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ABSTRACT 

Methy1malonyl coenzyme A mutase, a cytopi asm1ca 1ly 

synthesized mitochondrial enzyme, catalyzes the conversion 

of L-methy1ma 1ony1 coenzyme A (CoA) to succinyl CoA. 

Methylmalonic acidemia is an inborn error of metabolism 

which is characterized by derangements in the activity of 

this enzyme, secondary either to defects in the synthesis of 

its cofactor, adenosy1coba1 amin, or to defects in the 

structural integrity of the enzyme itself. The work 

presented here shows that, like many other previously 

studied cytoplasmically synthesized mitochondrial proteins, 

methylmalonyl CoA mutase is synthesized first as a precursor 

which is subsequently processed by the mitochondrion to the 

mature form. This maturation can be blocked by 2,4- 

dinitrophenol, an uncoupler of oxidative phosphorylation 

which deprives the mitochondrial inner membrane of energy. 

The conversion of precursor to mature methy1ma 1ony1 CoA 

mutase subunit takes place with a 6-9 minutes. In 

contrast to the few reports published for other proteins, 

the precursor form of mutase is not rapidly degraded if 

maturation is inhibited. The implications of these findings 

are discussed with respect to the biosynthesis of 

mitochondrial proteins made in the cytoplasm and with 

respect to the possible molecular defect in the mut° mutant 

group of methylmalonic acidemia. 
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INTRODUCTION 

Propionate formed by bacterial fermentation is a major 

source of energy in ruminants. In non-ruminants, propionate 

is found mostly as the coenzyme A (CoA)^ ester, and is a 

product of the catabolism of the amino acids valine, 

isoleucine, methionine and threonine, with a smaller 

contribution of propionate resulting from the beta-oxidation 

of fatty acids with an odd number of carbon atoms. A small 

amount of propionate is formed from the catabolism of 

cholesterol. (1) The propionate formed by these processes 

is converted to succinate through a sequence of reactions 

which involves first the carboxylation of propionyl CoA to 

D - m e t h y 1 m a 1 o ny 1 CoA, then the racemazation of D- 

methy1ma 1ony1 CoA to the L-lsomer and finally the 

isomerization of L-methylmalonyl CoA to succinyl CoA (2,3)« 

The catabolism of thymine produces D-methy1ma1ony1 CoA, 

which similarly is metabolized to succinyl CoA (1). The 

conversion of L-methylmalonyl CoA to succinyl CoA is 

catalyzed by the enzyme me thy1malony1 CoA mutase (E.C. 

5.4.99.2) in the presence of a vitamin ^2 coenzyme, 

adenosy1cobalamin. The succinyl CoA formed can enter the 

tricarboxylic acid cycle to be converted to carbohydrate. 

The major pathway of propionate metabolism is illustrated in 

more detail in figure 1. 

^Abbreviations used throughout this thesis: CoA, Coenzyme 
A; AdoCbl, adenosy1cobalam 1n; OH-Cbl, hydroxocobalamin; 
OTCase, ornithine transcarbamylase; CPS, mitochondrial 
carbamyl phosphate synthetase; CCCP, carbonyl cyanide m- 
chlorophenylhydrazone; DNP, 2,4-dinitrophenol. 
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Figure 1. The major pathway of propionate metabolism is 

shown in the center of the figure. The entrance of 

propionyl CoA and methy1ma 1ony1 CoA precursors into the 

pathway is also pictured. At the bottom right of the figure 

a simplified version of cobalamin metabolism is shown. The 

important enzymes, most of which will be referred to later 

in the text, are included. 
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0 propionyl CoA carboxylase 
(D methylmalonyl CoA racemase 
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cob(I)alamin adenosyltransferase 

reductase(s) 
0 N^-methyltetrahydrofolate methyltransferase 

Figure 1. (legend on preceding page) 
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Me thy1malony1 CoA mutase is composed of 2 identical 

~75f000 dalton subunits, each of which binds one molecule of 

cofaetor to form the holoenzyme (1,4,5). Although the 

isomerization reaction which it catalyzes is reversible, 

conditions in the cell greatly favor the conversion of 

methy1malony1 CoA to succinyl CoA (4). Studies of the 

reaction Itself have demonstrated that it involves the 

intramolecular transfer of the coenzyme A carboxyl radical 

rather than the transfer of the free carboxyl group (6,7). 

It is one of two enzymes in higher organisms which require 

the presence of a vitamin B^2 (cobalamin) coenzyme; the 

other is methy11etrahydrofo1 ate methy11ransferase, which 

uses methylcobalamin as cofactor. 

The requirement of a cobalamin coenzyme for the 

conversion of propionyl CoA to succinyl CoA was first 

1 li 
confirmed in 1959 by Smith and Monty (8). They measured C 

incorporation into succinic, fumaric, and malic acids when 

liver homogenates of vitamin B^2 deficient and vitamin B^2 

1 4 supplemented rats were incubated with CO2 and propionyl 

CoA. In the two groups of rats there was no difference in 

1 4 the C incorporation when the incubation was performed in 

the presence of excess mutase prepared from sheep kidney. 

However, without added mutase, significantly less succinate, 

malate, and fumarate were formed by the homogenates from the 

vitamin B-j2 deficient rats compared to those from the 

supplemented group. In addition, the radioactivity 

recovered as methylmalonic acid was similar for the two 

5 
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groups, supporting the conclusion that the cobalamin was 

necessary for the conversion of methy1ma1ony1 CoA to 

succinate (8). Almost simultaneously, Gurnani and coworkers 

(9) identified the active cofactor form by adding 

adenosylcobalamin to extracts of mitochondria from vitamin 

deficient rat liver incubated with propionyl CoA and 

NaH^'^CO^- This greatly increased the incorporation of ^^C02 

into succinate in the presence of propionyl CoA. Other 

cobalamin analogues would not support the increased 

synthesis of labeled succinate. Finally, using ox liver 

extracts. Stern and Friedman (10) showed that the conversion 

of m e t hy 1 m al o ny 1 CoA to succinate was enhanced by the 

addition of adenosylcobalamin. 

Briefly, vitamin B^2 synthesized by microorganisms 

and found in the tissues of plants and animals. It consists 

of a planar corrin ring surrounding a central cobalt atom, 

with a side group extending down from the plane composed of 

a 5.6-dimethylbenzimidazole group, a rlbose molecule and a 

phosphate group (1). Extending up from the corrin plane 

and attached to the cobalt atom may be a variety of moieties 

which characterize the specific cobalamin. It may be a 

cyanide radical, common in commercial preparations of the 

vitamin but not occurring naturally, or forms which are 

found in animals, such as a hydroxyl, methyl, or adenosyl 

group. In the latter two cases, mentioned above in 

reference to their coenzyme function, the cobalt atom is 

reduced to the +1 valence state. In hydroxo- or 
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oyanocobalamin, the forms delivered to the mammalian cell by 

the peripheral circulation, the cobalt atom exists in the +3 

oxidation state. 

Ingested vitamin B^2 transported across the terminal 

ileum bound to a gastric glycoprotein (intrinsic factor) 

recognized by specific receptors on the ileal mucosal cells. 

The vitamin moves into the bloodstream where a beta-globulin 

transport protein, transcobalamin II, binds it and delivers 

it to specific tissues. Receptor-mediated endocytosis of 

the vitamin-carrier complex, fusion of the endocytic vacuole 

with a lysosome, and proteolytic degradation of the 

transcobalamin II transports the cobalamin into the cytosol. 

(1,11) 

Cobalamin which has entered the cell must be reduced 

from the +3 (c o b (111) a 1 a m i n) to the +1 (c o b (I) al am i n) 

oxidation state which characterizes the active methyl- and 

adenosy1coba1 amin analogues. The events leading to the 

formation of me thy1cobalamin are not well described, 

although it is known that the methy1transferase enzyme is 

localized to the cytosol (12). Mutase. however, is a 

mitochondrial enzyme (13), and the latter steps of the 

reduction sequence occur in the mitochondrial compartment 

(14). This scheme has been worked out in bacteria (15) and 

has been supported using mammalian cells (14). As shown in 

figure 1, eob(111)a1 amin is reduced by flavoprotein 

reductases to cob(II)alamin and then to cob(I)alamln before 

adenosyltransferase adds an adenosyl group from ATP to form 
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the active cofactor for mutase. 

The details of me thy1malony1 CoA mutase synthesis, 

compartmentalization, and properties are the subject of this 

study and will be discussed later. In addition to providing 

insight into the details of cellular enzyme kinetics and 

compartmentalization, the study of methylmalony1 CoA mutase 

is integral to understanding the methylmalonic acidemias. 

The Methylmalonic Acidemias 

An abnormally high concentration of methylmalonic acid 

in the blood and urine may be caused by a variety of 

clinical entitles, including nutritional vitamin B •] 2 

deficiency, pernicious anemia (16,17)» and methylmalonic 

acidemia. Methylmalonic acidemia (or aciduria) is not a 

single entity as once thought, but rather describes a group 

of biochemical defects which reflect inborn errors of 

metabolism and which are manifested by derangement of the 

action of methylmalonyl CoA mutase. The clinical hallmark 

of the disease is the extremely high urinary excretion of 

methylmalonic acid and its presence in significant 

concentration in the blood. Clinically, patients present 

with severe metabolic acidosis, failure to thrive, vomiting 

or other gastrointestinal distress, hypotonia, and degrees 

of psychomotor retardation. Hepatomegaly, ketonemla, and 

ketonuria are common, and hypoglycemia, hyperglycinemia, and 

hyperammonemia may be present. The serum vitamin B^2 level 

is normal in these patients. Many children with this 
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condition die in infancy, usually when the protein 

catabolism during an acute infection produces an episode of 

severe metabolic acidosis. 

The first cases of the disease were described 

independently by two European groups in 196? (18,19). 

Oberholzer et al. (18) described two unrelated patients with 

apparently similar symptoms, one who had died at age 2 in 

1957 and the other who was born 3 years later. Examination 

of the stored plasma from the first child and the plasma 

from the living child revealed high concentrations of plasma 

ketones and methylmalonic acid. Studies of the living 

child’s urine identified large quantities of methylmalonic 

acid. This child was found to have a normal response to 

ingested glucose, but upon ingestion of a 27 gram protein 

meal, she became hypoglycemic and developed a metabolic 

acidosis. In addition, the plasma concentrations of ketones 

and non-ester i fied fatty acids increased, as did the 

excretion rate of methylmalonic acid in the urine. A 2 gram 

oral dose of L-valine produced essentially the same 

metabolic responses except that urinary methylmalonic acid 

did not increase; oral loading with sodium propionate gave 

similar results. An oral load of 30 grams of fat produced 

minimal changes, and the administration of leucine produced 

no metabolic changes. Homogenates of this patient’s 

leukocytes produced decreased amounts of succinic, fumaric, 

and malic acids, but a normal amount of methylmalonic acid, 

from propionyl CoA and NaH^^CO^, as compared to controls. 
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The Norwegian group of Stokke et al. (19) 

simultaneously described a child with metabolic acidosis, 

proteinuria, ketonuria, hepatomegaly, and weight loss who 

was excreting at least 150 times the normal amount of 

methylmalonic acid in urine and who was found to have a very 

high plasma concentration of the acid. Of importance was 

the fact that two siblings died soon after birth with 

1 U similar symptoms. Using intravenous C- labeled glucose, 

no radioactivity was found associated with the patient's 

urinary methylmalonic acid; however, using IV D,L- 

[ C]valine, a significant amount of the administered 

radioactivity was recovered as urinary methylmalonic acid 

after 12 hours. The majority of administed 

[^H]methy1malonic acid appeared in the urine, almost 

exclusively in the form of methylmalonic acid. Treatment 

with cyanocobalamin and adenosylcobalamin (even though the 

patient had normal vitamin B^2 level) did not decrease the 

excretion of methylmalonic acid. On the other hand, a diet 

low in isoleucine, valine, threonine, and methionine 

produced a drastic reduction in methylmalonic acid excretion 

(from 800-1000 mg/24 hr to 100-200 mg/24 hr) within three 

days and led to weight gain, decreased liver size, and 

general clinical improvement. Unfortunately, a return to 

the originally high level and subsequent death occurred in 

the face of a urinary tract infection and septicemia. 

Further characterization of the metabolic abnormalities 

associated with methylmalonic acidemia was provided by 
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Lindblad et al. (20) who described a patient with vomiting, 

weight loss, metabolic acidosis, hypotonia, hepatomegaly, 

and psychomotor retardation. Depending on the degree of 

protein intake and the presence or absence of acute 

infection, the chronic metabolic acidosis was correctable 

with bicarbonate; however, the urine and plasma invariably 

had high concentrations of methylmalonic acid. In addition, 

the child had hyperlactatemia, hyperglycinemia/uria at one 

time, and ketonuria. At the time of description the child 

was doing well on protein restriction with a mild chronic 

metabolic acidosis at the age of 2 3/12 years. 

The four cases described above illustrate the clinical 

and metabolic spectrum of methylmalonic acidemia, and 

implicate the racemase or mutase step in propionate 

metabolism as defective. A uniform explanation for the 

metabolic derangements derived from an apparent block in 

methylmalonic acid metabolism is difficult to propose with 

certainty, although some rationale is presented in the 

legend to figure 2. 

Many patients have subsequently been described with 

methylmalonic acidemia. Elucidation of the biochemical 

mechanism behind this inborn error of metabolism began with 

the first description of the disease in this country by 

Rosenberg and coworkers in 1968 (21). The patient was an 8- 

month old boy admitted to Yale-New Haven Hospital comatose 

with decreased serum bicarbonate levels, increased serum and 

urine ketones, hyperglycinemia/uria, and methylmalonic 
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Figure 2.. Possible biochemical mechanisms for the clinical 

signs in patients with methylmalonic acidemia. 

