

. replot. of intercepts.

L
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Figure 21.

Replot of intercepts obtained from

Figure 20, as a function of the

reciprocal of propionyl CoA

concentration.
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Figure 23.

‘Replots of slopes and intercepts

obtained from Figure 22 as a-

function .of the reciprocal of

HCO3 concentration.
A, slopes;f

B, intercepts.
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Figure 24.

Lineweaver-Burk plots obtained
using HCO; as variable and
MgATP .as fixed variable.

o 0., 0.0S-mM;

D""""‘D"' 0- l mM;

A""—"'"A, 0.9 HIM;

V—v, 1.35 mM.
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Figure 25..

Replots of slopes and intercepts
obtained from Figure 24 .as a
functioﬁ~of the. reciprocal of
MgATP . concentration.

A, slopes;.

B, intercepts.
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Product Inhibition Studies

Product inhibition studies were. carried out
with each product in .combination with every substrate.
Inhibition'constants‘(Ki's) were determinediby
measuring initial velocities at varied concentrations
of a substrate and several fixed concentrations of
the-product; while keeping the other substrates at a
fixed saturating concentration. From the double.
reciprocal plots, the intercepts and slopes.were re-
plotted against inhibitor concentration, Ki values,
Kiintercept (KiI) and Kislope'(Kis)' were obtained
from the intercepts at the horizontal axis.

All terms used to describe the various types
of inhibition are those of Cleland (3). Therefore,
the inhibition is called competiti&e if the inhibitor
increases thevsldpé but does not affect the vertical
intercepts. The inhibition .is noncompetitive if
the inhibitor . increases both the slope and the
vertical intercepts and uncompetitive if an increase
is observed only on the vertical intercepts.

The conditions uSéd thrdughout this study were
standard conditions as described in "Materials and
Methods" with the exception that the KH1*CO; final
concentration ﬁsed was approximately 4 mM not.14 mM

in the standard conditions.
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1. Pj : MgaTP

When MgATP was the variable substrate at
several fixed concentrations of Pj, the double
reciprocal plots were linear (Fig. 26) and indicated
competitive inhibition; i.e.Aonly the slopes were
increased by addition .of inhibiter. The replot for
the slopes (Fig. 27) wes,also linear and yielded a
Kis value cfv38 mM.

2. P; : bicarbonate

When bicarbonate was the variable substrate
at several fixed concentrations of P;j, double reciprocal
plots were linear (Fig. 28) and indicated noncompet-
itive inhibition; i.e. both the slopes and vertical .
intercepts Were.affected by addition.of inhibitor.
Replots of slopes and 1ntercepts (Flgs. 29A and 29B)
were linear. The values for Kig ‘and Ki; were calculated

to be 4.0'mM'and.230 mM .respectively.

3. Pj : propionyl CoA

When propionyl CoA was Variea.at several
fixed concentrations of P;, the double reciprocal plots
were linear (Fig. 30) and suggested competitive in-
hibition. The replot for slopes (Fig. 31) was linear

and yielded a Kis value of 282 mM.
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Figure 27. Replot of sldpesvobtained from
Figure 26, as a function of

phosphate concentration. '
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Figure 28.

Lineweaver-Burk plots of inhibition
by potassiumlphosphate,vusing HCOE
as variable substréte.

o——0, .0 mM;

O0—no, 10 mM;

A——A, 25 mM;

'—""—'V, 50 IIM.
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Figure 29.

Replots of slopes and. intercepts
obtained from Figure 28, as a
function of phosphate concentra-
tion.

A, slopes;

B, intercepts.
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Figure 30. Lineweaver-Burk plots of. inhibition
by potassium phosphate, using
propionyl CoAuas variable substrate.

=0, 0 mM;
B—a, 50 mM;

V——Y, 100 mM..
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Figure 31.

Replot of slopes obtained from
Figure 30, as.a function of

phosphate concentration.
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4. MgADP. : MgATP

When MgATP was varied at several fixed
concentrations of MgADP, the double reciprocal plots
were linear (Fig. 32) and indicated compefitive in-
hibition. The replét of slopes (Fig. 33) was linear
and resulted in a Kig value of 42 uM.

