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A1~STRAcr 

Methylmalonic aciduria (M~fA) is an autosomaI recessive rnc!tabolic disorder 

with an incidence of 1 in 48,000, which rnay be due to a defect in the rnitochondrial 

homodimeric enzyme methylmalonyl CoA mutase {m.ut MMA). mut MMA is subdivided into 

mutO and mur subdasses on the basis of complemel\'tation analysis; mut celllines have very 

low incorporation of [t4C] from propionate in\'o acid precipitable material while 

incorporation in mur ce Ils is irtcreased when ce Us an,:: incubated in cobalamin. Intragenic 

complementation was firslt obs.erv(~d with WG 1130, a m.~do fibroblast line with CL homozygous 

R93H mutation, tbat is capable of complernenting MCM .activity when fused with sorne muta 

and somc mur .::cIls (1). E;!jtensivt: intragenic compkmentation in mut MMA was 

subscquently observed. Fibrobléllsts cul1.ured from thirteen unrelated patient) (6 mur, 7 muta) 

were fused in ail possible pai rwist! t:ombination and MCM activity was assayed in the 

heterokaryons by rneasuring the incorporat ion of [14C] from propionate iuto acid precipitable 

matcrial. lntragenic complementation, indicated by stimulation of [14C]-,propionate 

incorporatioIl follcwing ce:ll fusion with polyethylene glycol, wa!; observed in fusions involving 

twelve of the tllirtt::en strains. Of these thir1een strains, mutations have b!en identified in six; 

l'mIr have a homozygous mut.ation [WG 1130 (R93H), WG 1511 (H678R), WG 1610 

(G717V), 'VG 1609 (G630E)], and two cell Hnes are compound heterozygous [WG 1681 

(G623R and G703R), WG 1607 (W105R and A'n7E)]; the remainders art~ yet to be 

deterl11in~d. Thes€: intragenic complementations will lProvide information for grouping the 

mutations in defined domains in order to corœlate structure and function of MCM. 
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SOMMAIRE 

L'acidurie méthylmalonique (AMM) nt un désordre métaholique alltosomal 

récessif Gui peut être causé. par une activité déficiente de l'apoenzyme méthylmalonyl (,oA 

mutase (mut AMM). La mutation mUlo est charactérisée par un manque de stimulation 

d'incorporation d'acide propionique 1)4C en culture en presence d'hydroxycohalaminc (OH­

CbI), et la mutation mur est charactérisée par une élevation dans l'incorporation de 

propionate 1_14C en presence d'OH-Cbl. La complementation intrageniqllc dans mllf AMM 

a été premièrement démontrée avec WG 1130, une lignée cellulaire mut() avec la mutation 

homozygote R93H, qui a été capable de complementer d'autres lignées cellulaires mwo et 

mur (1). ]'ar la suite, on a identifié une considerable complementation intragenique dans 

mut AMM. Des fibroblastes cutanées provenant de 13 mut patients (6 mur, 7 mU/() ont été 

fusionnées en paires dans toutes les combinaisons possibles. La complcmentation est 

indiquée par une élevation dans l'incorporation de propionate 1 )4C, en culture en presence 

de polyéthylene glycole (PEG), dans les protéines precipitahles des cellules par comparision 

à ce que l'on observe en absence de PEG. La complementation intragenique a été ohservée 

dans les fusions de 12 des 13 lignées cellulaires. Les mutations ont été déjà identifiées dans 

6 de ces 13 lignées cellulaires. Quatres ont une mutation homozygote [WG 1130 (R93H), 

WG 1511 (H678R), WG 1609 (G630E), WG 1610 (G717V)]; deux ont des mutations 

hétérozygotes [WG 1681 (G623R and G703R), WG 1607 (W105R and A377E)]. Le 

groupement des mutations selon la complementation intragenique dans des domaines definés 

aidera a trouvé une relation entre la structure et la fonction du mutase. 
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CHAPTERI 

STRUCTURE, DISTRIBUTION, AND REQUIREMENTS OF COBALAMIN 

1.1 STRUCTURE OF COBALAMIN 

Vitamin BI2' also known as cobalamin (Cbl), is a water-soluble organometallic 

molecuIe, that is a crucial cofactor for many organisms (2). Following its crystallization in 

1947 by Folkers and coworkers, its three-dimensional structure was first determined in 1956 

by Hodgkin using X-ray crystallographic techniques (3). Cobalamin's main skeleton consists 

of a planar corrin ring surrounding a central cobalt atom whieh may be found in any of threc 

oxidation states: cobalt 3+, cobalt 2+, or cobalt 1+. The corrin nucleus is the central 

structure of é'll corrinoids, of which CbI is a specifie das!' with the lowcr axial ligand as 

phosphoribo-5,6-dimethylbenzimidazolyl (Fig. 1 ). The ligand at the upper coordination site 

determines the type of CbI compound. In naturally oecurring vitamin B12, the upper ligand 

rnay be a hydroxy group (hydroxocobalamin (OH-ChI», a glutathionc group 

(glutathionylcobalamin (GS-Cbl»( 4), or a sulfito group (sulfitocobalamin (HSO])). This 

ligand may also be methyl or adenosyl groups, comprising the two coenzyme forms of 

cobalamin which have been isolated from mammalian tissues: methylcobalamin (MeCbl), and 

5' -deoxyadenosylcobalamin (AdoCbl) respectively (5). These two coenzymes are unique in 

that they contain a covalent carbon-metal bond between the ligand and the central cobalt 

atam which plays a major role in the enzymatic reactions (2). Cyanocobalamin (eN-ChI) is 

the most common commercial form, and does not occur naturally in plants, microorganisms, 

and animal tissues. 
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FIG. 1 THE STRUCTURE OF COBALAMIN. R= -CH2CONH2; R'= 

-CH2CH2CONH2; X= -OH (hydroxocobalamin), -eN (cyanocobalamin), 

-CH3 (methylcobalamin), or 5'-deoxy 5'-adenosyl (adenosylcobalamin). 