Accumulated methy1malony1 CoA is an inhibitor of pyruvate 

carboxylase (PC), resulting in decreased gluconeogenesis 

possibly responsible for the hypoglycemia found in these 

patients (18). This decreased availability of glucose and 

glycogen causes release of fatty acids into the bloodstream 

which are subsequently oxidized to ketone bodies 

( a c e t o a c e t a t e , b e t a - h y d r o xy b u t y r a t e and acetone). In 

addition, the buildup of propionyl CoA precursors can lead 

to the formation of ketones, contributing to the ketonemla 

and ketonuria (21). The accumulation of CoA esters in the 

disease may precipitate the release of CoA from acetyl CoA, 

producing additional acetone (20). The metabolic acidosis 

may be caused directly by the methylmalonic acidemia, but 

this is unclear. Hyperammonemia may be secondary to the 

inhibition of mitochondrial CPS by accumulated propionyl CoA 

(22) and hyperglycinemia may be a result of the inhibition 

of glycine cleavage by propionyl CoA precursors (23)* 
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aciduria. A protein diet high in L-valine or L-isoleucine 

intensified the boy’s signs and symptoms. However, 1 mg of 

intramuscular vitamin B^2 P®^ five days induced a 

progressive fall in urine methylmalonic acid excretion from 

1100-1250 mg/24 hrs to about 250 mg/24 hrs. Discontinuing 

the vitamin B^2 administration caused a rise in the 

excretion rate in the course of one month to more than 1100 

mg/24 hrs. This was the first description of an in vivo 

response to vitamin B^2 administration in this disease, and 

thus implicated the mutase rather than the racemase as the 

site of the deficiency. This vitamin dependency was 

substantiated in vitro by the same group (24) when they 

suspended leukocytes from this patient in ^^C-labeled 

1 4 propionate or succinate and counted the evolved CO2. The 

affected child’s leukocytes produced negligible ^^C02 in the 

presence of labeled propionate compared to normal 

leukocytes. During the period when he was receiving vitamin 

B^2» however, his leukocytes were able to oxidize the 

labeled propionate more effectively. Both normal and 

affected leukocytes oxidized succinate similarly. 

Supporting the iji vivo efficacy of vitamin B^2» Lindblad et 

al. (25) had studied the effect of intramuscular 

adenosylcobalamin given to their patient one hour before an 

L-valine tolerance test and had found somewhat less urinary 

methylmalonic acid excretion over 24 hours compared to the 

same test without coenzyme administration. 

The correction of the clinical and metabolic 
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manifestations of methylmalonic acidemia with pharmacologic 

doses of vitamin B^2 supported the view that either a 

derangement in the metabolism of the vitamin or a reduced 

affinity of the mutase apoenzyme for the coenzyme was the 

underlying biochemical defect in this patient's disease. 

However, intense in vivo and in vitro study of subsequent 

patients revealed more complex information. 

In 1969 Morrow et al. (26) measured the 

adenosy1coba1 amin content in the livers of four patients 

with methylmalonic acidemia, and incubated the liver 

homogenates with 1-[ C]propionate or racemic 

[] m e t hy 1 malony1 CoA in the presence or absence of added 

adenosylcobalamin (AdoCbl). In three of these patients, the 

AdoCbl content in the liver was normal; in one patient 

however, it was negligible. In the homogenate of this 

patient's liver, labeled propionate or methylmalonyl CoA was 

coverted to succinate as well as in controls if cofactor was 

added, but there was no conversion in the absence of 

cofactor. In the three patients whose AdoCbl was normal, 

there was no conversion of either substrate to succinate 

whether AdoCbl was present in the incubation mixture or 

absent. In all patients, in the absence of added cofactor 

there was 3*2 times as much methylmalonic acid accumulated 

as in controls. Before his death, one of the in xii.IL2. 

vitamin B-| 2 unresponsive patients had not improved with 

pharmacologic doses of the vitamin, correlating the in vitro 

evidence with in vivo findings. 
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Since a racemic mixture of methylmalonyl CoA was used 

in the Morrow study, it supported an abnormal mutase 

activity rather than a racemase defect. It also established 

two classes of mutants, one in which there was no 

appreciable liver AdoCbl and which responded l_a vitro to 

added cofactor, and another in which there was a normal 

amount of liver AdoCbl and which did not respond to added 

cofactor. The relevance of iri vitro findings to in vivo 

disease was sketchy until the development of methods to 

study fibroblasts cultured from affected patients. 

Rosenberg and coworkers (2?) studied the fibroblasts from 

their original in vivo vitamin 2“^'® sponsive patient and a 

similar patient. They found that the intact fibroblasts 

suspended in labeled propionate or methylmalonate could not 

oxidize either substrate to ^^C02 in the presence of 25 

pg/ml vitamin B-j 2 (oxidation of labeled succinate was 

normal). When the cells were sonicated after growth in the 

same concentration of vitamin, there was an insignificant 

amount of AdoCbl present compared to controls. Only after 

the vitamin B^2 concentration was increased 1000 times was 

the patient's fibroblast AdoCbl concentration normal with 

near normal oxidation of propionate. In addition, this 

group showed that for equivalent concentrations of AdoCbl 

added to extracts of their patient's or control fibroblasts, 

the enzymatic activity of mutase, measured as the conversion 

of racemic methylmalonyl CoA to succinyl CoA, was the same. 

The implication of this finding was that the metabolism of 
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vitamin B^2 itselff rather than the relationship between 

apoenzyme and coenzyme, was deranged in this patient. 

While it is attractive to base expected clinical 

response to administered vitamin B,j2 upon whether fibroblast 

studies place the patient in the "responsive" or 

"unresponsive" group, there is much heterogeneity in iji vivo 

resposiVeness within the group of responsive fibroblasts 

(28). 

Mahoney et al. (1M) further divided the group with 

abnormal AdoCbl synthesis into two classes on the basis of 

experiments using cell-free fibroblast extracts which 

measured the reduction of cob(III)alamin to cob(I)alamin and 

its subsequent adenosylation. Extracts of controls, of 

fibroblasts from patients with abnormal AdoCbl synthesis, 

and of fibroblasts from patients with normal AdoCbl 

synthesis were Incubated with OH-[ ^"^Co ]Cbl, and the ^"^Co in 

the products was measured. The conditions of the assay were 

such that the cob(III)alamin to cob(I)alamin reduction steps 

occurred nonenzymatically (29)* Interestingly, under these 

conditions, two subgroups were found within the fibroblasts 

with abnormal AdoCbl synthesis in intact cells, one with 

normal AdoCbl synthesizing activity and one with virtually 

no AdoCbl synthesizing activity. Given the assay 

conditions, the former group presumably was characterized by 

a defect proximal to the adenosy1 a11on step, perhaps a 

defective cob(11I)a 1 amin reductase, a defective 

cob(II)alamin reductase or defective delivery of the vitamin 
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to the site of reduction. This group was named the cb1 A 

class. The biochemical defect in the latter group was 

presumed to be in the cob(I)alamin adenosyltransferase. 

This group was named the cbl B class. Incubating extracts 

from this group with control extracts did not inhibit AdoCbl 

synthesis by the controls, ruling out the presence of an 

inhibitor in the £ class (14). Subcellular 

fractionation localized the AdoCbl synthesizing activity to 

the mitochondria. Fenton and Rosenberg (29) confirmed that 

cbl £. mutant fibroblasts were deficient in cob(I)alamin 

adenosy1transferase activity, showing that it was 

undetectable compared to control or cbl A cell lines. In 

addition, they demonstrated that the adenosyltransferase 

activity in fibroblasts from the parents of a child with the 

cbl R defect was about 30$ of the activity in control cells. 

Characterizing the defects in patients with abnormal 

AdoCbl synthesis was further complicated by the description 

of a patient by Mudd et al (30) in 1 96 9 with methylmalonic 

aciduria unresponsive to pharmacologic doses of 

cyanocobalamin, in addition to homocystinuria, 

cystathioninemia, and decreased plasma and urinary 

methionine. Detailed biochemical studies of this patient 

demonstrated a decrease in the specific activity of 

methyltetrahydrofolate methyltransferase with normal plasma 

levels of Ji^-methyltetrahydrofolate. The AdoCbl content of 

this patient’s liver was less than 10$ of normal, but the 

total liver vitamin 3^2 level and plasma vitamin 3^2 level 
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were normal. More patients were subsequently described with 

this derangement of both sulfur amino acid and methylmalonic 

acid metabolism. Mahoney et al (31) cultured fibroblasts 

from one of these patients in OH-[ Co ] C bl, and found that 

neither labeled methy1cobalamin nor labeled AdoCbl were 

present, with only 1/3 as much total label accumulated in 

these fibroblasts as in controls. Fibroblasts from patients 

with methylmalonic acidemia alone accumulated labeled 

methylcobalam 1n normally, and could accumulate as much total 

label as controls. Patients with the combined sulfur amino 

acid metabolic defect and methylmalonic acidemia were 

assigned to the mutant class. The biochemical defect 

is surely proximal to the separation of the pathways to the 

individual coenzymes. Rosenberg and coworkers (32) more 

clearly defined the cbl £. defect. They noted that Cbl C 

cells lost accumulated cyano [ ^"^Co jcobalamin much faster and 

to a greater extent than control cells, and that this 

accentuated efflux of accumulated vitamin was probably 

secondary to the inability of cob(111)al amin reductase to 

facilitate the reduction of cyanocobalamin. 

The heterogeneity of the mutant classes comprising the 

methylmalonic acidemias was confirmed in genetic 

complementation studies (33»3^)* Gravel et al. formed 

heterokaryons in pairwise combinations from A» £.^1. £» 

1. £, and apoenzyme defect mutants (aiLt class), using 

Sendai virus-mediated fusion, and examined [ ^]propionate 

incorporation into trichloroacetic acid precipitable 
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material. They found that the mutants within each class 

complemented mutants of all other classes but not of their 

own class (i.e. [^^C] propionate was metabolized properly in 

all he terokaryons except those formed from two members of 

the same class) (33). Willard, Mellman and Rosenberg (3^) 

used polyethylene glycol-induced heterokaryons and confirmed 

the heterogeneity of the cb1 mutant classes. In addition, 

they found two cell lines from siblings with the clinical 

hallmarks of the iLki ^ class which complemented not only 

other mutant classes but also all other cbl £ lines. These 

two lines did not complement each another, and hence were 

1 M 
assigned to a cbl H mutant class. They also examined C 

incorporation into trichloroacetic acid precipitable 

material from ^ ^ C ]me thy 1 te tr ahy dr of ola te and found cbl C. 

and cbl £. mutants complementary to one another but not to 

themselves. Such CxD he terokaryons accumulated 30-40$ more 

labeled cobalamin and synthesized five times more AdoCbl 

than CxC, DxD or C or D alone. Hence, complementation 

analysis confirmed the existence of five mutant classes 

which result in deficiencies in the activity of 

me t hy 1 m al ony 1 CoA mutase: cbl A> cbl £, cbl £, cbl and 

m u t, the class with normal AdoCbl synthesis, presumably a 

mutase apoenzyme mutant. 

During the last five years much work has gone into 

characterizing more accurately the group of mutants which 

synthesize coenzyme normally and, therefore, are presumably 

apoenzyme mutants. In 1977» Willard and Rosenberg (35) 
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studied the growth of such i£LU_fc. mutant fibroblasts in 

cobalamin- supplemented media and examined the reaction 

kinetics of methylmalonyl CoA mutase in those fibroblast 

extracts. They found that two of the five mutants studied, 

though unable to fix [ 1 -^^C ] propionate in basal medium, 

could fix propionate when high doses of OH-Cbl (10-1000 

pg/ml) were added to the growth medium. Both of these 

mutants had normal AdoCbl synthesis and were verified to be 

apoenzyme mutants by complementation analysis. When the 

mutase activity in extracts of these cells was studied using 

various concentrations of added AdoCbl, these two mutant 

lines had significantly higher K^^'s for AdoCbl (2.8 x 10“^ M 

and 1.7 x 10“^ M) compared to control mutase (6-7 x 10“° M) 

and had V__„ values 20$ and 5$ of control values. The other 
m a X 

three mutant lines examined had undetectable mutase activity 

for all AdoCbl concentrations studied. Hence, two subgroups 

within the ajii complementation class exist, one with a 

reduced affinity for coenzyme demonstrated by an increased 

Kjij for AdoCbl (mu t~ mutant) and the other with no detectable 

mutase activity at any AdoCbl concentration (mut° mutant). 

The existence of the mut~ group was supported by Morrow et 

al. (36), who found a much increased for AdoCbl but a 

normal Kjjj for D,L-methylmalonyl CoA when studying the mutase 

activity in fibroblast extracts from a patient with normal 

synthesis of AdoCbl who lowered her urinary excretion of 

methylmalonic acid in response to intramuscular vitamin B^2* 

Using 23 apoenzyme mutant fibroblast lines verified by 
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complementation analysis and normal cobalamin metabolism 

studies, Willard and Rosenberg (37) separated the mutants 

into 16 lines and 7 lines based on their 

refractoriness or resposiveness to OH-Cbl supplementation 

and on the basis of kinetic studies using fibroblast 

extracts. The reaction kinetics of mutase with respect to 

AdoCbl concentration in the 7 miLt" lines were such that 6 of 

the fflPLt” lines conformed to simple Michaelis- Menten 

kinetics with a higher Kjjj for AdoCbl compared to control 

mutase. One of the ffliii” lines followed complex kinetics 

suggesting that it was derived from a compound heterozygote 

for mutase deficiency. Further studies on two of the ffiut.” 

lines showed that their Kjjj for D, L-me thylmal ony 1 CoA was 

normal. When excess AdoCbl was added to extracts from these 

two miLt.” lines, their mutase activity after incubation at 

45°C was significantly less than at 37°C. Control mutase 

was not inactivated by this temperature in the presence of 

excess AdoCbl. When the turnover time of mutase was studied 

in the presence of an inhibitor of protein synthesis, they 

found that the half-life (^1/2^ mutase in a mut~ mutant 

was 3-4 days, compared to the control mutase ^/ 2 7-14 

days. Hence, the mutase protein from the group of mutants 

with decreased affinity for coenzyme appears to be less 

stable than control mutase. 