5. MgADP : bicarbonate

When bicarbonate was the”Variableisubstrate
at severai fixed conéentfations.of MgADP, the double
reciprocal plots were linear. (Fig. 34) and demonstrated
noncompetitive inhibition. Replots of slopes and
intercepts . (Figs. 35A:and'35B) were linear. = The values
. for KiS and KiI were.calculated to be 0.10 mM and
4.15 mM respectively. |

6. 'MgADPL:”propionyl CoA

When propionyl CoA was wvaried at several
fixed concentrations of MgADP, the double reciprocal
plots were linear (Fig. 36) and shéwed,cpmpetitive
inhibition. The replot of slopes versus MgADP con-
centration was linear (Fig. 37) and resulted in a
.Kis of 1.0 mM.

7. Methylmalonyl CoaA :'MgATP

When MgATP'was varied at several fixed
concentrations of methylmalonyl CéA; the double
reciprocal plots were linear (Fig. 38) and'indicated
noncompetitive inhibition. The replots of slopes

and intercepts (Figs. 39A and 39B) were linear also




Figure 32.

Lineweaver-Burk plots of inhibition

by MgADP, using MgATP as variable
substrate.
o~——0, 0 mM;

MI 100 InM; .

A——A, 2.5 mM;

V-—_—'V., 5.0'InMo
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Figure 33. Replot of slopes obtained from
. FPigure 32, as a function of

MgADP concentration.
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Figure 34.

Lineweaver-Burk plots of inhibition
by MgADP, using HCOE_as variable

substrate.

o—0, 0 mM;

O——ng, 1 mM;
A=——A, 2.5 mM;

V__—-V, 5.0 mM-
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Figure 35.

(

Replots of slopes and intercepts
obtained from Figure 34, as a
function of MgADP cohcentration.
A, slopes;-

B, intercepts.
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Figure. 36.

Lineweaver—-Burk plots of inhibition
by MgADP, using propionyl CoA as

variable substrate.

o—0, 0 mM;

H' 1.0 m;

A———p, 2.5 mM;

V- V-' S.O‘mM..
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Figure 37.. Replot of slopes obtained from .
Figure 36 as a function of

MgADP - concentration.’
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Figure‘38;

Lineweaver-Burk plots of inhibition
by methyl malonyl CoA, using MgATP
as variéble substrate.-

o—0, 0 mM;

o—1a, 0.106 mM;

A=A, 0.53 mM;

V—=V, 1.06 mM;

o—e, 2.05 mM,
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Figure 39..

Replots of slopes and intercepts
obtained.from‘Figure 38,.as a
function of methyl malonyl CoA
concentration.’

A, slopes;

B, intercepts.
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and resulted in values for Kig and Kj; of 0.28 mM and

0.10 mM respectively.

8. Methylmalonyl CoA : bicarbonate

When bicarbonate was varied at several fixed
concentrations of methylmalonyl CoA, the double
reciprocal plots weré»linear (Fig. 40) and indicated

norcompetitive. inhibition. Replots of slopes and

intercepts (Figs. 41A,and 41B) were also linear and

yielded Kig and Kj; values of 0.15 mM and 1.35 mM.

9. .Methylmalonyl-CQA,:,propionyl CoA
Whén.propionyl CoA wés‘varied.at several
fixed concentrations of methylmalonYl CoA, the
double reciprocal plots were linear (Fig. 42) and
indicated competitive inhibition. A~replot of

slopes yielded a Kisrvalue,of 0.06 mM (Fig. 43).




Figure 40.

Lineweaver-Burk'plots of inhibition
by methyl malonyl CoA, using HCOj3
as variable substrate.

Or—-0,. 0 mM;

0—a, 0.106 mM;

A=A, 0.53 mM;
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Figure 41.

Replots of slopes and intercepts
thained,from Figure 40, as a
function ofvmethyl malohyl CoA
concentration.

A, slopes;

B, -intercepts.
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Figure 42,

Lineweaver-Burk plots of inhibition

by methyl malonyl CoA, using

propionyl CoA as variable substrate.

Orre=—0

0 mM;

0.106 mM;

.0.53 mM;
. 1.06 mM;

. 2,05 mM.
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Figure 43. Replot of slopes obtained from
Figure 42, as a function of

methyl malonyl CoA concentration.
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GENERAL DISCUSSION

This study was initiated to investigate the
physical and kinetic properties of propionyl CoA
carboxylase from a prokaryotic source. As dis-
cussed previously, the enzyme, propionyl CoA
carboxylase, has an anaplerotic function, being a
key distributary of the TCA cycle. However, most
evidence concerning the physical and kinetic be-
havior of this enzyme has been.presented.in,studies
involving eukarydtic'sources. Hence, the results
obtained from examining the properties and kinetics
of propionyl CoA”carboxylase from R. rubrum could be
used as a comparison with the zaforementioned
systems as well.as with all biotiﬁ-carboxylases in

general.