Reprinted from Fenton and Rosenberg (6). 
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1.2 DISTRIBUTION AND lIllETARY SOUR.CES 

Cobalamin serves as a cofactor for many organisms, rallging from prokaryotes 

tn mammals, although its synthesis is achieved oaly by microorganisms such as certain fungi 

(Streptomyces griselt.'i, Streptomyces (llireofaciel1s) , and certain bacteria (PrOpiollibactelilim 

.\hermuIlÎi, Clostridium tetallomorphum, Rhizobium meliloti) (7). Recently, the entire 

biosynthetic pathway of vitamin 1312 showing the structures of essentially ail of its 

intermediates has been elucidated (8). Humans are wholly dependant on dietary CbI (9). 

Even though it is synthesized by Ihe colonie flora, Cbl cannat be absorbed in the colon. 

Vifamin BI2 is found ubiquitously in animal products and somewhat rarely in plants, but it 

is ail derivcd from bacteria (9). AùoCbI and OH-CbI are most prevalent in meat, whereas 

duiry products contain mostly MeCbI and OH-CbI (9). 

1.3 REQUIREMENTS FOR COBALAMIN 

The total body content of cobalamin in the adult male is 2-5mg, with high 

clJllccntrations of AdoCbI in the liv/:!r, kidney, and pituitary, and MeCbl in the plasma and 

spleen (10). The established daily dietary requirement of cabala min for adults is 2-5J,Lg, and 

the cstimated daily rate of loss is approximately 0.1% of the total body pool (10). This 

implies that a deficiency state will not arise for several years after total cessation of vitamin 

BI2 intakc (Il). Cbl in human serum, as measured either by microbiological methods or by 

i:mtope dilution assays, is present in concentrations of around 300 x 10-12 molfl aIl bound ta 

transport proteins (12). 
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CHAPTER2 

TRANSPORT OF COBAlAMlN 

2.1 COBALAMIN TRANSPORT IN MICROORGANISMS 

Since the de nova synthesis of the corrin ring of cobalamin is restricted to 

bacteria, microorganisms are essential components in the production of vitamin BI2 (13). 

They are used commercially ta produce of cobalamin (7). Escherichia coli has heen used as 

the subject of most of the work done on bacterial cobalamin metabolism. Although E. coli 

cannat synthesize the corrin ring of vitamin B12' it is able ta take it up from the environment 

(13). Sin ce cobalamin is tao large to pass through the porin channels of the outer membrane 

of E. coli, the bacterium has developed a campi ex and efficient biphasic system, involving 

pro teins coded by several genes, to take up cobalamin which is usually present in the 

environment at Iow concentrations (lOtM-lnM) (13). The first phase consists of a rapid, 

enerey-independent binding to cell surface. The second phase is a slower, ener!,ry-dependent 

transfer into the cell. Five components have been identified in the uptake process: proton 

motive force, Btu B, Btu C, Btu D, and Ton B (14). The Btu B product is the outer 

membrane receptor for CbI. Btu B mutants are either deficient in the energy-dependcnt 

transport across the outer membrane or lack Cbl binding ability. The proton motive force 

and Ton B mutants are also unable to internalize ChI due to their inability tn stimulate the 

release of cbl from the receptor into the periplasmic space. The Btu C and Btu D mutants 

fail ta transport CbI across the inner membrane. 
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2.2 COBALAMIN ABSORPTION AND TRANSPORT IN MAMMALS 

After ingestion, dietary cobalamin is released from proteins by the action of 

acid and pepsin in the stomach (15). Cbl is then transported by a complex system consisting 

of carrier-receptor interactions. In the absence of such a mechanism, only 0.1-1 % of vitamin 

8 12 will cross the cell membrane (10). 

2.2.1 R Binders 

R proteins, named su ch for their rapid motility during electrophoresis, are 

uhiquitous glycoproteins with high affinity for Cbl (16). They are present in the plasma, 

secretions (eg. bile, saliva), and the cytoplasm of many ceUs (eg. platelets, erythrocytes, 

granulocytes) (10). Transcobalamin 1 (TCI), transcobalamin III (TCIII), cobalophylin, and 

haptocorrin are examples of R binders. They are the products of a single genetic locus, 

differing in the amount of glycosylation (16). Johnston et al (17) have recently isolated the 

full length human TCI cDNA. The mRNA transcript is 1.5kb encoding 433 amino acids with 

() glycosylation sites. It has been shown that TCI and TCIII bind 75% of total endogenous 

Cbl (18). White the physiological significance of R proteins is still unclear, it has been 

suggested that they play a role in maximizing Cbl utilization through the removal of 

potentially harmful Cbl analogues from the circulation (15). Moreover, R binders are 

thought to play a bacteriostatic role by denying availability of Cbl and Cbl analogues ta 

hacteria which may require them for growth (15). 

When ingested Cbl binds to sali vary and gastric R binders, it cannat be 

ahsorhed or reabsorbed (9). In the smaU intestine, pancreatic enzymes digest this complex, 
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and Cbl th en binds to intrinsic factor (IF) (16). Pancreatic insufficiency could cause ChI 

malabsorption due to the lack of tryptic digestion of the R binders and the subsequent 

release of Cbl to allow binding to IF (10). 