Willard and Rosenberg (37) also examined fibroblasts 

from the presumptively heterozygous parents of apoenzyme 

mutant children. Extracts from cell lines grown in basal 
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medium demonstrated mutase activity within the control 

range. In the presence of normally saturating 

concentrations of AdoCbl, however, these parents 

demonstrated mutase activity well below that of controls 

with added AdoCbl. When the same experiments were done after 

growth in hydroxocobalamin-supplemented medium, the parents’ 

mutase activity was only 1/2 that of control mutase. These 

data demonstrate some reduced activity of the parents' 

mutase enzyme. When the kinetics of mutase in extracts of 8 

heterozygote lines were studied, 5 of them (4 parents of 

mut" mutants and 1 parent of a mut° mutant) displayed more 

activity at 1 mM AdoCbl than at 6 uM, a concentration which 

is saturating for normal mutase. In the parents of the mut~ 

mutants, complex kinetics with respect to AdoCbl saturation 

were found, with two apparent K^'s, one similar to the 

control and another corresponding to the affected 

child's Kjjj, providing excellent evidence for 

heterozygosity in both parents. Fibroblast extracts from the 

parents of a mut~ mutant child with 23? of original mutase 

activity after a 45°C incubation showed 84? and 75? of their 

original mutase activities after a 45°C incubation. 

Detailed kinetic studies of the parents of a jbu_L® child 

showed that one parent possessed normal mutase kinetics and 

the other parent had a Michaells-Menten plot similar to that 

of a mut~ heterozygote. This suggests that the child had a 

mut°/mut~ genotype, the product of mut^/mut'*' and aiLt“/ 

parents. 

23 



foi-tr.uo »rf^ aiddXK: fl»»,«la«i' in^ia«»«<».&' «.0ib*« 

^{iCAa-ion 1o <*X' ,. •snjt 

•tjiiuiTsq eesdJ ^Tt^v-^Kfod ,XdDdtA lo ••otJ(iiifl«oooo 

tiO'idno'j to dart* wbXod XI#« jindaao«*b 

’fs*Jt£ »iiob di9w «ni5 aadw .Id'J'^bA b«t»b« dHtw 

’dJ/tans:; ^.^.1 .cuiooa bdtfasmalinaB-olaiaXtdeooxo'tbtrt dUwo^g 

SK:f>dT .dda.tuia lO'idaoo lo old/ij S\r tiao »aw setii/a 

‘edaoTiia odJ lo xJi’vXiaa b':KJub<m ♦«©« #Jdn^Jaao*a*> sdiib 

b 'ic ci:}Riix^ n^ aa^i^ttr “fo aftl^Aais! dflJ Mediw .»«<««• dfisiutt 

lo cjn&nsq It; ;Df*iii to 2 ,n»ibjj'ja maw «adjl;l m3 o^i^xsofi 9il 

sKOjj b«»vaiq2ib (ins-^'r® ^tJiS n cfiiaiaq t bo^ ctadiis "^jui 

no na'»3fl .^*-'0 00 <j ,Mt/ B iiaiU idSobA 'i> f i#* 

"ji-rf/fl !□ '.J.ip'isq add nJ .aosiva iuoTan lOt >» r. t 1 anu ■t #* #i 

no.i..1 ee I;':j’JobA oA doiKja<j‘-» ,«daa4oB 

orfi <yi nmllfjilt yfio iiiaosqqa ov:* 4c)iw diaw 

b-»•> ? a Ti Ijs *aJ a*''t bcioq t am'»0 0 bna lomidoa 

“AhM 'lot aonabtvo Sam ( i it o n gn t h : /omq , a *6 X Ado 

•d mOnt aoofiidcd iasXdo -dl^ .ednanfi!! ii4*d(> n; i i 

9MtLium laaigt-io to dJIv biido y.maJoiu '‘iji* * ainamdq 

Tifdj lo Jfc!T sms uav.Oiia nol:4*dt(pfi:J m i'^s'lm t^i^tSom 

fUotSBifjan.t 3^2» »; mo^ta aaf^idu TaaiaAmo 

t X Id o e / n »*i K c o d 3 t o. «a A b u i'a r. jt j ®43| jt a b «11 a 3 • Q 

da« catS^^aXd mAaSaui i«am<on b««e^^aoq a laq aaw Jaiil bavada 

lirii ad maXiss'l'i ^^oXq » biUkj mitnja mdS 
» 

• bad bllda tdi J«dl ciao^doe ssIdT .oooatxoao^ac; “it^m a to 

fe«« i’wd'. to aoubqiq ©dt 



Kolhouse et al. (38) developed a radioimmunoassay to 

quantitate material cross-reacting immunochemica 11y with 

human mutase. They found that fibroblast extracts from 

controls and c bl A. B. C and £. mutants contained similar 

amounts of cross-reacting material (CRM) per mg of cell 

protein. The mut~ lines tested contained 20-100$ of control 

CRM, as one would expect from an enzyme which has measurable 

mutase activity. Interestingly, of the 21 mut° lines tested, 

CRM was undetectable in 12 lines and varied from 3$ to 40$ 

of control CRM in the other 9. The line with the 

highest CRM was studied and its CRM was found to differ very 

little in its anion exchange chromatography elution profile 

(i.e. charge and size) compared to the CRM from control 

cells. Therefore, within the group there exist two 

subgroups, one which contains material cross-reacting 

immunochemically with human mutase, and one which does not 

contain such material. Explanations for the CRM” group 

include a drastically altered enzyme bearing no relation to 

normal mutase, a non-existent enzyme perhaps secondary to 

deletion mutations, mutations related to regulation of DNA 

or RNA processing, or defects related to its incorporation 

into the mitochondrion, which will be discussed in greater 

detail later. The CRM'*’ subgroup has fewer possible 

explanations; a single base mutation may eliminate the 

enzyme’s biochemical activity yet not eliminate its presence 

from the cell, or a defect related to mitochondrial 

incorporation may again be suggested. 
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In summary, five complementation classes have been 

defined to describe the biochemical defects manifesting 

themselves as methylmalonic acidemia. The cbl A.B.C and £ 

classes each are defective in some aspect of AdoCbl 

synthesis (see figure 3) which are correctable iii vitro and 

in most cases iji vivo with pharmacologic doses of vitamin 

B^2* laJiLL complementation class is characterized by 

normal AdoCbl synthesis and contains two groups within it, 

the mut~ group in which the affinity of mutase for cofactor 

is reduced, and the mut^ group, in which mutase activity is 

nonexistent, and is comprised of CRM"*' and CRM” subgroups. 

The study of the mu_t complementation class has led to 

interesting questions regarding the synthesis and subsequent 

handling of methylmalonyl CoA mutase and other enzymes which 

are made in the cytosolic compartment but act within the 

mitochondrion. That methy1ma1ony1 CoA mutase is a 

cytoplasmically synthesized enzyme coded for by nuclear DNA 

is demonstrated by the autosomal recessive inheritance of 

the methylmalonic acidemias. 

Transport Characteristics of Mitochondrial Proteins 

Synthesized in the Cytoplasm 

Although the mitochondrion has the capability to 

synthesize proteins using its own DNA, RNA and ribosomes, 

only a small fraction of the proteins which function within 

the mitochondrion are actually formed there. In fact, 90$ 

of the mitochondrial proteins are translated on cytoplasmic 

ribosomes from mRNA transcribed from nuclear DNA (39»^0). 
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Figure 3-. Presumptive blocks in the sequence of cobalamin 

metabolism and conversion of L-methylmalonyl CoA to succinyl 

CoA (see text). 
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The mitochondrion consists of an outer membrane, the 

intermembrane space, an inner membrane and the matrix space. 

This means that not only do these proteins have to move 

within the cell to the mitochondrion, but also, depending on 

where in the mitochondrion they function, they have to cross 

an additional membrane or two. Intracellular compartment- 

to-compartm en t transfer is not a novel concept; proteins 

synthesized in the cytosol which are destined for secretion 

appear to be made on polyribosomes attached to the 

endoplasmic reticulum (ER). The proteins contain an NH2- 

terminal signal sequence of amino acids which guides them 

into the ER for subsequent export. This leader signal 

sequence is removed as the protein is still being translated 

and is moving across the ER membrane, a process termed 

"vectorial translation" (41,42). An important difference 

between this system and the movement of proteins into the 

mitochondrion is that experiments have not been able to 

establish that cytoplasmic polyribosomes which are closely 

associated with the mitochondrion necessarily translate mRNA 

for mitochondrial proteins (43)* In fact, it has been shown 

that the mitochondrial enzyme ornithine transcarbamy1ase 

(OTCase) is synthesized exclusively on free polysomes (44). 

This direct evidence, along with other indirect evidence 

(39), implies that these proteins are likely synthesized on 

free polyribosomes. Certain similarities between the two 

systems do exist however, and the properties of the 

transport and processing of cytoplasm i cally synthesized 
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mitochondrial proteins have been studied with growing 

interest over the last 5 years. 

Before most of the work on mitochondrial proteins 

began, Chua and Schmidt (^5), among others, studied the 

transport of the cytoplasmically synthesized small subunit 

of ribulose-1,5-bisphosphate carboxylase into chloroplasts. 

Using a wheat germ cell-free translation system programmed 

withmRNA isolated from pea and spinach, they were able to 

immunoprecipitate with ribulose-1,5-bisphosphate carboxylase 

antiserum a polypeptide proving to be about 4000 daltons 

larger than the enzyme immunoprecipitated from whole pea or 

spinach cells grown continuously in labeled methionine. 

After the addition of isolated pea or spinach chloroplasts 

to the in vitro translation mixture, immunoprecipitation 

yielded only the mature sized enzyme, which proved to be 

identical to ribu1ose- 1 ,5-bisphosphate carboxylase 

synthesized by whole cells. 

Similar experiments were subsequently performed using 

antisera made against mitochondrial proteins synthesized in 

the cytoplasm. Macchecchini et al. (46) used a rabbit 

reticulocyte lysate translation system containing 

C^^S]methionine to which yeast mRNA was added to study 

synthesis of the three largest subunits of the yeast F^- 

ATPase. This enzyme is located on the matrix side of the 

mitochondrial inner membrane and is composed of five 

nonidentical subunits. Using antibodies against each of the 

cytoplasm!cally made subunits, three bands corresponding to 
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molecular weights of 64,000 (alpha), 56,000 (beta) and 

40,000 (gamma) daltons could be visualized on the 

autoradiograph of the sodium dodecyl sulfate-polyacrylamide 

gel. Compared to the immunoprecipitated proteins from yeast 

cells grown continuously in the in vitro translated 

products were larger by 6000, 2000 and 6000 daltons 

respectively. In another experiment, these workers pulsed 

yeast spheroplasts with [ ^^S ] methionine for only five 

minutes, and found that the immunoprecipi tate of the lysed 

cells contained both the larger forms of the subunits as 

translated in vitro and the mature forms of the subunits as 

found after continuous labeling in vivo. When a 45 minute 

chase with unlabeled methionine followed the 5 minute pulse, 

the larger forms of the subunits could no longer be found. 

To show that the larger precursor forms were processed by 

mitochondria into the smaller mature forms, mitochondria 

were added to the in vitro translation system after protein 

synthesis had been stopped. After centifugation to separate 

these mitochondria from the rest of the mixture, 

immunoprecipitation demonstrated that the mitochondrial 

pellet contained both precursor and mature forms of the 

subunits whereas the mitochondria-free supernatant contained 

only the precursor forms. The addition of proteases before 

centrifugation eliminated all radioactive product from the 

supernatant fraction, but the mitochondrial pellet lost only 

the precursor forms; the mature subunits were protected from 

protease activity and could still be immunoprecipitated. 

29 



'■< 

000, ,, OOO.iM A& ^yWni^^ 
y 

s .1,' KM t) 'j i: x I i :.* f*- i V BO i) I :i o '. i n Q :i L t- ^ ( a a « jj) 0 0,0 

:> *'? n I I ? *10^ ^ '0<!J-P' ' •i't-It/f’ .M'i'MOC •(!■? IC •.'TJ P t b t"!®..} t>4 

■ 3 ir t OOT't aO\B,',tCl'4 b di^SMT l.> t(T 0 •* rf4l Qi ' bb'Irf-lMloO *X#2 

:.'■ j»i *jn s Ti ani Lv iLL .-»dJ " ‘ ' i '■ oiro*?^ nii^o 

£ Ti 4 I £ 0 0 0 .1 > J. 0 <:• 0 S , 0 0 0 ■• H ‘J' T 1 » i" 4 '» ft « 4 i> <i ^ 0 •%<? 

.--.Luh '^0HJto^^> al . ^X« x/i4o*<aii*i 
X, 

»'/*■. '^Xi^o f»M ^£to brti ^9611 3 flJiw te4«-* SHM9.f^' 
s 

’ d 
L»»#. t,X bHJ 5s' o j ^ ‘ 1.1 ioBTQ OKU m oi 4Bdl ba-jo I frot 

■1 s TO B!ji'?D*5i iJp'^TaX (*|1J •ttO'J or?jl44rt*»0 bXXvO 

(I a^inudUui otiJ 10 liiO'xo’^ o^is:! »ai if'i ba* jil.*3,tl..)t ujI b*0 4iA«ii*Bj 

'3 ntMlW XLti.lt. ili S-'' ^ SI w j. 9 00 tra H <^o;‘ "i»^ i* brii/ol 

»4:jol.tr 5 ‘d^ '-(* K ' ■ o'! .'I. . V / Ui! 9 f:3 .Cad-si aOi/ iliX^f aafedo 

0.1 V oTf ad . t# g a <-< i oii bi y oo ii .i i ' l/ d t/4i > ..i ,< I j t lea'" oJ *i-(*0•»< X * d J 

x; <1 b ^ 0 f ■-• :? -f •. 1 ? '• B e flj t c* 1 n iM *:: • if 3 ■» *3 q 1 'j ;j| '3 £ i i* 0 ’ .< u .1 J w a d d 0 T 

fl .1-I buodoo * X Iii iiRi':'! 'tilasA ail-». 11 ibab.d vo4iP 

nol4i».‘^ <1a bfr’wfc* itav 

e-*<-:Bq*a 03 no 11 P3u*1 idQ*''’;■ i.>J'5A .t>i3<;3o3c w|«#d4ax< 

,f"!;dxla »dJ lo 3t3" tJi'iA aX-tt/ircfdooJla •tod 4 

i « 11 bnori y o , i ID add JiBfld be.lB't3 uo'''70b a .3 - d a ) i x i wo jq x.'3m •Ji^ 

) lo 8.T03b3» .bita. 1<»f-T^OO'tq dlod b’»xli4«f>» d»Ii#q 

ftaoltJbo^ IrtciatJiwquB 5 ..q * 1* •di e*<#T«rtv ;< .'daci/li 

9*iot»d a.f«p04yw ool^ibb^ otST ttSi tXflo 

odJ irot'J 4r abc»'^q oviIXb b#444|itli i=* f.Oi..* 

qXffo 4*01 J.^rXeq XalnbnofloQdJSd oda dov- 3nnJ»a^^q»i 

wo'nli b‘»4o<»dd^;q a^#lrtafa« *44 Toa-iaaf^q odJ 

,d#'4'*4 xxra^ :b«i» ^3iTi4oo 



This evidence implies that the precursor forms originally 

found with the pellet were either nonspecifically associated 

with the mitochondria, perhaps adhering to their outer 

surfaces, or not yet transported into the inner membrane 

(outer membranes are not intact after this treatment and 

leakage from the intermembrane space is possible). This 

group also showed that mitochondria do not import mature 

subunits, a result which was duplicated by Gasser et al. 