Effect of pH on.Propionyl.CoA Carboxylase Activity

As indicated (Figure 3) the pH optimum of

propionyl - CoA carboxylase from. R. rubrum was 7.9 - 8.1
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using standard assay conditions. This value was very
close to that obtalned from other proplonyl CoA

carboxylase enzyme systems. A comparison of the

results from this study with those obtained from

-other sources is given in Table V.

~Effect of Various Cations and Anions on Propionyl

CoA Carboxylase Activity'

Propionyl CoA carboxylase from R. rubrum is
affected by varioﬁs cations and anions in . different
ways (Table III),. Na+vand Cl™ ions seem to have
llttle or no effect on enzyme act1v1ty, with Cl
ions perhaps dlsplay;ng a sllghtly inhibitory
response. The results however, are more clear cut
with respect to other ibns. K+ acted as a strong

activator of propionyl CoA carboxylase, resulting

in a 18% stimulation of the enzyme. P;j; a product
of the propionyl CdA carboxylase reaction, was
expected to be a strong inhibitor and as. predicted,

Pj caused a 45% inhibition of enzyme activity. The

presence of SO;+= iohs;.strUCtural'analogues of Py,
should also display an inhibitory effect on activity
but not to the same extent as Pi' The results

cleérly verify this prediction with SOq= resulting
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TABLE V

Comparison of pH optima of propionyl CoA carboxylases from various sources.

Source of enzyme PH o%ﬁwsﬂa
pig wmmﬂd,m~d~o. 7.8 - 8.2
bovine HHQmHQ~m~ﬂ, 8.0 - 8.5
wwomomeHHHHGB;stﬁc5m~w: 7.6 - 8.0
wwoaomU%ﬂHHHGS:HGvHGEHY .. . 7.9 - 8.1

meﬂm and Ochoa (30)"

a
b Kaziro et al. (32)
¢ Kaziro T (34)
d Giorgio and Plaut(93)
e Hegre and Lane (40)
f Halenz et al (39)
g Olsen and Merrick (1)
h Rnight (19)
i ‘

Present study
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in a 5% inhibition of the enzyme. However, this

inhibitory effect by P; and 804= became less pronounced

when X' ions were also present in thé reaction system.
Enzyme inhibition by P; was reduced from a 45% to 28%
inhibition effect by the presence of K' in the assay
mixture. Furthermore, the 804% effect was reversed

from a 5% inhibitionvof the enzyme to a 12% stimulation

by the addition,oflk+ into the assay mixture. .K+"ion
therefore, seems to.antégonize theleffect,of both Pj;
and SOu= ions causing a marked reduétion»in the amount
of inhibition ofAthe:enzyme:by Pi,‘and'a reversal of.
the inhibitory effects of SOH=. ‘A comparison of the
results,obtained.inﬁthiSnstudyuwith those .obtained

- using propionyl CoA,carboxylase‘fr¢m other sources is

presented in Table VI.

Inhibition by Avidin atid Protection by Biotin

As indicated earlier (Table .I1), propionyl
CoA carboxylase isolated from R. rubrum.is inhibited

by avidin. In addition, preincubation with excess

biotin eliminated this inhibitory effect on enzyme
activity by avidin. These facts indicate‘that»

propionyl CoA carboxylase is one of the biotin-
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Comparison of effects of various Howm.OS,wHowHOUMH,QOw omwvoxmwmmm from several

sources
Source of - + + + N N _ Ion _ _ _ _ ﬁmﬂﬂmﬂmﬁwww
Enzyme K Ls Na'  NHy Rb Cs Br I__Cl0y Cl  CH3COO S0, P ammonium
pig heart®rP:c.d . 4 0 + + + 0 0 0 0 0 -
~bovine liver® + 0 0 + + + 0
Rhodospirillum  + 0 : 0 - -
HﬂUHﬁSm

+ = activates msumam activity
inhibits enzyme activity

o
Il

little or no effect on enzyme activity
a Edwards and Keech (95)
b Tietz and Ochoa (30)
¢ Neujahr v (96)
d Neujahr and Mistry (41)
€ Giorgio and Plaut (93)
f Present study
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containing enzymes as are other carboxylases including
propionyl CoA carboxylases from all sources thus far

tested (33, 39, 94).