2.2.2 Intrinsic Factor (IF) 

Intrinsic factor (IF), a 48 KDa glycoprotein synthesized in the parietal ceUs of 

the gastric mucosa, mediates CbI uptake from R binders in the gastrointestinal tract (5). The 

rat gastric IF cDNA clone has been isolated by Dieckgraefe (19); the deduced protein 

contains 421 amino acids. TF production and release are stimulated hy hormones and food. 

IF binds Cbl very stringently and is unable to bi,ld corrinoids other tllan Chi (15). Chi 

mediated uptake is thus selective and ensures that only Cbl enters the circulation (20). The 

CbI-IF complex then binds to specifie receptors present on the luminal side of enterocytes 

located in the brush border of the distal ileum (20). This binding requires the presence of 

calcium ions and a pH between 5 and 7.5 (20). The complex is ta ken up into the enterocytes 

through an energy-dependent endocytotic mechanism. Cbl is then released from IF at a pH 

of 5, consistent with localization to lysosomes or endosomes (21). It has been shown that 

there is no substantial recycling of IF to the hrush border membrane (21). Chi binùs to 

transcobalamin II within the enterocytes before the complex appears in the portal circulation 

after traversing the basal membrane (5). 

2.2.3 Transcobalamin II (Tell), 

Transcobalamin Il (TCII) is a serum protein carrier which transports new)y 
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ahsorbed ChI into tissues (10). Human TCII has been localized to chromosome 22q (22). 

The cDNA, comprised of 1866 nucleotides, is deduced to encode an 18 aa leader sequence 

and a 409 aa mature protein (23). This protein has a molecular weight of 38,000. The amino 

acids alignment of TCIl with that of other Cbl binding proteins (rat IF, human TCI, and 

porcine haptocorrin) revealed 33% ove raIl homology (24). However, there were 6 regions 

of high homology (60%-80%). The Cbl-binding functional domain is predicted to reside 

within these rcgions of high homology (24). Variant forms of human TCIl have been isolated 

recently (24). The two identified cON A clones differed at codons 259 and 376 from the 

previous isolated TCII sequence, and differed from each other at codon 198 and 219 and 

in the length of the 5' and 3' non-coding regions. TCII is present in plasma, spinal fluid, 

semen, and extracellular tluid (10). It is synthesized by a variety of ceUs including amniocytes, 

tïhrohlasts, and enterocytes (10). TCIl accounts for only a small percent of total Cbl binding, 

hut it represents the only physiologically active CbI source, which can promote the entry of 

vitamin B I2 into cells (20,25). Finkler and Hall showed that HeLa ceUs accumulated CN-Cbl 

hound ta TCII mu ch more rapidly than free CN-Cbl or eN-Cbl bound ta TCI, IF or other 

hinding proteins (26). TCII binds aIl newly absorbed Cbl in the plasma. The binding depends 

on the presence of calcium ions (20). When TCIl complexes with Cbl, it undergoes 

conformational change which increases its affinity for specifie receptors on the plasma 

memhrane of ail tissues (20). The complex binds the receptors in the presence of calcium 

ions and is internalized into lysosomes or endosomes via adsorptive endocytosis (25). 

Another mechanism has been ctescribed whereby a small amount of TCII-CbI is taken up 

via non-specifie pinocytosis (27). 
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2.2.4 Alternative Cobalamin Transport 

Althaugh the pro cess just described is surely the most wiùely distrihuted 

physiologie means by which mammalian ceIls obtain Cbl, in vivo and in vitro fimiings indicatc 

that human ceUs are capable of ta king up Cbl by sorne mech:.mism not hound to TCll. 

Cultured human skin fibroblasts have been shawn ta have the ability tn take up free Chi via 

a specifie, saturable, low capacity component which is calcium-mdepenùent, cycloheximide­

sensitive, and requires free sulfhydryl groups and an intact electron transport chain (28). This 

process heips ta explain the improvement of patients with congenital TCll deficiency trcalcd 

with high doses of OH-Cbl or CN-ChI. The existence of another me<.~hanism has l'leell 

demonstrated whereby the asialoglycoprotein membrane receptors of hepatocytes arc 

recognized by R proteins and can clear bound ChI from plasma (15). Upon intcrnalization, 

Cbl is digested free in the lysosome, and is released intracellularly. 

2.2.5 Intracellular Cobalamin Metabolism 

After the internalization of TCII-Cbl complex into the cell, Iysosomal proteases 

digest CbI free, and TCII fragments leavc the cell (Fig.2) (27). Cbl may now cftlux across 

the lysosamal membrane into the cytosol (27). The mechanism of Cbl eftlux is unclcar. 

There is evidence that chloroquine, an inhibitor of Iysosomal proteolysis, inhibits the 

processing of TCII-Cbl complex, which accumulates in lysosomes (25). Once relcascd 

intracellularly, CbI can be converted into its coenzyme forms: methyl-Cbl (Me-Cbl) and 

adenosyl-CbI (Ado-CbI) (5). Pezacka and Rosenblatt (29) suggested that the intracellularly 

released cob(III)alamin must first undergo aB-ligand exchange reaction with 
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Ji'IG. 2 INTRACELLULAR Cbl METABOLISM. General pathway of the 

intracellular metabolism of CbI. Reprinted from Pezacka and RosenbJatt 

(29). 
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the formation of aS-Cbl. In the cytopIasrn, GS-CbI is converted to aquocobalamin (HzO-CbI 

or aqCbl) hy mix-disulfide formation, after which cob(III)alamin is reduced to cob(II)alamin. 