(47) using a mature subunit of yeast cytochrome c oxidase. 

Macchecchlni et al. and others demonstrated by proteolytic 

fingerprinting that the alpha, beta and gamma precursor 

forms of yeast F^-ATPase are structurally similar to the 

mature forms (46,48). 

That these F^-ATPase subunits are synthesized 

individually in the cytoplasm and not as a polyprotein which 

could move into the mitochondrion as a unit was proven using 

unlabeled L-methionine and N-formyljmethionine-tRNA^ in 

the in vitro translation mixture (48,49). With this system, 

only the NH2-terminal methionine would be radioactive1y 

labeled and all other methionines would be unlabeled. 

Indeed, the autoradiograph revealed distinct radioactive 

bands corresponding to the individual F-|“ATPase alpha, beta 

and gamma subunit precursor forms (48,49). With the 

addition of mitochondria to the translation mixture after 

terminating protein synthesis, these bands no longer 

appeared. Implying that in the process of becoming mature 

subunits, the mitochondrion cleaves an NH2-terminal sequence 
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of amino acids from the precursor proteins (48). Similarly, 

the four cytopi asmica11y synthesized subunits of yeast 

mitochondrial cytochrome c oxidase were demonstrated to be 

made individually using N-f o r my 1 - [ ^ ^ S ] m e t h i o n i ne tRNA^ as 

the only radioactive species in the translation mixture 

(49). 

Other mitochondrial proteins synthesized in the 

cytoplasm have been studied in a fashion similar to that for 

the F^-ATPase. For example, the cytochrome bc^ complex is 

composed of six cytoplasmically synthesized subunits and one 

subunit made on mitochondrial ribosomes and spans the 

mitochondrial inner membrane. Using yeast mRNA and a 

reticulocyte lysate translation system, subunit V was found 

to move more slowly on a sodium dodecyl sulfate- 

polyacrylamide gel than the subunit immunoprecipitated from 

continuously labeled yeast spheropi asts. Short pulse 

labeled spheroplasts made both forms of the subunit, and 

subsequent chase in the absence of radioactivity left only 

the 2000 dalton smaller mature form. The presence of 

protease inhibitors blocked processing and left only the 

larger form (50). 

An intermembrane space enzyme, cytochrome c peroxidase, 

was immunoprecipitated from an An v.iir.n.» yeast mRNA 

programmed translation system and from continuously labeled 

yeast spheroplasts, short pulsed yeast spheroplasts, and 

pulse-chased yeast spheroplasts, with results similar to 

those described above (51). Like the F^-ATPase, when 

31 



, X A*'*’.(’8*^) aal i^^orjq 'loeri^^oA^q ad^ ebloa 'n»i*j lo 

;f«,ii»X, to Kl laudas ha js Jt ft erf.J la {«■ Yi X I fta'jUlst-^4 twail ad4 
i 

«»a oj foo4'(<»'!'i»r.'>i.iafc) s'li.dw!' 'v^fciiixo t> amQ'^.AP’i^iX:^ |Altt>n:oda.<?4Xa 

R 1' ^AHHI 9.1 ino Xrf j aai C 3 - i Y ifl'‘01-M \{[i l^iibXvXbnl fb*« 

•yxijfxlti 0 o X 4 fi fan A'tJ artJ nt s^iooqs evliafidib#*! tXwo adi 

urt: a I b'i> zJ >t.9d^n\t aftiafio'tq : ^i. n b,a <i> ^ 

lol dsd-* uX TfiXimia aoxdaal a ai baJtbwJa aao'X av«rt waaiqoJt® 

f od 3dJ ,'j:.:«6lca iqI add 

joi; Pi f.rru^Jus b9isli.?»<J»^n <ft y liao, afiAiqoX^j? x;z baaoqaoo 

ofi.t r, naqe bftt. s j a 0£ o in I wi.'itiopdnoj ljr /io -jbea 4XRi'd0i 

bi. fl A?^Ho ie£o\' ^aiaU .siitJaaa t^nni I»l*t»noilao4.Jta 

cxiiJo’l RtiW '/ .IXnudba , aoiii <.* naivt as f,X #4 X^'O I^0lidT 

*.i.jfiT!:aa auXbOft a nr. ^l^Q:lt ^'%-J a avaa 04 

l>ajc..i'iqxoe'Tqoawa Jii 3.ln‘'-!'»a '■♦i ni.ad.t lai -.rr* t a• ix'ioatXoq 

^♦.iu'. i"iodS ,aJtt£lqo-\>d*;e .’'Si. et't bs.'‘i'd»I ^Xat/oaaX-lapo 

!><!?:! .ilnucfoii crrit lo aanc^. ru*uq obi»ii; e .r p «Xqonfa*l4c baXadai 

iluo Jlwl x4Xvixoaoiba'i lu n«j|»*rda arti nl aaailo 4-i»*iipaadua 

to &on'j»-JTq f»riT ,a*!Cl aiuij« ;i ; d b OOOS frf4 

a'rtj iXao dial bna gnleeanodq oa^oold a-ioXXdrjlai abaadoiq 

.<02) (Tf'iol ^at^tl 

.aa.abXX’O’naq o &ir.p\tiocSyio aflanfijaaia i nk 

Knitm 4c A® X .aOLi-lX dJL da ba i a 4 1Qxaqq «n tJ a ai " a a 
I ' • 

baiadaX xlatiouA t4xi.o» »onl i?<Ja Aoje^a isoid^IcijianI a'»n. »x> 

bn-a , a4«aiq<?iarfqa iaa^tyi LjHitfq iiordfC iqotartqa Jaaaf 

OJ *\a.ClaX« rf,4 t'M, ,,#4ftniqaT«»>.rtq8 '4»aav, u<>a a dp-#4 Xuq 

aada . ^a af T A • ^ t arf 4 .(<23 arbda b»di’?:^otb 4«od4 
‘ \ 



mitochondria, were added to the products of the translation 

and then recovered by centrifugation, the pellet contained 

both precursor and mature forms of cytochrome c peroxidase 

if no proteases were present, but contained only the mature 

form in the presence of proteases. The supernatant produced 

no radioactive bands in the presence of proteases, and 

contained both mature and precursor forms in their absence 

(51). An explanation for the presence of mature enzyme in 

the supernatant may relate to a disturbance of the outer 

membrane during isolation of mitochondria; if the membrane 

is not intact, any enzyme which is normally sequestered to 

the intermembrane space may escape into the supernatant 

fraction. 

Cytochrome c oxidase is the last member of the 

electron transport chain, and is composed of subunits I-III 

which are made on mitochondrial ribosomes and subunits IV- 

VII which are made on cytoplasmic ribosomes. Using a cell- 

free wheat germ translation system programmed with rat liver 

mRNA, subunit IV of this inner membrane enzyme was shown to 

be synthesized as a precursor 3000 daltons larger than the 

mature form; tryptic fingerprinting confirmed close 

similarities in their amino acid structures (52). Using 

yeastmRNA in a reticulocyte lysate translation system and 

comparing the immunoprecipitated products to those from 

continuously labeled yeast cells, subunits IV, V, and VI 

were found to be 1500-3000 daltons larger in the in vitro 

system, whereas subunit VII did not appear to be synthesized 
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in a larger precursor form (^9). Although there seems to be 

precedent for uncleaved signal sequences (51,49), the 

absence of a precursor form of cytopi asmically synthesized 

mitochondrial proteins appears to be the exception rather 

than the rule. 

Nelson and Schatz (53) studied the energy requirements 

for the transport and processing of cytop1 asmica 11 y 

synthesized precursors to inner membrane proteins in yeast 

spheropi a s t s. Because ATP can diffuse freely through the 

outer mitochondrial membrane but not through the inner 

membrane, mitochondrial matrix ATP must be derived from 

either oxidative phosphorylation of ADP to ATP by the 

respiration-linked F^-ATPase which protrudes into the matrix 

space orby importing ATP from the cytoplasm via the inner 

membrane adenine nucleotide transporter. In their 

experiments, they selectively blocked the respiratory chain 

(using KCN, antimycin A, or a mutation known as rho~) and/or 

the ATP import system (using bongkrekic acid or the o d .j 

mutation") in labeled yeast spheroplasts. Neither KCN, 

antimycin A, nor bongkrekic acid could inhibit the in vivo 

processing of the alpha, beta, or gamma subunits of the F^- 

ATPase, a subunit of the cytochrome bc^ complex, or 

cytochrome c^ in wild-type spheroplasts. However, KCN added 

to cells with the mutation, antimycin A and bongkrekic 

acid added together to wild-type cells, and bongkrekic acid 

added to cells with the rho* mutation were all able to block 

processing of the precursors to the mature forms. In 
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addition, carbonyl cyanide m-chlorophenylhydrozone (CCCP), 

an uncoupler of oxidative phosphorylation, inhibited 

processing of each protein. From these studies it appears 

that matrix ATP is necessary for the translocation and/or 

processing of these inner membrane proteins, but the 

relationship of processing to translocation has not yet been 

clearly defined. 

Studies using mammalian cells are coming closer to 

clarifying the processing system. Shore et al. (54) showed 

that carbamyl phosphate synthetase I, a liver mitochondrial 

matrix enzyme which catalyzes the first step of the urea 

cycle in ureotelic animals, is made as a 5500 dalton-larger 

precursor by a rabbit reticulocyte lysate translation system 

programmed with rat liver polysomal mRNA. Peptide mapping 

showed this precursor to be structurally very similar to the 

mature form immunoprecipitated from isolated rat liver 

mitochondria. Similarly, Conboy et al. showed that 

ornithine transcarbamylase , a matrix enzyme catalyzing the 

second step of the urea cycle and composed of three 

identical 36,000-39,000 dalton subunits, is synthesized in 

the cytoplasm as a '■43» 000 dalton precursor (55). Mori et 

al. (56) found that, when a translation mixture was 

incubated with rat liver mitochondria, a polypeptide 

intermediate in size between pre-OTCase and mature OTCase 

was formed in addition to the mature OTCase. Processing of 

the precursor form to either smaller form was completely 

inhibited when OTCase antiserum was added to the incubation 
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mixture, Conboy and Rosenberg (57) also reported a minor 

band representing an intermediate form of OTCase in the 

mitochondrial pellet after centrifugation of a translation 

mixture to which mitochondria were added, along with a minor 

band representing pre-OTCase and a major band in the 

position of mature OTCase. After chymotrypsin treatment, 

however, the pellet contained only the mature form. Mori 

and coworkers claimed to localize the processing activity 

converting the pre-OTCase to intermediate-0TCase to the 

matrix space using submitochondrial fractions (56). 

Conboy et al. (58) also subfractionated rat liver 

mitochondria in an attempt to localize the processing 

protease activity responible for the conversion of jji vitro 

synthesized pre-OTCase to i ntermediate-0TCase and mature 

OTCase. They found the activity producing intermediate 

sized OTCase divided equally among the inner membrane and 

matrix fractions. Examining the conversion to mature OTCase 

produced more conclusive results, however. No subfraction 

could process the precursor to mature OTCase in the absence 

? + of added Zn , although processing to i ntermediate-OTCase 

was unaffected by the absence of the ion. All of the 

activity responsible for the appearance of mature OTCase 

could be localized to the mitoplast subfraction (inner 

membrane + matrix); further separation localized >90? of 

the processing activity to the matrix and <10? to the inner 

membrane, the latter consistent with matrix contamination 

according to marker enzyme studies. The appearance of 
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mature OTCase was found to be Zn^"*" concentration-dependent 

up to 0.1 mM and was inhibited by the divalent cation 

chelator, 1 ,10-phenanthroline. Among other cations tested, 

Co^'*’ also supported processing, as did Ca^'*’ and Mn^'*' to a 

lesser extent. Hence, processing to the mature OTCase 

appeared to take place in the matrix space by the action of 

a Z n^ "^-d e pe n d e n t protease whose Zn^"^ requirement (0.1 mM) 

corresponds to physiologic mitochondrial matrix Zn^'*' 

concentrations. Gasser et al. (46) supported the theory of 

a divalent cation-dependent protease localized to the matrix 

by demonstrating that processing of the iji vitro translated 

pre-beta subunit of the yeast F^-ATPase by mitochondrial 

extracts could be inhibited by GTP, which acts as a divalent 

cation chelator in the absence of saturating Mg^'*’ 

concentrations. In contrast, intact mitochondria processed 

the subunit normally in the presence of GTP; because GTP 

cannot permeate the mitochondrial inner membrane, such 

processing must therefore have occurred in the matrix space 

or inner membrane. 