Kinetic.Constants .of Propionyl CoA Carboxylase

The results of initial velocity studies on-
propionyl CoA‘carboxylaSe yvielded apparent and true
Km values as determined from the double recibrocal
rate-concentration plots (90) for MgATP, HCOB—, and
propionyl CoA. A comparison of Michaelié constants
for propionyl CoAfcarboxylase from.g.urubrum as
determined in this study with those from several other
sources has been presented in Table VII. The apparent
substrate affinity.cdnstants for the.enzymesiisolated
from othér sourcesAare'eSSentially identiCal to those

thained in this study. (Table VII).

Effect of.Free’Mgf+.onuEropionyl CoA .Carboxylase Activitya

Allosteric enZYmes are charaCterizeduby several
distinctive features as compared to non—regﬁlatory
enzymes. One of these features is the initial velocity
pattern obﬁained,in a kinetic analysis of the enzyme.

The initial velocity data obtained in the case of non-

%The reader is referred to the additional‘material following
page 101 for further discussion of this topic.
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TABLE VII

Comparison of Michaelis constants for propionyl CoA .carboxylase
from several sources

Source of Enzyme . . Michaelis constants (mM)

@HOUHOB%P,oov  ..vwomRGOSmwm. AT w.yﬂzdwew
pig heart®rPrc. 0.20 - 0.27 2.5 0.08
bovine 1iverds® 0.26 1.9 0.04-0.055
WSOQOm@HHHHHGB . 0.13. 5.3 0.14
HGUHGBm |
Rhodospirillum. 0.133 2.8 | 0.176
wswwssm.

a Tietz and Ochoa (30)
b Kaziro et al (32)
c Kaziro (34)
d Halenz et al (39)
€ Hegre and Lane (40)
f Olsen and Merrick (1)

g Present study .-
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regulatory enzymes is normally a rectangular hyperbola

defined by the Michaelis-Menten equation:

Vs a
V = e
Km + S
where V = maximum velocity
S = sgubstrate
Kmv=- Michaelis constant

In the case of regulatory enzymes, a variety .of plots
are obtained when velocity is measuredvés a function
of substrate concentration. Usually, these plots
display different behavior than plots from non-
regulatoryfepzymes.-

In this study, normal Michaelis-Menten kinetics
- were observed with the. substrates HCO3— and propionyl
CoA. The presence or absence of free Mg,'l.'+ in the assay
- system had little if any effect on the apparent Km

values obtained for these two . substrates. However,

with MgATP,'a,striking.difference,in_the_v.versuS'S
plots was observed. if the assay mixture was lacking
free Mg++. In the absence of free'Mg++, the rate-

substrate concentration curve was sigmoidal i.e. it

showed cooperative behavior (Fig. 10). Lineweaver-
Bﬁrk replots were non-linear and the apparent Km value:
for MgATP could not be determined. 'HoWever, the shape

of this curve was changed fundamentally in the presence
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of free Mg++ from the original sigmoid curve to a
hyperbolic type.of curve (Fig. 11). The double
reciprocal plot was now linear and a Km.value for
MgATP was obtained,(Fig. 12). Thus free'Mg++ seems
to be acting as a positive modulator of propionyl

CoA carboxylase with MgATP having a distinct homotropic

effect; acting as both a true substrate of the reaction

as well as an allosteric effector.

In-the present study, MgATP interactions were
examined further as .to the extent and type of co-
operativity observed for R. rubrum propionyl CoA
carboxylase. Since the enzyme used throughout this
thesis was not totally purified, binding studies were
not attempted. However, a series of v versus S plots
for MgATP were constructed using varyinguconcenﬁrations
of free Mg++ iﬁ the assay system (Fig. 13). The amount

of free Mg++‘was gradually increased from zero. to the

standard ‘assay concentration of 2.25 mM. The shapes
of the rate-substrate.concentration curves concomitantly
changed from the sigmoidal type at the zero extreme to

the hyperbolic type at the 2.25 mM extreme. Between

these two concentration extremes the lines fell between
the sigmoidal and hyperbolic types of plots. Therefore,

Figure 13 clearly illustrates the existence of positive
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cooperativity. These results resembled those obtained
by Cazzulo and Stoppani (79) using yeast pyruvate

carboxylase.