Cob( II)alarnin then binds to rnethionine synthase (MS) which is activated by coupled 

reductive rnethylation with adenosylmethionine as a primary methyl donar. Me-CbI serves 

as a cofactor for MS in methylating hùrnocysteine to methionine. AJternativeIy, GS-CbI can 

he transported through the outer mitochondrial membrane to an intermembranous space 

where it is reduced to cob(II)alamin by mitochondrial Cbl reductase. CbI is then further 

transporteù into the matrix where cob(II)alamin is reduced to cob(I)alamin (29). After its 

adenosylation to Ado-Cbl by adenosyltransferase, it assists methylmalonyl CoA mutase 

(MCM) in the isomerization of rnethylmalonyl CoA to succinyl CoA. It has been shown that 

95% of intracellular CbI is associated with either MS or MCM (30). 

2.2.6 Mitochondrial Cobalamin Uptake 

There is evidence that lysosome-free preparations of rat liver mitochondria 

take up OH-Cbl bya process dependent on mitochondrial swelling (31). It is assumed that 

the perrneahility of mitochondria to OH-Cbl is increased by the swelling (31). The 

mechanism, whieh is specifie for Ul:l,Cbl, is saturable, concentrative, and does not require 

ion transport or energy metabolism (31). OH-CbI binds with high affinity ta an 

intramitochondrial protein that comigrates with MCM (30). AJthough no specifie CbI 

mitochondrial transport system has been described, this evidence suggests that Cbl is taken 

up into the mitochondria by passive diffusion followed by binding ta MCM (6). 
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CHAPrER3 

COBALAMIN-DEPENDENT ENZVMES 

3.1 CBL-DEPENDENT ENZVMES IN MICROORGANISMS 

The Escherichia coli CbI metaboJism system has been studied intensively. E.co/i 

cannot synthesize the corrin ring of vitamin B12' but it is able to convert cyano-Cbl or aquo­

CbI into their coenzymes forms. It possesses two Cbl-dependent enzymes, an adenosylCbl 

dependent ethanolamine-ammonia Iyase (EC 4.3.1.7), and a rncthylCb) depcndcnt 

methylfolate-homocysteine methyltransferase (EC 2.1.1.13) (32). The hacteria requires the 

former enzyme only when ethanolamine is the sole nitrogen source. The Chl-dependent 

methyltransferase, which is the product of metH gene, is responsible for methionine 

biosynthesis (32). E.coli ceUs also possess a Cbl-independent methyltransferase (EC 2.1.1.14), 

product of metE gene, and can therefore grow in the absence of supplied methionine and 

CbI. However, the cells prefer to use the Cbl-c' ~Î 'endent enzyme, and when ChI is available 

the me tH holoenzyme represses the synthesis of the mctE gene product (13). The mctH 

gene product is a monomcric enzyme, and contains one mole of Chi per mole of enzyme 

(32). It also cantains one mole of copper per mole of enzyme-bound Cbl. However, since 

the enzyme from the strain K-12 of E.coli lacks stoichiometric copper (0.1 mol/m(l) ChI), it 

is not believed to play a crucial catalytic raIe. A reducing system required for CbJ-dependcnt 

methyltransferase activity has becn identified (32). This system involves two tlavoprotein 

called Rand F components. FAD and FMN are noncovalently bound to each component, 

respectively, and operate as intermediates in electron transport from NADPH tn 
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methyltransferase. The metH gene has been c10ned using methionine-requiring nutritional 

auxotrophs of E.coli that were deficient in metH or metE gene products (32). 

3.2 CBL-DEPENDENT ENZVMES IN MAMMALS 

3.2.1 Methylmalonyl CoA Mutase (MCM) 

Methylmalonyl CoA mutase (MCM) (EC 5.4.99.2) is a Cbl-dependent enzyme 

that cOl1verts methylmalonyl CoA to succinyl CoA in mammalian cells. It was first identified 

in 1955 in rat Iiver and sheep kidney (33). It catalyses the final isomerization reaction in the 

propionate metabolism pathway (34). This pathway is not a quantitatively important source 

of sllccinate in mammals, but it is an intermediate step in the degradation of valine, 

isoleucine, threonine, methionine, thymine, odd chain fatty acids, and cholesterol to be 

rccovercd as succinyl CoA for the use in the tricarboxylic acid cycle (35) (Fig.3). MCM has 

differcnt functions in lower species. Prokaryotic mutase is involved in the reverse reaction, 

that is the isomerization of succinyl CoA ta methylmalonyl CoA, a step essential to 

synthesize propionate from the Krebs cycle intermediates (36). MCM in ruminants is 

rcquired for gluconeogenesis from propionate (37). It has been demonstrated that the 

MCM-catalysed isomerization of methylmalonyl CoA to succinyl CoA occurs by an 

intramolecular shift of the CoA carboxy group to the methyl moiety (38,39). Studies on 

MCM intramolecular rearrangement from rat liver extracts showed that the 

transcarboxylation depends on the presence of a cofactor form of Cbl (40). 

12 



FIG. 3 PRECURSORS OF AND THE MAJOR CATABOI.IC PATHWAY 

FOR PROPIONATE AND METHYLMALONATE. Broken arrows 

indicate the presence of severa} reactions. Reprinted from Roscnherg and 

Fenton (35). 
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3.2.1.1 Introcellulor locolizotion 

MCM is found in most mammalian tissues, but it is most abundant in livcr Hlill 

kidney. MCM activity has been localized to the mitochonùrialmatlÏx of human and rat livel 

using specifie enzymes markers (41). The rat liver mitochondIia containcd 97.5% of MCM, 

and Cbl deficiency did not alter this distribution (41). 