The energy dependence of the translocation and 

processing of pre-OTCase was studied by Kolansky et al. (59) 

using rat liver mitochondria and the products of a rat liver 

mRNA programmed rabbit reticulocyte lysate translation 

system. While inhibitors of the electron transport chain 

reduced the formation of mature enzyme, inhibitors of the 

F^-ATPase and the adenine nucleotide translocation system 

had no effect on the processing to mature OTCase. 
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Uncouplers of oxidative phosphorylation, such as 2,^- 

dinitrophenol (DNP), completely inhibited the appearance of 

mature OTCase in a concentration dependent fashion, but had 

no effect on the appearance of the intermediate form. If 

the matrix subfraction was used in place of intact 

mitochondria, processing was complete in both the absence or 

presence of DNP. If the whole mitoplast subfraction was 

used, DNP inhibited the appearance of mature OTCase but not 

the intermediate form. When intact mitochondria were 

recovered after processing, the mature enzyme was recovered 

in the pellet and the intermediate form in both the 

supernatant and pellet in the absence of DNP. In the 

presence of DNP, only the Intermediate form could be 

recovered, and was found in the extramitochondria 1 

supernatant fraction. 

This evidence supports the concept that the precursor 

form is cleaved to the intermediate form before 

translocation across the inner membrane occurs, and that 

this translocation, rather than the processing itself, 

requires energy. The observation that no precursor form is 

found strongly associated with the mitochondrial fraction 

argues against a time lag between translocation and 

processing, and supports the concept of "vectorial 

processing" (i.e. matrix processing occurring as the protein 

is being translocated) analogous to the "vectorial 

translation" of proteins destined for secretion into the 

rough endoplasmic reticulum. To further characterize the 
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energy source, Kolansky et al. (59) chromatographed the 

translation mixture to remove ATP and other small molecules; 

the addition of mitochondria to this depleted mixture did 

not result in processing of the pre-OTCase to mature OTCase. 

Only after adding back ADP, ATP, or untreated lysate could 

processing be reestablished. Gasser et al. (46) showed that 

when small molecules were filtered out of a reticulocyte 

lysate translation system programmed with yeast mRNA, the 

pre-beta subunit of the F^-ATPase also could not be 

converted to its mature form by added intact mitochondria. 

Addition of ATP to the incubation mixture restored 

processing. Furthermore, addition of lysed mitochondria to 

the ATP-depleted translation mixture resulted in normal 

processing, implying that translocation, not processing, is 

energy dependent in this case as well. 

It seems reasonable that a matrix enzyme such as OTCase 

should depend upon a matrix protease for processing and an 

energized inner membrane for translocation. However, Reid 

et al. (60) showed that two intermembrane apace proteins, 

cytochrome 2 cytochrome c peroxidase, also rely on an 

energized inner membrane and a 1,1 0-phenanthroline-sensitive 

protease for processing. They pu1se-1 abe1ed yeast 

spheroplasts with ]methionine in the presence of CCCP 

and found only precursor forms of the proteins. After 

removal of the CCCP, pre-cytochrome b2 and pre-cytochrome c 

peroxidase proceeded to their mature forms, cytochrome c 

peroxidase directly, and cytochrome b2 via an intermediate 

38 



srfi i!0 .!« .•a-iod-* 

is^U/ot^Iofi Xie-ge feafl ?TA 9V0i«*T oi 9«sw;#3cl« nciiitnaBti 

bib 'iTuixtoj jb9J9jq«& Rirfi oJ AinbnoiJ ?oi i a lo noliibbi til^ 

iOsffvTO aaiiJfJi -so^sl^TO-d-vM »i.? "io ^nZa«ftoo'«q «1 Jit/nai Son 

r'i/joo 9S3CVI bi? ^ .tdu to ,iTA )<d»€< ^tilbbo iO^TO iXnO 

l'9W'::?€ (dt’; .is da to^asi) .b^dBi IS c ^ a at* i oS inttsaooiq 

? i V 0 o 11' ' ^ J i> ■ a 1 o .11/ o I> ^ ‘7 *» -■♦ 9n5w (i4/uoofoii tiftaa iiftdw 

9rti .Atlia i3«t«v n.*lu b»uj £D* - go’iq 

ad .'fot'' oalji adS SlnuSi'b aSad-^onq 

H.' . D T.irtTo: i a jasSfTi fcBba;^ {o taio^ anuJus *}i o$ bai'io'rfloo 

0 ^ J :':< 1B aoliaduofli »a^ Oi *11’A lo AoiSibbA 

oJ eiTfcnorfooS i a baa^X- "io ooMlbbfi .•'lOa-mdSiu'? .anlsioooiq 

ifii-'ioii ft* aTUlxle nolJaI«rt#it bai#Iqab-^TA orfS 

ti ,80 le 2 SOOT q Jon , no I i dOoXaiTAii S»ilJ ,‘8n OootQ 

.Ifaw fts iftao f»iAJ til Jnibooqab ta'ioao 

aofiOTO f.S rtoUv iiEvstie at-inSia » 5«d4 o Xc r.^iO^/••’» ■«»a« SI 

na beta ^nlsB^oo iq -lol aftaaJmq iJt'iSaa a aoqa bnaqab bluodo 

bJteH .navftwoK .nol J odolea^ tJ iiol ortAirfaaa laani bati^iiaaB 

.BolaJonq aosqi) ^naidaamaJni orfJ Ssrtl b-*.»oda (03) «!• Jo 

ns no 'jlo’i. o«l£ .^eabiionsq o asondooSto bu* taoTifooito 

97lJl»n90-*ni tlondSnjfaartq-Of, r a boa SNoaTdaaa laaal b«»lAn*ot 

dasox boI»<5aX-oa Xirq .^alatabc iq not ••aoionq 

q030 to ooftaaa'tq odd -ci aaiooltiioatt^^J ddla »Jaalqonadqa 

nsdtA .eaJtodonq stll to soTot noanvaanq \cX«o bnuol boa 

0 ajioad-obSx®***^*^ boa ^cf ••oT[riooSt^“*'*<l ^tOOO add to lavoflan 

0 asondooixii iiopnol snuJea niadJ od b<»baaaonq aiablxoTiaq 
i 

A M ^ ■>. M ra >. ^ Ar at •it f .4 m *K MiiaK4irfli'« Art 



polypeptide like that described for OTCase. Processing of 

both of these precursors also was blocked by 1,10- 

phenanthroline. It was shown using in translation 

that the intermediate form of yeast cytochrome \>2 was 

produced from its precursor by an activity localized to the 

matrix of subfractionated yeast mitochondria which was 

sensitive to 1 , 1 0-phenanthroline (61). Daum et al. showed 

that mitochondria could accumulate the intermediate when 

exposed to i_n vitro translated precursor at low temperature; 

they took advantage of this finding to demonstrate that the 

second processing step, to mature cytochrome b2» is not 

affected by the presence of 1 ,10-phenanthroline or uncouplers 

of oxidative phosphorylation (61). With pulse-labeled yeast 

spheroplasts, Reid et al. localized the intermediate to the 

inner membrane subfraction after processing (60). Though it 

is not clear that this matrix-localized, 1,10- 

phenanthro1ine-sensitiVe protease is the same as that 

described for the processing of rat OTCase, in the cases of 

these intermembrane space proteins, it is the translocation 

and processing of the intermediate form, rather than the 

mature form, which requires an energized inner membrane and 

a matrix protease. 

The processing of cytochrome c^i an inner membrane 

protein which is part of the cytochrome bc-i complex, also 

appears to occur via an intermediate form whose appearance 

depends upon a 1,10-phenanthroline-sensitive matrix protease 

(62). Ohashi et al. took advantage of the observation that 

39 



!Ci ft* / aeiiOTC batS i ^ ^ aWiX *^i^«|*ci\roq 

- 0 r , f '(o b9)> tm Id g.iw oal£ edO'iTiit^iq ^:o A ^ od 

noiafiXs 1 add .ojiXLe 4i jjni'Si) nworta a-**^ ii .asIi?na.aadq 

B w '5^ 9 s o'j ii c T* J < V Jaaav 1 .> ifiol aJ »si b ault ••tX afl^ XadX 

=?”? btmtifcj..of ftfi; vi 'tos*ti?0 3'?q 4*onl baviiboiq 

eau doXriw a 11L fi od 9’5 ^ £ i* i ^ ^ j o ii s#il dw« 1» 

b^vorie ii^ ia a'ja<t -fr^) €»n i •” o *< i.'r s-n ^.ftq-0 r . r oi etiiiinaa 

ai*!lw y J a 11 :> x. 1 >’1 X »>♦ ' ■*i a f u.au a.3 c hitiotj a In bn ofl i i « iailJ 

, ^'jo j aT'S^ af J v<oi t Ii I 0 c. “»u oanQ t**).'i; fan tt'li.jLy, BLi o4 tia-Boq** 

«(dj .QK'dl Q? ...nihni'' aifiX lo B;^aie<:vba 5iooi ^orfJ 

J jfl ai ,. o 9coTn00J'{0 ^« /ujaiii oJ ,Qaif> gnbftaflaa 

n-i '^■:- an I I iOddU-.i*. »iiq-U r , : To «»ofit»? »'iJi artJ xi baioalla 

ififiux ba fjda L-^riluq dll'* . .* tjv tieiX'i'^P^lcorti 3»ii«blxo to 

(kfil oi ?*i ii boa-.->Tni »;>3 .fa i» bluR ,»J ? £ i<»OtBdq« 

Ji '?o i fcoaocTs. x-si'j. tjolioenldus nfiaHUCBif nanal 

^ Q : ^ t ^bt»i2if|iooX''tfiJi:i» aldJ i»t1J 4co* tl 

jBiiJ ts oars rfsi Bi ♦eao^O'tcj e v i i t ea as - »ni I omf t a aaarta 

To aoBBO »iU ni .aeaOTC Jaa to jjci*oa^p'tq odJ not i^inoaab 

aoiiOHOISfji'ii art/’ di ?JL .ar^i^ioiq ooaqs endao jt'T'odfti aaaAi 

adi cadJ n64is'' ,Bnc>l •^.e 2 ^ a an a J r. i Oa? to aolBfta.oonq bna 

tj{tjt ofinndaaa 'laa.ii i bai? ijj nana ttfi saniiipin rto ldw ont/4<*a 

.aaa<^*0nq ^friSam a 

BaandaBR ofi .yO aaondooixo to gn i? *£0'O'»q “■'•'T 

o#X* ,3tdXa«^oo jod »atonAooi t^o 0di to inta «i . ijw oiaionq 
' )■ 

•ooiS'iiuaiiqa o^orfw Biot odeXi'-onmainX ;x« nxi^AC dx friaaqQs 

* ♦ *i- . ^ . 

•aaaionq xindaa avti £c< ei?*isc j. ionrtiuFfTrsrlq-^Of, f o flooa Bf>o»qot> 

JartJ a«>liAY5a«de i<jdd to ejifid vba ifood ,I» i« tiinajO- 4<Sd) 



processing to mature cytochrome c^ requires heme, and used a 

yeast mutant lacking heme to accumulate the intermediate 

form, 4000 daltons larger than mature cytochrome c^ and 2000 

daltons smaller than in vitro translated precursor (62). 

That this intermediate form precedes the mature form was 

proven by chasing the pulsed mutant cells in the presence of 

added heme precursor and observing the conversion of 

intermediate to mature cytochrome c ,j. 

Finally, the kinetics of translocation and processing 

have been studied with pulse-chase experiments performed in 

the absence or presence of an inhibitor of the mitochondrial 

processing system (63,64,65). Using rat liver explants, 

Raymond and Shore (63) showed that ]methionine labeled 

pre-carbamyl phosphate synthetase (pre-CPS) disappeared 

within a 4-minute chase period, with an apparent ^y/2 

conversion of pre-CPS to mature CPS of about 2 minutes. 

Raymond and Shore then blocked processing with p- 

aminobenzamidine, a protease Inhibitor, and found that with 

time, less pre-CPS could be found within the 

extramitochondrial fraction of the explant homogenates but 

no mature CPS appeared in the mitochondrial fraction. The 

^1/2 total disappearance of the pre-CPS was about 2-3 

minutes. Mori et al. (64) pulsed rat hepatocytes with 

[3^S]methionine and then chased for various times with 

unlabeled methionine and demonstrated that the precursor 

form of OTCase disappeared from the cells' cytoplasmic 

fraction within 10 minutes of chase, as the radioactivity in 

40 



(r* ht*au f>ai5 .srtsr! o9*o^dooi'^;> •ivim oS jel««#oo*iq 

w j ? . hfltii'19 1 a Jt s^Su L’Xfo^if M 9t $ arista it«*X 

COOS bns J.0 ^noidaoix® aiuJfcJa A#dJ T9jn*i faoilafa 000<l 

. Toa •: u j s i<j baJarettR^^ i^^aUJE. ditiXaiia »kao^X«b 

3«w •’10*5 »*tiyisa »elO c»b#oar'Tg| «To1t »i*lbaat»Jai eidi iadT 

la »'^ti9as'Tfj 9(ii fit h*^9.ijq »dO jaiaado B#voaq 

*!o i9d4 ud’6 'lo&'iy te9bb» 

.J.C7 •Qu'irioa.)xo a'laiix 

gnxd3900T:i t* 0 ^ 3-to o X an 6T ? ' s&iJaoiJi ■atiO xXXftnt^ 

ni boftTolTbs **-c«8dr-- 61u^ ddl’4 beiiBia «#■«»<< avari 

Isinbnortooi ia obj 'lo idt;i;.i u Ai> bom/san^i -to 90ft»«d* odd 

irjaeXqxa isviJ tju i 3»<tlo ' . ( :•-i i £ djniitiHOdoiq 

b^iadoi on irtoi i 1 ■i o[ 2^'^^ j J*i>v /.swodi: (?2i ^nodisi bi’’-! i>:io*x*d 

b«-» *joqq » e / b (3'^D-O'iq) ?ei» j =)ii' .i 9«J « rfO £ odq 11 aAdiJro-O'iq, 

io"t Jodat^qa a£ riitw ^wOiTjaq s>e,€#^o j»dv,Ai«-d a aiddtif 

.aoiKAiia S Ouodii ':o "'I'J sn'tuir' oj .lote-iovaoo 

- q d 0 i « a n 1 e E 9 0 c* -1 ■:! o -i r o X J a v» ri d i o a i, fi n .'"- r; fi» • % a Jl 

< 
ddtw Xarfi bnifpi Dfta .ncjidiftni fi »ofi^i)imaatir^donio» 

otiJ a t si ^ t u bn 119 ~i f>rf o.Caoo SKO-'Siq a t 9 £ 

Jjrd daXaaajcaod Jaa^iqx» orft To aeidf^Ail J aiti>ttDildo4ii8a'i^ao 

:*dT .noiJdsnl: Isinbnotloojlu edd fli bi?T»»qc:fi S'ftJ J*a4/d«« 00 

e-S JudJo a«K odd io aottoiaoqq os Jtb kaibi do'V 

dj 1: n ooJVOodgqod dan doaXaq (db) .X« i-ioM .•tlwola 

diiw Boaid suoiTs^v no'i boB^rfa aodi fetio 9rtidc /3-5♦•( S''^3 

»io«*si.'0*tq orti Jadd bstanXaqoctob ba *; a«id<>X d ?<*e'o#| »cj*XnA/ 

oXaodXqo^x® 'aXIdo odi aioil »9j>.3y0 ^o «qo1 

• W.' ■' 
aX tX ivi>$tJM9tbp‘i atiS ^ab^do Icp aaiunia Or nidiiw aolioait 



the particulate fraction increased. The t^/2 pre-OTCase 

conversion to OTCase in this system was about 2 minutes, 

similar to that for CPS. The precursor form of another 

cytoplasmically synthesized mitochondrial protein, aspartate 

aminotransferase, could be chased into the mature 

mitochondrial form with a t-j ^ 2 about 30-60 seconds in 

chicken embryo fibroblasts (65). Including CCCP in the 

pulse-chase incubation mixture caused all of the labeled 

precursor to disappear within 15 minutes with a t^/2 

about 5 minutes, without any incorporation of label into the 

mature form of the enzyme. These kinetic studies all agree 

that the half-time for translocation and processing is on 

the order of a few minutes, and that when either is blocked, 

the precursor forms of the proteins destined for the 

mitochondrion appear to be degraded within minutes. 