Knowing that the maximum velocities of the afore

mentioned curves were the same (see "Results"), the
Hill equation was applied to the data (Figs. 14). The
results from the Hill plot revealed that n values
varied from close towaﬁ zero free Mg++ concentration
to.close to 1 at 2.25 mM free Mg++ concentration.
Clearly, the existence of at least two interacting
sites for MgATP had already been suggested by the co-~
operativity ovagATP (Fig. 13), and the Hill plot
provided additional support for this supposition.

As was indicated“previously, fhe true number
of catalytic sites for MgATP could not be determined
since binding studies could not be attempted without
a pure enzyme. HoWever,'the data presented above,
can be interpfeted in terms of at least one model.
A basic allosteric model similar to that described by
Monod et al (97, 98) can be proposed to explain the

homotropic behavior of MgATP.

In this allosteric model, the enzyme; propionyl'

CoA carboxylase, consists of at least two subunits,
each with a catalytic site and possibly an activator

site. The enzyme exists in two forms, the inactive
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or tight state (T),. and the active or relaxed state (R).
The equilibrium between the two states is governed by
the concentration of ligand present in the system;
MgATP or free Mg''. MgATP and Mg'' bind better to the
R state and shift the equilibrium in the direction of
the R state. Hence,,when‘no free Mg++ is present in
the system, MgATP”adtivity plot shows a distinct
homotropic behavior, being sigmoidal in shape. . However,
if sufficient free Mg++.is present in the system along
with MgATP, the enzyme is converted completely to the
R state, and hormal'hyperbolic v versus S plots for
MgATP result. The n value obtained from the Hill plot
from this model, would therefore be any value greater
than one and would agree with the observed resulfs.
Alternative.models to explain the data could
be described, but the one outlined above, has the
virtue of simplicity. For example, non-linear re-
ciprocal plots,would bevpredicted on the basis of a
non-allosteric model in which the ligand.binds.twice
to the enzyme - at an activator site which must be
occupied before catalytic activity is manifested,
and at the catalytic.site. Analysis of the data using
the method of Nakazawa and Hayaishi (99) eliminated
this possibility. This model was therefore not con-

sidered further.




Additional Material

There is abundant evidence and general agreement
that a divalent cation, such as Mg++; Is- a requirement
for the action of biotin carboxylases (34, 86, 101, 102).
The exact role of the Mg++ Lon has however been the
subject of considerable debate. The reader is refexrred
to the papers of McClure et al(100), Dugal(80)., Cazzulo
and Stoppani (79) and Bais and Keech(78), for examples
of varying interpretatidn of the role of Mg++ in the
action of biotin carboxylases.

In the foregoing discussion it has been assumed
that there was no free Mg*+ in the MgATP preparations
used, and that the kinetic Observations presented in
Figures 10-14 reflected changes in the behaviour of the
enzyme in response to known changes iﬁ free Mg++ levels,
These changeshave been interpreted as resulting from the
action of the,Mg++ ion as an allosteric activator.

A major difficulty with this inFerpretation is
that it is possible to calculate the free Mg++ concen-
tration in MgATP preparatiéns, and such calcuiations
show that under the conditions used in the experiments
under discussion, and assuming a stability constant of
80,000 M 1(103) for MgATP, a significant quantity (25-
30% of the total Mg++) of free Mg++ was present in the
reaction mixtures used. In fact, when the data of Fig
10 was plotted taking this into account,  a less sigmoid

plot resulted. While this alone does not negate. the




Additional Material (continued)

possibility that Mg++ can act as an allosteric

activator for propionyl Coa carboxylase, it indi-

cates that the problem is more complex than the earlier
discussion has assumed. Additional factors which may
further complicate the situation are:-

a) Free ATP could be a strong inhibitor, compet-

itive with MgATP, particularly at low MgATP levels.
This in itself could lead to the produétion of a sigmoid
curve.

b) The possible action of ADP as a product inhibi-
tor may complicate the measurement of initial velocities
at low MgATP levels. Further, since the stability
cbnstant fqr MgADP is an order of magnitude lower than 5
that for MgATP, free Mg++ ions could be released during |
the reaction, thus affecting the kinetic behaviour.

c) Errors in making exactly equimolar mixtures

of'Mgci2 and ATP may have been made.