3.2.1.2 MCM activity ossays 

MCM activity can be measureù by two ùifferent mcthods. The tïrst is Il 

radioactive assay that examines the conversion of methylmalonyl CoA to slIcCÎnyl (,oA in 

mammalian cells (34). A reaction mixture is preparcd with MCM, Ad(,Cbl, bulrcr, and 1I-

14Cj-L-methylmalonyl CoA. Perehloric acid is used to terminate the rcaction. Potassium 

permanganate oxidizes excess methylmalonyl CoA proùucing 14COZ which is rCll1ovcd, 

Succinate is resistant ta the oxidation. MCM enzymatic activity is mcasurcd as IL 11101 

succinate formed per minute. 

The second assay uses spectrophotometry ta measure the consumption of 

NADH in the succinyl CoA -> methylmalonyl CoA reaction (11). A reactiol1 mixture 

eontaining NADH, AdoCbl, succinyl CoA, glutathione, sodium pyruvate, oxaloacetatc 

transcarboxylase, malate dehydrogenase, and methylmalonyl CoA raccmélse is incubated wilh 

MCM. MCM activity is measured by the ùecrease in absorbance at 340 nm as ILlIIol sllccinyl 

CoA consumed per minute. 
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3.2.1.3 Requirements for adenosylcobalamin (AdoCbl) 

AdenosylCbl (AdoCbl) is the farm in which Cbl acts as a cofactor for MCM. 

lt is synthesized in the mitochondrial matrix from dietary OH-Cbl. AdoCbl was isolated in 

] 958 by 8arker et al. (42). Using spectrophotometry, they identified it as the coenzyme form 

of Cbl which is required for the decomposition of glutamate in Clostridium lelall0morphum. 

ln 1959 and 1960, several groups reported that AdoCbl is an essential cofactor in the 

anafogous mammalian enzymatic conversion of methylmalonyl CoA to succinyl CoA (40,43). 

ln vitro studies on vitam in B12 deficient rat-liver mitochondria (40) and liver homogenates 

(43) estahlished that endogenous holornutase activity increased when incubated with AdoCbl, 

but not with CN-Cbl. Subsequent studies deduced that the interaction of MCM from normal 

human fibroblasts with its substrate methylmalonyl CoA and its eofaetor AdoCbl results from 

non-cooperative binding at independent and non-equivalent active sites (44). The exaet role 

of AdoCbl in the isomerization reaction remains to be established. It has been suggested that 

the vitamin 8 12 dependent rearrangement proeeeds by way of free radical intermediates of 

methylmalonyl CoA generated through oxidation-reduction of the cobalamin cobalt atom by 

hydrogen transfer between substrate and coenzyme (38). Murakami demonstrated such a 

process (45). An effective artificial enzyme simulating the eatalytie funetions of MCM was 

produccd by eombining a hydrophobie cobalamin moleeule with a synthetie lipid bilayer 

memhrane, and was capable of rearranging the earbon-skeleton of the substrate. 
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3.2.1.3.1 AdoCbl synthesis 

Conversion of vitamin Bl2 ta the coenzyme form AdoChl has heen primarily 

demonstrated in extracts of Closlridium tetallomorphum, where three enzymatic steps have 

been identified (46). Cùb(III)alamin undergoes a reduction to cob(II)alamin hy 

cob(III)alamin reductase (Ee 1.6.99.8), and subsequently to cob(I)alamin by coh(lI)alamin 

reductase (EC 1.6.99.9) (47). Cob(I)alamin is then converted to 5'-deoxyadenosyICbl hy the 

enzyme 5'-adenosyltransferase (EC 2.5.1.17), with ATP supplying the 5'-deoxyadenosyl 

moiety (46). Bacteria} CbI reductases have been partially purified and shown tn requirc 

oxidation-reduction cofactors (DPNH, FAD, FMN) (47). Adenosyttransferase, which has 

been purified 300 fold, was demonstrated to function at an optimum pH of 8, to utilize Chi 

in a monovalent state as its substrate, and ta require Mn+2 divalent cations for activity (46). 

Further evidence indicated that mammalian cellular metabolism of ChI may procecd by a 

very similar set of reactions. Kerwar et al demonstrated AdoCbl synthesis in HeLa human 

skin fibroblasts (48). They showed that cell extracts readily converted OH-ChI tn AdoChl in 

the presence of a reducing system (NADH or glutamate) and ATP, suggesting the presence 

of combined CbI reductase - adenosyltransferase activities. This was confirmed subsequcntly 

by the observation that intact rat Iiver mitochondria, provided nnly with a source of reducing 

equivalents and a source of ATP, were also capable of making AdoCbl t'rom OH-ChI (49). 

These data localized the enzymatic conversion of vitamin B12 to AdoCbl tn the mammalian 

mitochondria. There is np evidence implicating a transport system for ChI into mitochondria. 
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3.2.2 Methionine Synthase (MS) 

Methionine syn thase (5-methyl tetrahydrofolate-homocysteine 

methyltransf~rase) (Ee 2.1.1.13) is a cytosolic enzyme that catalyses the methylation of 

homocysteine to form methionine (10). MS requires MeCbl as its cofactor. The gene 

cncoding the mammalian enzyme has not been c10ned yet, but the enzyme has been isolated 

from several animal sources incJuding porcine kidney and liveT, and from human placenta 

(50). MS has been localized ta chromosome 1 by measuring [s7Co}-Cbl binding and MS 

activity in rodent-human somatk cells hybrids (51). MS purified from human placenta when 

run on unreduced polyacrylamide gel was demonstrated ta have a molecular weight of 

160,000, and appcarcd ta he a monomer (50). On a redueed gel, human placental extracts 

yielded three bands of 90,000 Da, 45,000 Da, and 35,000 Da, suggesting a complex subunit 

structure (50). MS cantains one mole of Cbl per mole of apoenzyme and two moles of iran 

per mole of holoenzyme (50). It has been proposed that the lower subunits may bind the 

iron ami thus aet as a reducing agent (50). MS activity has been demonstrated in human 

fibroblasts, and maximal aetivity was observed in late stationary phase fibrablasts ceUs (52). 