To summarize the evidence accumulated over the recent 

years from both yeast and mammalian studies, it appears that 

most mitochondrial proteins which are synthesized on 

cytoplasmic ribosomes are made as larger precursor forms 

which are converted post-transi ationa11y into the mature 

proteins. Not all such proteins are made as larger forms, 

however; whether their size or tertiary structure obviates 

the need for the additional amino acid sequence(s) remains 

to be shown. That cytoplasmic ribosomes which translate 

precursor proteins do not appear to be necessarily 

associated with mitochondria is indirectly supported by the 

observations that 1) a lag time exists between the 

41 



#i!l7 .b3^a»«’toni ook^oAil w < Aiu6j;rTA<i •nJ 

^tt-^ + wnla %. }u<f4a ?.£» fn^StiX^ rtl #^^*370 tio!«*i«Y»ioo 

"Jo /encf t 'i^eiuoe'iQ adT lo t j •» li itXiale 

-».'& 5 «64Dg XaiT p JOiioo' i;« h91i« *!i Jn t€ %i i0fi I *htt Iqoi 

o',;iim erfJ ojol j3rt£»rta 96 biuoo ,g*s1dlgflgn40flX«g 
v> 

n£ at>tTn;>«3 Od-O^ iu<?<iii 7c ^JJtv a^o7 X */n Js^ortfloi l« 

n i. ^T'O'j a3lbul:>r?l . f ^ ?)) tt a Ido-t J i ^ o'(T4>ctf' aaidido 

bttifcJal vfiX To 11b boeisso xXn n 0 i; J *titi: n i gdo• »» Itiq 

X'j cv “ iJ X i nsiyoXrtr 2^ rttiiXXv 'tP<»qagaiD o1 lot'iuog'iq 

ftflj oxfft "to ao i 3 fyaq'J o-/n i Vc» 2 iuodg 

=»r-’'t^a f Xe a9ibpx& 9A£»c r .&avsA9 gjiX lo g'lui’** 

i(0 -■^ ^filearjoaiq bai .1 oi J 5&c J. *• a gn J not 98(id~7X«ri gili J»d-X 
. I 

tji?i3oXd c i ndtij t4 n »a w X :■ "p t: ?5 , 4 • iJ r,- n Z. a y g ’. d 'i © n • ti no odd 

yjX non b^rJiJsab pol^Jon, 7o ganoi toint/oonq sdX 

.Bs>ii.nXci cirtXJtw babangob B<f nJ no In baodood Xo 

innosn arid ntJ^'O a. iabtTO >riJ onlnarmu^ oT 

jBrid angoqqg nfeXIgisve® ing dnafy" rf.lod .ao’\n •noax 

00 t‘9 « i. a nrf J r! X8 dig rioXrfw brjlnioiq Xgl*i boodood 2 * Jaoo 

3 m n o 1 n oa ««:> 8 nq n b s 'i s X a » f b a o © n £. e o a 0 a i n © i «t. j t q a I x ^ 
f 

• lyXsa 9rit jint ifl X g^aoi J « I £ oond «ii Boa rioJ 'Pvn6o ono doidw 

,«ni&n naj^nal o* »bB« ong aaia-lonq ddua ilm toU .oaXodonq 

«8daX\rdo ♦notounde x^alinod no osjfca niadd n»riis*4- ’novowori 

ftoiofflon Cft>oi>ao-up9tt bios ooXntg IsnoXJJ;btor. *(fi nol *.-'.'»oo odd 

• daXaftand /luXriw aoooeoriin qxfflaaXqodx* dadT .-’yojtia *d od 

xXlnaoaa^aa ad od ns^qqa don ob eaxadonq Toanwoonq 

•dd Xd b#inoqi4i/d x^fdoanibo i et AXnbnodL^o t Xa ridfv badaiooaio 
o 

arij aJisinn Giaid j^sX 8 (r dadd. aootdavnaado 



appearance of cytoplasmic precursor and the appearance of 

mitochondrial enzyme, 2) precursor has never been found to 

be intimately attached to the mitochondrial fraction of 

cells ill vlv^, 3) precursor is easily detected in the 

extramitochondrial compartment of fractionated cells, A) 

analysis of mRNA on polysomes associated with mitochondria 

does not demonstrate that they code preferentially for 

mitochondrial proteins, and 5) OTCase is synthesized 

exclusively on free polyribosomes. The NH2-terminal "signal 

sequence" of amino acids characterizing precursor forms is 

cleaved within the mitochondrial compartment. It is 

attractive to postulate that this sequence is recognized by 

mitochondrial outer membrane receptors which make it 

possible for these proteins to enter the mitochondrion. 

Even if free protein recognizes its mitochondrial 

destination via signal sequence-membrane receptor 

Interactions, the process by which the protein is 

translocated across the mitochondrial outer membrane is 

unclear. Since ATP formed from substrate level 

phosphorylation in the cytoplasm is freely permeable across 

the outer membrane, an ATP-dependent translocation theory is 

difficult to test in intact cells. Whatever the mechanism 

for translocation across the outer membrane, it appears that 

whether proteins are destined for the intermembrane space, 

the inner membrane, or the matrix space, translocation 

across the inner membrane occurs. This translocation is 

energy dependent because it can be blocked by Inhibiting ATP 
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formation at the inner membrane-matrix interface and 

inhibiting ATP access across the inner membrane. 

Processing, however, does not seem to be ATP-dependent. For 

pre-OTCase, a matrix enzyme precursor, the processing 

activity can be localized to the mitoplast fraction, 

implying that a pre-mature form of OTCase still exists 

within the intermembrane space. Whether the "signal 

sequence" or another portion of the protein recognizes the 

inner membrane remains unclear. Perhaps cleavage to the 

intermediate form of OTCase prohibits its exit into the 

cytoplasm and is necessary for its complete translocation 

into the matrix space. 

It appears that two distinct proteases are responsible 

for the processing of pre-OTCase to mature OTCase, a Zn^'*'- 

independent protease whose activity is localized to the 

mitoplast fraction and which cleaves pre-OTCase to 

1 n t e r m e d i a t e - 0 TC a se , and a Z n^ ■**-d e pe n d e n t protease which 

processes the protein to mature OTCase in the matrix space. 

However, evidence has accumulated that intermembrane space 

enzymes (cytochrome b2, cytochrome c peroxidase) and inner 

membrane enzymes (cytochrome c-j , F^-ATPase subunits) also 

require a matrix-1oca 1ized divalent cation-dependent 

protease. In the cases of cytochrome b2 and cytochrome c^, 

in which intermediate forms have also been identified, 

processing the precursor to the intermediate form requires 

this protease and an energized inner membrane, whereas 

processing to the mature form does not. Whether processing 
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occurs concomitantly with translocation across the inner 

membrane has yet to be directly shown, but it appears that 

"vectorial processing" is a valid concept, especially 

because there is no evidence that proteins which require a 

matrix protease for processing, yet are localized in a 

mitochondrial subcompartment other than the matrix, can at 

some point be found in the matrix. 

For the proteins so far studied, if translocation or 

processing is blocked, the precursor form disappears from 

the cell within minutes, presumably degraded. This 

degradation has not been examined closely, although the 

concept is certainly not new. Limited studies suggest that 

abnormal proteins are degraded rapidly by intracellular 

proteases; the details of the recognition of such abnormal 

proteins are not well worked out, but it may be based on 

their size, charge, tertiary structure or interactions with 

other proteins (e.g. ubiquitin) and with each other (66). 

Thus, mitochondrial protein biogenesis is a complicated 

matter without enough evidence accumulated so far to 

construct a scheme generally applicable to cytoplasmically 

synthesized mitochondrial proteins. In the studies which 

follow, the in s.ii-ii characteristics of Buffalo rat liver 

methy1ma1ony1 CoA mutase are described with special 

attention to its cytoplasmic form, turnover rate and 

mitochondrial processing. 
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MATERIALS AND METHODS 

Buffalo rat liver cells (clone BRL-T) were supplied by 

Dr. Elizabeth Neufeld, NIH. Dulbecco’s modified Eagle's 

minimal essential medium, Eagle’s minimal essential medium, 

kanamycin, and trypsin-ethy1enediaminetetraacetic acid 

(EDTA) were purchased from Grand Island Biological Company. 

Fetal bovine serum was from Sterile Systems, Inc. L-[il,5- 

^H]leucine (4? Ci/mmol, 1 mCi/ml) was purchased from 

Amersham. Formalin-fixed Staphylococcus aureus cells were 

supplied by Bethesda Research Laboratories. 2,4- 

dinitrophenol was purchased from Sigma. Unlabeled L-leucine 

was from Schwarz-Mann. Coomassie brilliant blue R-250 was 

purchased from Bio-Rad Laboratories. Other reagents used 

were from usual commercial sources. 

Culturing Buffalo rat liver (BRLl .ce,ll.a 

2 
BRL cells were cultured in Falcon 75 cm plastic tissue 

culture flasks containing 25 ml of Dulbecco's modified 

Eagle's minimal essential medium supplemented with0.05$ 

(v/v) kanamycin (10,000 mcg/ml) and 5$ (v/v) fetal bovine 

serum (referred to hereafter as Dulbecco's modified medium). 

The cells were grown in 5$ C02-95? air at 37°C. Upon 

reaching confluence, the cells were transferred into Costar 

100 mm dishes. Cell transfer was performed under sterile 

conditions and consisted of first removing the growth media 
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and rinsing the flasks once with about 10 ml of phosphate- 

buffered saline (O.nM NaCl, 3mM KCl, lOmM Na2HP0j^, pH 7.0). 

Then, 1.5 ml of 0.25$ trypsin-EDTA (0.2 g/1) was added to 

the flasks to cover the cells and the flasks were incubated 

at 37°C for 1-2 minutes until the cells lifted off the flask 

as confirmed by microscopic evaluation. Approximately 7-10 

ml of the Dulbecco’s modified medium was pipetted into the 

flasks in such a way as to ensure dislodging of all the 

cells still adhering to the bottom of the flask and to each 

other. Aliquots of the flask contents were pipetted into the 

dishes (or new flasks) and 10 ml of Dulbecco’s modified 

medium were added to each dish (or 25 ml to each new flask). 

Cells were usually divided into 2-6 new flasks or dishes per 

original flask. Confluence could be achieved in 1-3 days, 

depending upon the extent of the dilution. Upon confluence, 

the dishes of cells were used in experiments. 

Labeling and harvesting of BHL cells and immunoprecipitation 

jaX ffijyita^ 

For each experimental time point three dishes of 

cells were used. The culture medium was removed from each 

dish, and they were rinsed with about 5 ml phosphate- 

buffered saline. The cells were then incubated for 60 

minutes at 37°C in 8 ml of Eagle's minimal essential medium 

without leucine and with 10$ dialysed fetal bovine serum. 

The medium from each dish then was removed and replaced with 

4 ml Eagle’s 1eucine-deficient media and 0.2 ml L- 
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[^Hjleucine (4? Ci/mmol). The cells were incubated at 37°C 

for 2 hours. All the medium was then removed, the cells 

were rinsed with 5 ml cold phosphate-buffered saline (~4°C), 

and the cells were immediately lysed while still attached to 

the dish by adding 1 ml NETS-leu buffer (0.15M NaCl, 0.01M 

EDTA, 0.5$ Triton X-100, 0.25$ sodium dodecyl sulfate (SDS), 

1$ L-leucine) per dish. The lysates from each of the three 

plates were combined and centrifuged for 20 minutes at 

36,750 X g in a Beckman L-75B ultracentrifuge to remove 

particulate matter. The supernatant was collected (3-4 ml) 

and 8 pi of mutase antiserum prepared previously against 

human liver mutase (5) was added to it. The mixture was 

left at room temperature for 30 minutes and then 

refrigerated at 4°C overnight. In one experiment, 

competition for antiserum between purified unlabeled mutase 

from human liver (5) and the putative mutase protein in the 

labeled cell extract was tested by dividing the supernatant 

equally and adding only antiserum to one aliquot, and both 

0.03 mg of purified mutase and 8 pi of antiserum to the 

other. 

slL immunoprecipitated mutase 

To each sample immunoprecipitated overnight, 90 pi of 

aureus cell suspension (10$ w/v) were added 

and the mixture incubated at room temperature for 10 

minutes. To separate the ^ aureus - antibody - mutase 

complexes, the aliquots were centrifuged for 10 minutes at 
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6975 X £ in a Sorvall RC-3 general purpose centrifuge. The 

precipitate from each aliquot was resuspended in 0.5 ml RIPA 

buffer (10 mM Tris-Cl (pH 7.2), 150 mM NaCl, 0.1$ SDS, 1$ 

Triton X-100, 1$ Na''‘deoxychola te) and transferred to a clean 

tube. This mixture was centrifuged for 10 minutes at 7000 x 

£ in a Fisher microcentrifuge , the precipitate was 

resuspended in 0.5 ml RIPA, and this step was repeated. The 

suspension was centrifuged again, and the precipitate was 

resuspended in 30 ul cracking buffer (0.125 M Tris-Cl, pH 

6.7» 10$ glycerol, 5$ mercaptoethanol, 2$ SDS, 0.001$ 

bromphenol blue). The mixture was placed in boiling water 

for 3 minutes to release the mutase from the ^ u.5. cells 

and then centrifuged for 5 minutes at 7000 x £ in a Fisher 

microcentrifuge to remove the cells. The supernatant was 

applied to a SDS-polyacrlamide gel (see below). 