In view of this, it is concluded that there is:
insufficient data presented in this Thesis to enable

the presentation of a reasonable hypothesis concerning

the roles of Mg++ and MgATP in this enzyme catalyzed
reaction. Other experiments, designed to distinguish
between the various possibilities mentiohed above, must

be performed if a clearer view is to be obtained.
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Discussion of Mechanism_of Action of Propionyl Cona

Carboxylase

The majof concern when dealing with enzymes ang
their kinetic batterns has alwaYs'beenAto try to set
up some type of mechanism for the enzyme's action.
A summary of the kinetic patterns obtaineg in this
study isbpresented in Table VIII. Al1 terminology
and analytical methods used in discussihg these kiﬁetic

results are those of Cleland (2, 3, 4).

action, the problem of fitting one'sg results to.suit
‘claésical" eénzyme models ig usualiy a4 major step in
~3lyzing the results. Traditionally,,all inter—
‘ations of énzyme kinetics for complex reacﬁions,
Xample biotin carboxylases, were assumed to focusg
*‘action mechanism where only one active centre
Nzyme was operative. Furthermore, until

the POssibility of enzymes having more than
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Summary of kinetic data for propionyl CoA carboxylase from R. rubrum

Predicted Results Ovmmw<mm Results

Nonclassical raNodclassical Type
. rapid rapid , . : oF
equilibrium equilibrium of
Substrates with abortive Intercept Slope Inhibition
complexes?®
MgATP-HCO; change change
MgATP-Prop. CoA : change no b
A change
Prop. COA~HCOj change no o
change
Product inhibition v
MgATP-MgADP C C no change C
change
zmwemlmw C C no change C
change
MgATP-MethylMal~CoA NC NC change change NC
HCO3 - MgADP C NC ' change change NC
HCO3 - P; C NC ~ change change NC
HCO3 - Methylmal. CoA change change "~ NC
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Table VIII Continued

Predicted Results Observed.Results
Nonclassical Nonclassical Type
rapid rapid . . of
equilibrium equilibrium Inhibition
Substrates with abortive Intercept Slope
: complexesd
no a
Prop. CoA - MgADP ucC uc owmﬁ@m change c
Prop. CoA - Py ucC ucC no change c @
change
Prop. CoA - Methylmal. C C no change C
CoA change
Prop. CoA = propionyl CoA v
Methylmal. CoA = methylmalonyl CoA
C = competitive _
UC = uncompetitive
NC = noncompetitive
8The abortive complexes which form at the site of the Bi Bi partial reaction are mlmoowllmH
and E-HCO3~ =~ MgADP.
b

At high propionyl Coa concentrations, the lines became mewwboﬁww curved concave upward;
indicating inhibition of MgATP binding at high pPropionyl CoA concentrations. However
these lines resembled parallel lines for the most part.
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Table VIII Continued

C

d

At low propionyl CoaA concentrations, the family of lines displayed an intersecting
pattern. At higher propionyl CoA concentrations, the lines became biphasic and
showed an additional complex kinetic behavior. The lines became curved concave
downward, thereby indicating activation of HCO3™ binding. The central portion of
the curves however, approximated parallel behavior and were used in all initial
velocity patterns and analyses, as explained in the text.

The only deviations to a nonclassical rapid equilibrium mechanism with abortive
complexes are noted here. The ovmmH<mQaHmm¢Hﬁm.SmHm.ooSWmﬂHﬁH<m in nature, while
those predicted by the -aforementioned mechanism, were . uncompetitive.
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one active site Operating at one time had been .only
speculative. Even with the findings that the mechan-
ism of action of biotin enzymes involved the formation
of intermediate carbobeiotin complexes (45, 64) and
that all of the reaction components could .form binary
complexes with the . .enzyme (65, 66), the question of
more than one operative active site per enzyme had
not been seriously cdnsidered. In fact, although
Cleland (2, 3, 4) had.suggested that this possibility
could exist, it was not until the studies of Barden
et al (67), and McClure et al (68), on pyruvate
carboxylase, that attention was'focused,on the reality
of such a pdssibility.

The kinetic results listed in Table VIII, could
not fit any-plausiblevmechanism in which there was
only one active site on the eénzyme operative at any
one time. A mechanism that could satisfactorily explain
these kinetic Patterns.is‘a "nonclassical™” Ping Pong Bi
Bi Uni Uni mechanism involving two separate and function-
ally distinct catalytic sites, presumably linked by
the carboxyl éarrier; the biotinyl residue. One of the
two eatalytic sites would bind the feactants of each
partial reaction, with the biotinyl residue swinging
freely betwéen the two sites regardless of what other

molecules were bound there. Inspection .of Table VIII
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shows that the results .obtained in this study are
consistent with those predicted for such a mechanism.