Ilowever, in most other cells studied (e.g. human Iymphoblasts), MS activity has usually been 

highest during the rapid growth phase. The mammalian enzyme has not been as well 

chnractcrizcd (lS its bactcrial equivalent, the me tH gene product in E.co/i, but both nppenr 

very similur in their cntalytic properties (32). 

Ilomocysteine remethylation is also catalysed byan alternative enzyme, betaine 

homocysteine methyItransferase (EC 2.1.1.5), requiring betaine as methyl donar (53). 

Howcver, this enzyme is generally confined ta the liver. 
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3.2.2.1 Methylcobalamin (MeCbl) 

MeCbl is the cytosolic coenzyme fonn of Cbl illvolved in the forml\tion of 

methionine from homocysteine, a reaction catalyseù by the cnzyme Illcthiollilll' synlhase (10). 

MeCbl is the major circulating Cbl species, accounting for 60% to 80% of total plasma ('hl; 

OH-Cbl and AdoCbl make up the remainder (22). The fOI mation of McCbl OCClII s once the 

MS-bound cob(Il)alamin has been reduced to cob(l)alnmin and receives n methyl group 

from either S-adenosylmethionine (AdoMet) or 5-methyltetrahyùrofolatc (McTIIF) (54). 

3.2.2.1.1 S-Adenosylmethionine (AdoMet) 

AdoMet is a crllcial methyl group donor in a variety of hiosYllthcsis Icactions. 

lt is required along with a reducing system to activute the catalytic activity of the enzyme 

MS, as is the case with the E.coli methyltransferase (32). AdoMet provides the initial methyl 

group for the methylation of coh(II)alamin bl l,md to MS. MeCbl then transfers the mcthyl 

group ta homocysteine to fmm methionine, and coh(l)alamin is Icft bmmd to the cn1.yme. 

Subsequent methyl groups are th en provided by 5-methyltetrahyùrofolate, until Chi 

undergoes a spontaneous oxidation to cob(II)alamin, whereupol1 il once more requires 

AdoMet and a reduCÎng system ta regenerate MeCbl. AdoMet is involvcd in the I1cgativc 

feedback regulatian of methianine synthcsis, with high levels inhihiting the production of 

methionine. An MS-nssociated reducing system has Ilot yet been demonstratcd in mummals 

in vivo (32). Howcvcr, Roscnblatt et al rcported normal MS activity in cell cxtraets of a 

patient with megaloblastic ancmia and homacystinuria under standard ccducÎng conditions, 

but low enzyme activity at decreased concentrations of reducing agents (55). This cv ide nec 
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dcmonstrate the existence of a defective MS-reJated reducing system (56). Moreover, 

partiaJJy purified enzyme is founJ to be associated with thiol oxidase activity, suggesting that 

thiols may function as the physiological reductants for the mammaIian enzyme (57). 

3.2.2.1.2 5-Methyltetrahydrofolate (MeTHF) 

An important functio'l of MS, other than the conservation of cellular 

methionine, is the regeneration of tr~trahydrofolate which is essential for the biosynthesis 

of purines, pyrimidines, and serine (32). The enzyme methylene tetrahydrofolate (CH2-THF) 

reductase (Ee 1.5.1.20) is a f1avoprotein that catalyses the irreversible NADPH~dependent 

reduction of CH2-THF ta MeTHF (58). MS-cob(I)alamin transfers the methyl group from 

MeTHF, which is the major storage form of intracellular folate, ta homocysteine, generating 

methionine and tetrahydrofolate (THF) (58). THF is then reconverted ta CH1-THF which 

is necessary for thymidylate biosynthesis (32). If MS is non functional, MeTHF cannat be 

converted ta THF, leading to the accumulation of MeTHF. This phenomenon is called the 

MeTHF trap, and results in a depletion of total intracellular folate levels (32). 

3.2.2.2 Nitrous oxide 

Long~terl11 exposure ta nitrous oxide (N10), a commonly used anesthetic agent, 

has been shawn to inactivate MS irreversibly causing megaloblastic and aplastic bone 

marrow changes, anemia alld myelopathy in humans (32). These side effects are similar ta 

the symptoms of vitam in 8 12 deficiency. Model studies of the interaction of cob(I)alamin in 

aqueolls solution with N20 have established that N20 oxidizes cob(I)alamin, and N2 is 
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Iiberated according to the following reaction: 

cob(I)alamin + NzO + H+ -> cob(II)alamin + N2 + OH 

Based on these studies, it was postulated that N20 inhibits MS activity hy 

inactivating the transient CbI. The irreversible 10ss of activity in MS may be explained hy the 

generation of hydroxyl radicals at the active site. 
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CHAPTER4 

INHERITED DEFECfS OF CBL TRAf\:SPORT AND METABOLISM 

4.1 DEFECTIVE ABSORPTION AND TRANSPORT OF CBL 

Inherited disorders of Cbl metabolism may be caused by inadequate ingestion, 

absorption, or transport of vitamin B12 ta target ceUs (10). However, because of the large 

hepatic reserve, deficiency states may be present for years before the plasma Cbl level is 

decreased. 