Pulse-chase experiments 

Labeling of the BRL cells for pulse-chase experiments 

was performed as described above for the immunoprecipitation 

of labeled mutase, except that in some experiments oxidative 

phosphorylation was blocked during the pulse using 2,4- 

di ni tr ophenol. After the cells had been incubated in 8 ml 

Eagle’s minimal media without leucine for 30 minutes, 0.64 

ml of 50 mM DNP in 0.1 M Tris base (pH 7*0) (DNP/Tris) was 

added to each dish for the remainder of the hour.After this 

media had been removed,4ml Eagle’s minimal medium minus 

leucine, 0.2 ml [^Hjleucine (47 Ci/mmol), and 0.32 ml of 
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DNP/Tris were added to the cells. After the 2 hour 

incubation period, the chase was performed by removing the 

media, rapidly rinsing the cells with 4 ml Eagle’s minimal 

media without leucine, and then incubating the cells at 37°C 

in 4 ml Eagle's minimal medium without leucine with 0.2 ml 

of 0.02 mM unlabeled L-leucine for the desired chase time. 

After removing the medium and stopping the chase with 5 ml 

of cold phosphate-buffered saline, the cells were lysedwith 

NETS-leu as above. The lysates were treated, 

immunoprecipitated, and prepared for application to the gel 

as described above. 

In experiments in which the chase was performed in the 

presence of DNP, 0.32 ml DNP/Tris was included in the chase 

medium. 

Growth ^ BRL cells in 2.4-diDltrQDhenol 

Experiments were performed to determine whether 

incubation of BRL cells in the presence of DNP for at least 

5 hours affects their ability to translate and process 

mutase. In one experiment, cells were incubated for 3 hours 

in 8 ml Dulbecco's modified medium and 0.64 ml DNP/Tris at 

37^C. This medium was removed and the cells were labeled 

for 2 hours in the presence of DNP and chased in the absence 

of DNP as described above. To assess the ability of BRL 

cells to translate new mutase, cells were incubated for 5 

hours in 8 ml Dulbecco's modified medium and 0.64 ml 

DNP/Tris before labelling them in the presence and absence 
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of DNP as described above. 

£1 eg tr OP ho re sis ajijI vilsuall za tion ol radioactive mutase 

The aliquots (~30 ul) containing immunoprecipitated 

mutase were applied to a 7*5$ SDS-polyacry1 amide slab gel 

(0.75 mm) (67). After electrophoresis (67) the gel was 

placed in a Coomassie brilliant blue solution for 30 minutes 

at 37°C for staining, then destained in a 10$ acetic 

acid/10$ methanol solution overnight. The gel was then 

placed in water for 15 minutes, followed by a 1 hour soak in 

Autofluor, and then the gel was dried using a Bio-Rad Model 

221 gel slab dryer. It was placed against Kodak X-Omat XAR- 

5 film in the dark at -100°C for 3-5 days and developed. 
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RESULTS 

SlL ipethylmalonyl CoA mutase from BRL cells 

Prior to these studies, there have been no reports of 

the recovery of mutase from i^ situ labeled cells. As lanes 

1 and 2 in figure 4 show, after cultured BRL cells were 

incubated in medium containing L - [ ^H ] 1eucine for 2 hours, 

immunoprecipitation of the cell lysate isolated a single 

polypeptide (lane 1). That this band represents 

methylmalonyl CoA mutase was verified by its absence in lane 

2, where 0.03 mg of unlabeled, previously purified human 

liver mutase was added to the lysate before the addition of 

mutase antiserum. Mutase is absent in lane 2 because the 

excess unlabeled enzyme effectively competes for mutase 

antibody, preventing the endogenous labeled mutase from 

being immunoprecipitated. The arrow shows the position of 

the purified unlabeled human liver mutase on the Coomassie 

blue stained gel, corresponding exactly to the position on 

the fluorogram of labeled protein. 

Discovery of the precursor form of mutase iji in situ labeled 

■e_ej^l_s 

Because DNP has been shown to inhibit the translocation 

of other cytoplasmically synthesized mitochondrial proteins, 

it was used in this study in the hope of identifying a 

precursor form of mutase. Figure 5 shows that if the 2 hour 
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Figure 1. Recovery of mutase from BRL cells. BRL cells 

were labelled with [^H]leucine for 2 hours. 

Immunoprecipitated mutase was recovered in the absence 

(lane 1) and presence (lane 2) of unlabeled mutase in the 

cell lysate. The arrow indicates the position of the 

unlabeled mutase on the Coomassie blue stained gel. 
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mutase-^ 

Figure iL. (legend on preceding page) 
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pulse is conducted in the presence of 4 mM DNP, the 

recovered protein runs more slowly on the gel (lane 2) than 

mutase from cells pulsed in the absence of DNP (lane 1). To 

determine if this more slowly moving band is indeed 

immunochemical1y related to me thyImalony1 CoA mutase, 

experiments were performed in which the 2 hour pulse in the 

presence of DNP is followed by a 7 minute chase period in 

which both label and DNP are absent from the cell culture 

medium (figure 6). In lane 1, two bands can be visualized 

on the fluorogram, a faster moving band in the same position 

as authentic mutase (figure 4, lane 1) and the Coomassie 

blue stained band representing unlabeled purified human 

liver mutase (arrow, figure 6), and a slower moving band. 

When unlabeled purified mutase is added to the cell lysate 

before the addition of mutase antiserum, both of the bands 

disappear (figure 6, lane 2), verifying the immunochemical 

similarity between both polypeptides. Because DNP and other 

uncouplers of oxidative phosphorylation have been shown 

previously to inhibit the transformation of precursor 

cytoplasmic proteins to mature mitochondrial proteins 

(53.59.60,65), these data suggest that the more slowly 

moving (larger) band represents a cytoplasmic precursor to 

mature mutase. This precursor is about 3000 daltons larger 

than the mature mutase enzyme based on comparison with the 

migration of standard proteins (data not shown). 
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Figure 5. Recovery of pre-mutase from pulsed BRL 

BRL cells were labelled with [^Hjleucine for 2 hours 

absence (lane 1) and presence (lane 2) of DNP. 

cells, 

in the 
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Figure 5.« (legend on preceding page) 
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Figure Immunochemical similarity between pre-mutase and 

mutase recovered from BRL cells. BRL cells were labeled 

with [ H]leucine for 2 hours in the presence of DNP and then 

chased for 7 minutes in the absence of DNP. 

Immunoprecipitated protein was recovered in the absence 

(lane 1) and presence (lane 2) of unlabeled mutase in the 

cell lysate. The arrow indicates the position of the 

unlabeled mutase on the Coomassie blue stained gel. 
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larger, ilexm aX gmtase chased into the mature 

mutase band 

The hypothesis that the larger form of methy1ma1ony1 

CoA mutase is a precursor to the form i m m unoprecipitated 

from labeled cells is supported by the experiment ‘shown in 

figure 7A. BRL cells were pulsed with [^H]leucine for 2 

hours in the presence of DNP and then chased with unlabeled 

leucine in the absence of DNP for intervals ranging from 

zero to 12 minutes before the medium was removed and the 

cells lysed. Lanes 1 and 2 represent the 2 hour pulse in 

the absence and presence of DNP, respectively, without a 

chase. In lane 2, all of the radioactivity is associated 

with the pre-mutase band. After 2 minutes of chase (lane 3) 

a band becomes visible at the position corresponding to 

mature mutase. With longer chase times, this band becomes 

more intense, as the more slowly moving band representing 

pre-mutase becomes less intense (lanes 4-7), such that by 12 

minutes of chase the pre-mutase band has almost completely 

disappeared. Hence, the radioactivity in the pre-mutase 

protein is incorporated into mature mutase protein over 

time, as soon as the block to conversion (i.e. DNP) is 

removed. From figure 7A it is qualitatively clear that 

after 6 minutes of chase the pre-mutase band is more intense 

than the mature mutase band, and after 9 minutes of chase 

the band representing mature mutase is more intense than the 

band in the position of pre-mutase. These results allow us 

to estimate that the ^t/2 conversion of pre-mutase 
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Figure 1. A. Chase of pre-mutase into mature mutase. BRL 

cells were labelled with [^Hjleucine for 2 hours in the 

absence (lane 1) and presence (lanes 2-7) of DNP. The cells 

were chased for 0 minutes (lanes 1 and 2), 2 minutes (lane 

3), 4 minutes (lane 4), 6 minutes (lane 5), 9 minutes (lane 

6) and 12 minutes (lane 7) in the absence of DNP. 

B. Chase of pulsed BRL cells in the presence of 

DNP. BRL cells were labelled with [^H]leucine for 2 hours 

in the absence (lanes 1 and 2) and presence (lanes 3-6) of 

DNP. The cells in lanes 3-6 were chased in the presence of 

DNP for 0 hours (lane 3)» 1 hour (lane 4), 3 hours (lane 5) 

and 5 hours (lane 6). The cells in lanes 1 and 2 were 

chased in the absence of DNP for 0 hours (lane 1) and 5 

hours (lane 2). 
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Figure 2L» (legend on preceding page) 
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protein to mature mutase enzyme is between 6 and 9 minutes 

after the removal of DNP. 

£hJ^^ SLL pulsed ML. pells with DNP present 

Based on the reports of studies with OTCase and 

aspartate aminotransferase (64.65), one would expect to 

witness rapid degradation of the mutase precursor if DNP is 

used throughout the chase period to keep the mitochondrial 

translocation/processing system blocked. Figure 7B shows, 

however, that the band representing mutase precursor (lanes 

3-6) remains strong for as long as 5 hours of chase in the 

absence of label. Qualitatively, the pre-mutase band does 

not appear to show any significant decrease in intensity 

until 5 hours (lane 6). In no lane could there be seen any 

density associated with mature mutase (compare with lanes 1 

and 2) or apparent degradation products of unprocessed pre- 

mutase. 

The ability of BRL cells to process pre-mutase and 

translate new mutase after exposure to DNP for 5 hours was 

assessed. Figure 8 shows that BRL cells can process labeled 

pre-mutase after 5 hours of growth in medium containing 4 mM 

DNP (lane 1) and that they are capable of translating new 

mutase if the cells are labeled after they have been 

incubated for 5 hours in this medium (lanes 2 and 3). 

Hence, it is unlikely that the persistence of a band 

representing pre-mutase after 5 hours of chase in the 

presence of DNP can be attributed to a DNP-related breakdown 
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of the cells’ metabolic processes; there appears to be no 

change in the ability of the BRL cell to translate and 

process mutase under these conditions. 
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S. Affect of DNP on the processing and translation 

of mutase. In the experiment shown in lane 1, BRL cells 

were incubated in medium containing 4 mM DNP for 3 hours and 

then labeled with [^H]leucine for 2 hours in the presence of 

DNP. The cells were then chased for 1 hour with unlabeled 

leucine in the absence of DNP. In another experiment, BRL 

cells were incubated for 5 hours in medium containing 4 mM 

DNP and then labeled for 2 hours with [^H]leucine in the 

absence (lane 2) or presence (lane 3) of DNP. 
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DISCUSSION 

It is clear from the introductory review of 

cytoplasmically synthesized mitochondrial proteins that the 

details of their translocation and processing are not yet 

well worked out. Although there are many common elements 

among the results which various workers have obtained, some 

of the evidence accumulated so far is conflicting and it is 

unclear whether results from one type of organism (e.g. 

yeast) can be generalized to another (e.g. mammals). The 

work presented in this thesis is intended to add to the 

knowledge of the biology of mitochondrial proteins 

synthesized in the cytoplasm and also to contribute to the 

understanding of the biosynthesis and processing of 

methylmalonyl CoA mutase. 