The exceptions to this consistency are noted .in the

table and discussed in greater detail below.
The reactant at the Uni Uni site, propionyl
CoA; seems not only to act as a substrate, but also

exhibits some sort of effect on the affinity for

binding of the substrates MgATP and HCO3 . to the
enzyme at the other catalytic site. This mechanistic
interpretation would therefore not conflict,vin any
significént manner, with the previously determined
facts concerningﬁbidtin.carboxylasésvinvgeneral.

If it is assumed. that there are two .separate
and distinct sites, I and'II, in ahalogy with the
model proposed for pyruvate carboxylase (67), then
the reaction catalyzed by propionyl CoA carboxylase
may be visualized as followsm(Figure 44).

From Fig. 44, it would be expected that

initialfvelocity patterns for the interaction of
substrates at site I. (that is MgATP - HC03- inter-

actions) would be ihtersecting, using Cleland's

method of analysis (4). The results as shown in
Table VIII, verify this prediction. Furthermore,
interaction of the substrates of site I (either MgATP

or'HC03_3 with the substrate of site II: (propionyl




Figure 44.

Diagramatic representation of the

proposed kinetic mechanism for

propionyl CoA carboxylase from

R. rubrum.
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CoA) would result in parallel initial velocity patterns.
This prediction does not concur fully with the observed
data. The deviations from predicted behavior will now

be discussed: (a) MgATP - propionyl CoA interactions:
(See Fig. 15). The lines become concave upward at high

propionyl CoA concentration, and also deviate from

linearity at very low propionyl CoA concentration. The

lines nevertheless appear to be essentially parallel.

(b) HCO5 - propionyi CoA interactions: (See Fig. 19).
The lines are not parallel, rather showing an inter-
secting pattern. However, they more closely approximate
a parallel pattern.aﬁvhigher HCOg_vconcentrations, and
become concave downwards .at. high propionyl .CoA concen-
trations. It should also be noted that it is difficult
to obtain reliable data when HC03— is a varied. substrate,
particularly at low HC03— concentrations. This is a
result of the nature of the assay, and the .problem of

the presence of endogenous HCO3_ in the system.

Therefore, propionyl CoA seems to not only act
as a substrate at site II, but also affects the

affinity of site I for MgATP and HCO3f.at high propionyl

CoA concentrations. Activation of HCO3_.binding, and
inhibition of MgATP binding to site I, seem to be a
direct consequence of the higher propionyl CoA concen-
trations present in the reaction system. The.question

however, arises as to how propionyl CoA might affect
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the binding of both HC03f and MgATP to the enzyme,
and both in a different manner. Possibly, as was
suggested in the case of pyruvate carboxylase from
rat liver (68) and from chicken liver (67), at high
concentrations, propionyl CoA combines with the
eénzyme a second time in the vicinity of site I in
such a way that HC03- binding is increased and MgATP
binding is decreased. The binding affinity for HCO;
and MgATPwwould then depend on the fractional.occupancy.
of site II by propionyl Coa, regardless of the degreé
of carboxylation of biotin. The observed initial
velocity patterns,,while not being in complete agree-~
ment with predicted results, may be regarded as being
consistent with the postulated mechanism (Fig. 44), as
discussed above. 

The reaction at site I is essentially a rapid
‘equilibrium random Bi Bi reaction with MgATP and HCOj3
as substrates, and Pi and MgADP as products. Site I
reactants combine at .a.common catalytic site on the
enzyme. The results of product inhibition studies
predicted for such.a scheme would therefore be com-
petitive inhibition patterns for MgATP or HCOj3 withk
Pi or MgADP. Only competitive. inhibition wbuld be
suggested since the product inhibitor and the variable

substrate are involved in the same partial .reaction.
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However, the observed results.display competitive in-
hibition patterns with MgATP - P; or MgATP ~ MgADP
interactions but not with HCO3~ - P, or HCO; - MgADP
which 1
patterns/display noncompetitive product inhibition
relationships.. Therefore one might suspect the
existence of a.thirdrcatalytic site for the carboxy-
lation of the enzyme as was suggested for. pyruvate
carboxylase from A. niger (70). waever, the observed
data can be.interpreted in terms of the two-site
scheme of Fig. 44, by assuming that HCO3 and,Pi or
MgADP form abortiveuenzyme—reactant.complexes,
simultaneously binding to the énzyme in the forms.
E-HCO3 - P, and E-HCO; - MgADP. Therefore the
observed results wduld be consistent with the predicted
patterns for the site I reaction.