4.1.1 R Binder Deficiency 

Several patients have been describeù with a deficiency of R binders. However, 

they have not shawn a distinct phenotype associated with the disease. Although the patients 

have low serum Cbl levels, they have normal levels of Tell, and thus do not exhibit the 

c1inical symptoms related ta Cbl deficiency (10). The fact that these patients have no 

apparent c1inical disease attributable ta their lack of R binders serves ta emphasize the 

unclear role of these proteins in normal metabolism and homeostasis. 

4.1.2 Defective Intrinsic Factor (IF) 

Inherited IF deficiency results in the juvenile form of pernicious anemia. A 

number of affected childrell have presented with developmental delay and megaloblastic 

anemia. In these patients, serum levels of Cbl are markedly tieficient, but in contra st to the 

adult acquired form of pernicious anemia, gastric function and morphology are normal and 
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serum autoantibodies ta IF are absent (5). Cbl absorption is ab normal in these children, hut 

is restored when the vitamin is mixed with normal human gastric juice as a sourœ of IF. 

Further investigations of the gastric secretions of these patients have shown that there are 

severa} different classes of functional IF deficiency. One class results in failllre to produce 

or secrete any immunologically recognizable IF (59). Tht!re are also cases of patients with 

normal IF secretion and abnormal Cbl absorption (60). This problem has heen demonstrated 

in sorne cases to be the result of an abnormal IF protein with lowered affinity for the ileal 

receptor (60). This may also be the result of secreting a labile IF protein with il lowered 

affinity for Cbl or an increased susceptibility to proteolysis (61). 

4.1.3 Enterocyte Malabsorption 

Many cases have been reported of patients with nbnormal Cbl absorption with 

a normal secretion of a functional IF protein, normal TCII levels, normal intestinal and 

gastric morphology, and no antibodies against IF in the serum (16). In contrast to Ir 

deficiency patients, CbI absorption defect in these patients is not corrected hy providing 

normal human IF with vitamin B12 (10). Symptoms include megaloblastic anemia, serum Cbl 

deficiency, and many patients also exhibit proteinuria (62). In sorne patients, the problem 

has been described as a defect in or ~bsence of the ileal ccII IF-Cbl receptor; this has been 

referred ta as the Immerslund-Grasbeck syndrome (63). Sorne patients, however, have been 

shawn ta have normal receptor activity, the defect probably residing within the i1eal ccII 

itself. Because the mechanism for CbI transport across the enterocyte is complex and not 

well understood, it seems likely that this syndrome encompasses defects at several points in 
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this overull pathway, incJuding the receptor itself, receptor internalization, and Cbl transfer 

to 'l'CIl (63). 

4.1.4 Tell Deficiency 

Patients with this condition usually present in the first few months of life with 

symptoms consisting of vomiting, paHar, weakness, megaloblastic anemia, and neurological 

dcfects (64). Because TCIl is required for the receptor-mediated endocytosis of Cbl, TCII­

deficient patients cannot deIivcr Cbl to tissues (10). However, total serum CbI levels are 

normal in these patients reflecting the fact that most serum Cbl is carried by R binders. 

Most patients have no immunologically detectable Tell in plasma, although a few have been 

documented with defective protein with no Cbl binding, or with physiologically inactive TCII 

with normal Cbl binding (5). Studies in patients with TCIl deficiency suggest that TCII 

synthesis by enterocytes is probably required for IF-mediated transport of CbI across the 

ileal cells (10). 

4.2 DISORDERS OF CBL METABOLISM 

4.2.1 Methylmalonic Aciduria (MMA) 

In 1967, the first cases of genetically determined metabolic disease involving 

cellular Chi metabolism were detected and reported (6). The patients with the disease had 

the unique characteristic of massive amounts of methyImalonic aeid, which in normal 

individuals is a minor urinary metaboIite (151lg/g creatinine) and is present in the plasma at 

low concentrations (73-271 nmolll), accumulating in urine (lOOmg-2g/g creatinine) and blood 
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(0.22 - 2.88 mmol/l plasma levels) (65,66). These MMA patients had normal Chi transport 

and serum concentrations. 

MMA is an often fatal 8utosomal recessive disorder, with un incidence of 1 in 

50,000 (67). MMA occurs as a result of a block in the conversion of L-mcthylmalonyl CnA 

to succinyl CoA. Such a deficiency arises from either a defect in MCM which catalyses thc 

isomerization reaction or a defect in the pathway for the biosynthesis of its cofactor, AtloCbl 

(68). 

Clinical phenotypes of MMA are caused by precursors and ahnormal 

derivatives of methylmalonic CoA aceumulating in blood, tissues, Hnd urinc (:allsing a 

widespread aberration in metabolic homeostasis (69,70). The clinicat spectllll11 ranges l'rom 

fulminant recurrent perinatal metabolic acidosis, multiorgan failure and dcath, 10 chronic or 

intermittent aminoaciduria, to an entirely benign or asymptomatic organic acidllria without 

any clinical or developmental abnormaJities. Conventional long tenn management of the 

disease is based mainly on dietary restriction of amino acid precursors for propionyl CoA 

and administration of carnitine, which may be relatively defieient secondary to accumulation 

of unmetabolized organic acid esters (71). 