The autosomal recessive inheritance pattern of 

methylmalonic acidemia in the EiLt mutant class implies that 

methylmalonyl CoA mutase must be coded on nuclear DNA rather 

than mitochondrial DNA. One of the most important results 

of this work is that methylmalonyl CoA mutase has been shown 

to be synthesized in a larger precursor form which cannot be 

processed in the presence of an uncoupler of oxidative 

phosphorylation, presumably because the uncoupler deprives 

the inner membrane of energy required for translocation 

(figure 5). Hence, methylmalonyl CoA mutase can be added to 

the growing list of proteins which have been shown to be 

synthesized cytoplasmically as a precursor and processed to 

66 



woiasuoaia 

■ >' yno4‘:»i»ij(?-i"rtt «d] isortl &1 II 

:'rt. i*JnbauddOJ c b * jKiatdin v,IX Bdlavalqodxo 
« 

^5i> i: 8^ 0 0 •. .7 i,;t« n'o 1.1 i^^x) I a a* •» y -liartf to iXlaiab 

A.n^a* « o£«o'j v.Aea ‘J*t« atadi dfi/crfJXJ^ .iuo iX#w 

(«--■•.‘j rv'trt fr.4<oi'trtV doiti»y Bdli/as'i adi ]|aotta 

ai Ji Ln»' j|n I .t 0 i n n'* 0 -t*! rs#i baJAiU'fuooa •oa»biva add lo 

-a.tt) ntir-^-fo 'to aii bCQ •o'i’i iJiixivo 'itddortw 'laalonu 

tdl .^Riaiunt-a .§,*j TadioArf o) b««i{«’i*aa}ji ad nao (Jaaay 

di. ' j> ^ia•^ j fciabnaJoi at *iaad5 aidi ■! ba^nasa^rQ jinow 

?. n i ry i 6 t 1 b ii o d 3 9 J • * To yfoXold art 3 lo #8bMiaon9l 

D.? w v< i n (c. 1 oeXa faf'« aaatqo^to ♦-•d nl batiaariJnxa 

/ f 
Ici ataadjo^yfold adJ la lalbna^tnabnu 

.aaa^u* Ao3 Cynolaaltil^aa 

•,' toAHJ^Taditi avlasti'ai Xaa.?*03wi artT 

tidj a^«io dnaJua Xi/g ad.t el aliiaMoa !>iaoXaaXydiaa 

’twd^&T AVG latlouit no baboo aff l«ua ataliia Ao? X tr^o Xff aXidiaa 

eJxi'&k'j iaa.'to^al 3«o« adl 1o aeO .itIO l4lnbrt«4a« 11 n oadi 

n tv> u. .v'>G 44d waaiwa AoO Cy&oXaaltrtiaa JmtiJ al diav aifii lo 

fd Joj3( ao doidv anol 'loa'tuaaoq ‘laanaX a nl basIsarfJdxa ad oJ 

• '^c.tahixo lo Msiquooau na lo aonaaaiq add Al baaaaoonq 

a;^vl'Tqab *iafqiJooau adi aiuaoad y;Xdaaaa»*tq «a«ldaXtnodqaodq 

ft o 13 a CO Xaa a'!3 ^o'\ ba'tiwad't •As*frtet« nartitl arid 

od b<*./?a ad aao AoO X^aa Caalydiaa ,a>aaH ~.(ii artvtil) - 
i 

ad ad tiwada nafd avad daldw aaXa ro'tq lo d«lX s^Xwoid add ^ 

i 
od taftaaooia bna a Aa {Xlaalaaaldadfo bafiaaddata 



a smaller, mature mitochondrial form. 

Although the processing of JLa vitro translation system 

products by isolated mitochondria has been taken as evidence 

that free precursors can be imported and processed in vivo, 

there had been no direct reports prior to the undertaking of 

this work that free precursors could be Imported by 

mitochondria in intact cells. Other studies had only shown 

that precursor accumulated in the extram i tochondria 1 

compartment if translocation was blocked. Figures 6 and 7A 

conclusively show that precursor accumulated in the presence 

of DNP can subsequently be chased to mature enzyme when DNP 

is removed from intact BRL cells 2 hours later. Hence, the 

in vitro findings are substantiated by these in yi.y.n data. 

After these studies had been completed, Schatz and coworkers 

reported similar results for cytochrome b2» cytochrome c^ 

and the beta subunit of the F-j-ATPase using pulsed yeast 

spheroplasts in the presence of CCCP (60,68). 

As discussed earlier, a few groups have determined 

half-times for translocation and processing by chasing 

pulse-labeled cells. The method used in this study (figure 

7A) differs in that the BRL cells were pulsed in the 

presence of DNP. Hence, before chasing in the absence of 

label and DNP, precursor accumulated without the opportunity 

to be converted to mature enzyme. Other workers have not 

used such a translocation inhibitor during the pulse in 

their experiments to calculate the conversion. To 

draw reliable conclusions about the half-time for conversion 
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with the method used in this work, two conditions must be 

met: 1) there is no significant degradation of accumulated 

precursor during the pulse period; and, 2) there is not a 

significant period of time required after the removal of DNP 

for its effects to be reversed. The experiment shown in 

figure 7B, which demonstrated that there was no significant 

degradation of precursor over many hours, shows that the 

first condition is satisfied. Fulfillment of the second 

condition is established by examining lane 3 in figure 7A; 

at 2 minutes of chase there is already some conversion of 

pre-methylmalonyl CoA mutase to mature mutase. indicating 

that any lag-time required for the effects of DNP to be 

reversed must be less than 2 minutes. 

The results in figure 7A also show that the y / 2 

the conversion of pre-mutase to mature mutase is between 6 

and 9 minutes. This time is a bit longer than the half-lives 

reported for OTCase, CPS or aspartate aminotransferase 

(63*64,65). The reasons for this small difference may be 

related to factors such as size, charge and tertiary 

configuration influencing the processing of protein 

precursors. However, the half-life for processing of 

precursor to mature mitochondrial protein has been studied 

for only 4 proteins; it may be found after future study 

that the similarity in half-lives (i.e. minutes) is more 

striking than the differences between them. 

The most unexpected discovery from this work is shown 

in figure 7B. Instead of undergoing rapid degradation when 
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the cells are chased in the presence of DNP, the labeled 

mutase precursor can be immunoprecipitated for at least 5 

hours without signs of significant degradation. Therefore, 

if the presumptive degradation follows first order kinetics, 

the t-|/2 the disappearance of pre-mutase is longer than 

5 hours. This is very different from the t-|/2 the 

disappearance of pre-CPS from rat liver explants in which 

processing was blocked (2-3 minutes) (6^0, or the t^^2 

the disappearance of aspartate aminotransferase from 

individual rat hepatocytes in which translocation was 

blocked (“5 minutes) (65). Reid and Schatz, in a report 

published after the completion of this work, monitored the 

presence of labeled pre-beta subunit of the F-j-ATPase of 

mutant yeast cells incubated with CCCP and for as 

long as 7.5 hours (69). However, these cells were not 

chased; the labeled precursor may simply have represented 

continually synthesized protein. Therefore, conclusions 

about precursor lifetime based on such experiments may be 

invalid. Hence, of the few reports which describe the t^/2 

for precursor degradation, mutase is the first case in which 

degradation does not occur within a few minutes. We can 

only speculate about the reasons for this. If an accumulated 

protein precursor can be recognized as an abnormal protein, 

its rapid degradation can be explained (66). However, if, 

in general, accumulated precursors are recognized as 

abnormal, the reason why pre-mutase is not similarly 

recognized is unclear. Possibly its charge and tertiary 

69 



I • * viij >3 *ojivi.'^nq ady at ♦Xi»c »rfi 

•• • 'E ten n t a4 aaaauom^q taaium 

• -eriT .no o«i't ni i« ? ^ no Ronia ^uo/1^^w snyorf 

• S'. -•.tT. J'-'T*"! 'r'.'itsn^^b 9¥XJqmu9m’\q <tdJ nj| 

r ♦»< jiJ .»T.. '•:• "• ^3 -toll adJ. 

■" * • ■’ *0*1’ iif, .ETuori 3 

a^r. f'ij;® * *1 *:, *t1 lo ♦jpiflT a !tqq fi t i; b 

" .; • ' ** *■' • ‘ J U J u n i - 'I) b • 4 g o i d a a a i rt i • e • o 0 *14 

r. .n "ti-. ieiD.idiio.iiai >0 ?onsi«aq4a«lb ad^ 

e«* :j oi ; aoc .£1*^1 f rfvid*^ i.j * ^ y : o ^ aq ad Jan XsMblvlbnl 

fl n. ,rJ>d:>^ tioa '.•;a# (aaiuhXa J") btilgold 

^ - '.lOffl .Jt-fOii alda lo nc»: i axq aeg adJ naJla Oad*J:Id«q 

> c ^ “ n '•ft 4l' t» J 10 .♦ i 0 V d UA 

c 
‘i«i 1 r ;. J ; V 

^ i« »< i i .. f ,'■ fi f 

>t « « a ; ,7- >1 61 y tt »i t i q »’.' i, ^ V a n 

>.*‘^<.4; ifuod e.T ae 300! 

»u«ta.(?oflao .»ia'afcnt©.’r al^iotq baalcadlsxi xilawni^noo 

*«J vRe R.neaiks.;.. .;:-j* ms •ti :a d »t: i 3 i I 1 <"« i a g 9-t q lUOdi 

- } 5r-t »i.r .•u djidw amoq*'^ adi 3^- ,aen*M .btXavaX 

rioitiw aaag Ja'itn adJ aJt aafituoi t^oJdabi^t^ >j) noamoaiq toI. 

nag *j J val a nlff#ik noooo don aaob itoijabujab 

bada I j«u-<aa na nj .aid,' n/#! •.ioea‘.*n add duoda adilvoaqa tfao 

,ai#io';4 Xa^T'taia Ba ia baflo^oao'* ad nan lyd-iuof^nq diadotq 

.It .TavawoH ,:.dd) ‘.aqialq*# ad aao iotiabaif^b blqa-i edi 

«R baaicrfooai a-m a •«oa ^li^oanq baddli/avaaf ^Xaiano# ai 

^InaiXMla fga ti a«a4ba-aiq xd w aoaaa't add ,ia*dOflda 

t'lald'taj bff» q^^tfilo adi xidtaaot *'iaa(ooc( al V«*<iniotian 



structure are very similar to that of the mature form. More 

interestingly, perhaps the methy1ma1ony1 CoA mutase 

precursor form is not exposed to the degrading system. The 

precursor may be within the mitochondrion, protected from a 

cytoplasmic degrading system, unable to be translocated and 

processed properly because of the presence of DNP. This 

work has not identified an intermediate form for mutase. so 

to postulate that DNP does not inhibit processing to an 

intermediate form, which is protected from the degradative 

process but unable to form mature enzyme, is unwarranted. 

While new information has been generated from this 

work, it has also provided the impetus for further study of 

mutase in its cytoplasmic and mitochondrial forms. For 

instance, it would be very helpful to know where the non- 

degraded mutase precursor is located in cells which are 

exposed to DNP. Attempts to determine this are presently 

ongoing. In addition, it would be interesting to know if 

the accumulation of precursor in DNP-exposed cells exerts 

negative feedback control on the further synthesis of pre- 

mutase. This can be separated out from any confounding 

degradation process by using a different radioactive species 

(e.g. [^^C]1eucine) to label BRL cells during the "chase" 

period in the presence of DNP. The relative contributions 

of and to the total radioactivity present in 

immunoprecipitated pre-mutase could be used to calculate the 

rates of pre-mutase synthesis during the pulse and chase 

periods. Alternatively, unlabeled leucine could be used to 
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accumulate precursor in the presence of DNP, followed by 

incubation with DNP and labeled leucine to assess additional 

accumulation. 

In addition to contributing to our knowledge of the 

biology of cytop1 asmica 11y synthesized mitochondrial 

proteins, the study of methylmalonyl CoA mutase is important 

to understanding the biochemistry of the apoenzyme mutant 

i-fflui-JL class of methylmalonic acidemia. It has been 

established that the mutase enzyme of the ffiui” subgroup does 

not bind cofactor as well as normal mutase, providing a 

rationale for the disease state in these patients. For the 

mu t° mutants, however, a number of explanations can be 

advanced, including frameshift mutations, regulatory gene 

mutations, or defects in mRNA processing. With the new 

knowledge that mutase is indeed synthesized in the cytoplasm 

in a precursor form, an additional explanation for the 

existence of the ffiul.® group can be proposed. Perhaps a 

mutation in the signal sequence of pre-mutase does not allow 

proper recognition of the precursor by the mitochondrial 

outer membrane, or translocation across the inner membrane, 

or proper processing protease recognition, such that a 

mature, active mutase enzyme is never formed. This 

explanation could account for the CRM" subgroup of mut^ 

mutants if these aberrantly synthesized precursors were 

degraded rapidly rather than accumulated, but the results 

from this work do not support such degradation in Buffalo 

rat liver cells. It seems more likely that a mutation in 
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the signal sequence of precursor mutase might result in a 

CRM'*’ mutant. Even with a drastically altered signal 

sequence, small relative to the size of the entire precursor 

form, immunochemica 1ly cross-reacting material should be 

present. Clearly, this work must be extended to human 

fibroblasts from normals and mut^ patients. 

That such a mutation must be in the precursor and not 

in a mitochondrial outer membrane receptor, in the 

translocation apparatus, or in a processing protease is 

supported by two lines of evidence. First, it seems 

unlikely that a different system exists for import, 

translocation, and processing of all the different 

mitochondrial proteins synthesized in the cytoplasm. If 

overlap existed such that more than one protein could 

utilize the same systems, a patient with a mutation in one 

processing system would have many pleiotropic metabolic 

disorders. This is not the case in methylmalonic acidemia. 

Second, and more convincing, it has been shown repeatedly 

that mut~ and mut° mutant cells are not complementary when 

fused with each other. They are both groups within the mut 

complementation class. The mut~ defect consists of a mutase 

apoenzyme with abnormally low affinity for cofactor,• the 

most likely explanation for this is a mutation in the 

structural gene for mutase at the cofactor binding site. 

Since jajii”he ter okary ons are no n-c o m pi e m e n t a r y , the 

mut° group must also be characterized by a mutation in the 

mutase apoenzyme structural gene. If a defect in a 
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mitochondrial system explained the group, then 

mut°/mut~ heterokaryons ought to be complementary-- the mut^ 

cells could take advantage of the cells' normal 

mitochondria. I propose, then, the following explanations 

for the ffiiiJL® group of mutants based on this work 

accomplished with BRL cells: The CRM” subgroup represents a 

mutant in which the mutase precursor is not synthesized or 

is drastically altered such that it is either not recognized 

by antiserum or degraded. The CRM'*' subgroup represents 

either a small mutation at the active site of mutase such 

that it is not degraded and is still immunochem i cal ly 

recognizable, or it represents a mutation in the signal 

sequence of pre-mutase such that immunochemically reactive 

precursor is accumulated but cannot be imported or converted 

to its mature form by mitochondria. 

In summary, it has been shown using cultured BRL cells 

that methylmalonyl CoA mutase is made in vivo as a precursor 

which can be converted to mature mitochondrial mutase with a 

t^/2 of 6-9 minutes. In contrast to other cytoplasmically 

synthesized mitochondrial proteins studied, pre-mutase is 

not degraded rapidly if translocation within the 

mitochondrion is blocked with an uncoupler of oxidative 

phosphorylation. The implications of these findings with 

respect to the biosynthesis of mitochondrial proteins and 

the mJiJL mutant class of methylmalonic acidemia have been 

discussed. I propose that the CRM'*’ subgroup of this class 

may represent a mutation in the signal sequence of pre- 
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mutase such that precursor is accumulated but cannot be 

imported or converted to its mature form by mitochondria. 
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