The reaction at site II is a Uni Uni reaction
with propionyl CoA as substrate and methylmalonyl CoA
as product.Thus propionyl CoA and méthylmalonyl CoA
share a common catalytic site; with this site .being
separate from that used by the reactants at site I.
Product inhibition patterns for this partial reaction
should therefore be.COmpetitive in nature between
propionyl CoA and methylmalonyl CoA, since the variable
-substrate and the product inhibitor bind the,same
enzyme form. The results in Table VIII, clearly verify

this prediction.
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Now what about the predicted product inhibition
patterns between product inhibitors and variable sub-
strates of the-two different catalytic sites? If
methylmalonyl CoA is the product inhibitor and. the
variable substrate is either MgATP, or HCO3-, the
predicted inhibitionupattern,should.be”uncompetitive.
However, the observed inhibition pattern is non-
competitivé. This apparent discrepancy can be explained
if the rate of the reaction in the direction of methyl-
malonyl CoA decarboxylation is not solely dependent on
the interconversion.of the central complex, but.also
limited in part. by the release of MgATP. Under such
conditions Hcogf could react with E-MgATP and biotin
to regenerate carboxybiotin. This would result in an
inhibition of the reaction, yielding a noncompetitive
pattern. Similar results were seen in work done on
pyruvate carboxylase by Barden et al (67). ' Product
inhibition pattérns.betwéen Pi or MgADP, and propionyl
CoA, should also be uncompetitive. However, the
observed results show competitive inhibition patterns
for these interactions. This discrepancy can be ex- .
plained by the overlap.of propiényl CoA from site II
to the vicinity of .site I, thus competing with the
product inhibitors;.Pi or MgADP; .at site I. The
observed results now can be explained by the mechanism

shown in Fig. 44.
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The following summation can be used to explain
the mechanism of reaction of propionyl CoA carboxylase

from R. rubrum. A two site mechanism is proposed for

this enzyme. Initial velocity patterns and substrate-
inhibitor relationships with the enzyme provide suf-

ficient evidence in making such a proposal. Furthermore,

the kinetic behavior of HCO;  with either P, or MgADP,

suggests that abortive enzyme-reactant complexes are

formed. Hence, HCO; and either P, or MgADP could
simultaneously bind to the enzyme producing the forms
E-HCO3 - P; and E-HCO3; - MgADP. This is supported

by previous work performed on pyruvate carboxylase by
Scrutton and Utter (66). In this two-site mechanism,
the Bi Bi partial reaction displays a rapid equilibrium
random mechanism as has been seen in other .related
enzyme mechanisms.(67,'68). The overall reaction of
the enzyme is defined as the sum of the two partial

reactions and is described by a Ping Pong Bi Bi Uni Uni

mechanism in which separate catalytic sites exist for
the reactants of each partial reaction. The results

therefore, agree with work previously done on acetyl

CoA carboxylase by Alberts et-al (54, 55) where the
individual subunits of the enzyme carry out specific
parts of the reaction. Furthermore, independence of

one site from the other seems to be lost at higher
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propionyl CoA concentrations. This may be a direct
result of the dverlap of site I by propionyl CoA
bound at site II. Thisg fractional occupancy by
propionyl CoA at or around the two sites of the
enzyme: - seems also to affect the binding affinity
for the two substrates of the Bi Bi reaction, and
both in a different manner. Therefore, minor dif-
ferences, from a mechanistic point of view, may be
observed between the present study and previous work
done on pyruvate carboxylase systems from eukaryotic
sources (67, 68, 70). Ti=

The evidence for the proposed mechanism of
action of propionyl CoA carboxylase from .R. rubrum
is not absolutely conclusive. The question of changes
in the binding of MgATP and HCO3_.to the enzyme at
different propionyl CoA concentrations should be
'subjected.to further examination. 1In addition, a rate
equation hés not yet been set up for the reaction.
However, the application of Cleland's analytical
principles (4) to kinetic studies of initial velocity
and product inhibition patterns, seemed to prove
successful in illuminating the reaction mechanism of

a complex system in the present study.
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