MMA is now known ta be a heterogenous group of at least six genetically and 

biochemically distinct disorders of methylmalonyl CoA catabolism defined on the ha sis of 

somatie cell hybridization and biochemical studies (71). Cell tines with mutations in the 

structural gene locus (MUT) for MCM are designated mut and the patients are vitumin 1312 

unresponsive (68) (although in sorne cases response ta vitamin BI2 is seen in eells in cultures 

(see section 5.3.2)), while those with mutations in genes required for the hiosynthcsis of 
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AdoCbl are subdivided into cblA, cblB, cbIC, cblD, and cblF classes, and are vitam1n B I2 

responsive (72). The latter respond to vitamin BI2 supplementation with an improvement in 

their clinical course and a reduction in methylmalonate excretion. mut patients present with 

a worse prognosis then chi patients because of vitamin B12 unresponsiveness. 

4.2.2 Somatie Cell Complementation Groups 

Different genetie classes of defects in the intraeellular utilization of Cbl have 

been delineated through the use of somatie cell eomplementation analysis of cultured hum an 

fibroblasts and biochemkal studies (6). These represent errors ofCbl metabolism associated 

with homocystinuria and MMA either alone or in eombination. 

A complementation test was developed by Gravel et al. (73) using Sendai virus 

to fuse different mutant fibroblast Hnes and produce multinucIeated heterokaryons. They 

tested for complementation by the autoradiographie detection assay of the MCM dependent 

conversion of [l.t4C] propionate via the citric acid cycle to amino acids and thence 

incorporation into trichloroacetic acid (TCA) precipitable proteins. Later, the method was 

modified in order ta measure directly [14C] propionate incorporation into TCA-prccipitable 

material by liquid scintillation spectrometry (6). Another complementation test was 

developed to analyze the defects in the MS pathway by measuring [14C] MeTHF 

incorporation into acid-precipitable material (16). In recent years, the fusing chemical agent 

llsed is polyethylene glycol (PEG) (74). 

A complementation group is determined by examining propionate fixation in 

heterokaryons formed from the fusion of pairs of patient fibroblast celllines (74). Two cell 
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lines from different complementation groups will have increased propionate uptake when 

fused because each cell tine can provide the other with the factor in which it is deficient, 

thus negating the defect and complementing. However, two ceII Iines from the smne 

complementation group will not have increased propionate uptake when fused hecause the 

genetic defect lies in the sa me gene. 

Eight principal groups representing mutations in distinct genes for ChI cellular 

metabolism have been defined based Iargely on complementation analysis (5) (Fig.4). Thesc 

are comprised of a defect of the mutase apoenzyme (mut); two distinct defccts of AdnChl 

synthesis- one probably due to deficiency of a mitochondriai CbI reductase (chiA), the other 

to deficiency of mitochondrial Cbl adenosyltransferase (cblB); two distinct defects of MeCbI 

synthesis- one (chiE) lies perhaps in a reducing system associated with MS, the other (chia) 

has a defect involving MS activity independent of the reducing system; and finally three 

distinct defects of both AdoCbl and MeCbl synthesis due to abnormal cytosolic or lysosomal 

metabolism of Cbl (cbIC, cblD, and cbIF). The defect at the molecular level has been 

defined only for sorne patients within the mut class (68). 

4.2.3 

4.2.3.1 

Defects in AdoCbl Synthesis 

cblA and cblB 

cblA and cblB represent two different groups of Cbl-responsive MMA patients 

with defective gene products required for the biosynthesis of AdoCbl (16). In both disorders, 

there is MMA without homocystinuria, Iethar&'Y, failure to thrive, vomiting, dehydration, 

hypotonia and coma. 
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FIG. 4 
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INBORN ERRORS OF V1TAMIN Bu (Cbl) METABOLISM. The 

letters refer to the presumed site of the block in the mutations that were 

defined by complementation analysis. Reprinted from Rosenblatt and Cooper 

(75). 
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chiA is characterized by onset in the first year of life and by a good response 

to Cbl therapy. 90% of chiA patients respond weIl to pharmacological doses of OH-Cbl or 

CN-Cbl with a reduction in urinary methylmalonic acid excretion and clinical improvement 

(76). 

ch/B symptoms and age of onset is similar to chiA, but response to therapy is 

relativeJy pOOf. Less than 40% of ch/B patients demonstrate a decrease in blood or urine 

methylmalonate and a resolution of their clinical symptoms (76). 

Both defects lead to an impaired AdoCbl synthesis and hence reduced mutase 

activity. Intact fibroblasts from chiA or chlB patients demonstrate low levels of AdoCbl and 

of propionate incorporation (77). chlB fibroblasts are unable ta form AdoCbl either in whole 

cells or in cell extracts. The defect is due ta a low or absent activity of ATP:Cob(I)alamin­

adenosyltransferase within the mitochondria (78). In contrast, intact fibroblasts from chiA 

patients have decreased whole cell accumulation of AdoCbl, but cell extracts are able to 

synthesize AdoCbl when supplied with a reducing system and ATP. The defect in chiA 

patients is thought to be due ta a failure ta reduce cob(III)alamin or cob(II)alamin within 

the mitochondria (77). ft is not cIear if there is more than one step responsible for the 

reduction as a ce]] line from a patient has been described with aIl the features of chiA ce Ils 

except that it complements other chiA and chlB tines (79). The identification of this new 

complementation group (chiA') suggests that at lcast 2 gene products in addition to 

adenosyltransferase are required to generate AdoCbl in the mitochondria. 
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4.2.4 

4.2.4.1 

Defects in AdoCbl and MeCbl Synthesis 

cblC and cblD 

Patients with cblC and cblD disorders have both MMA and homocystinuria 

due to a eombined deficiency of the synthesis of AdoCbl and MeCbl. Their total cellular 

content of CbI is markedly reduced (80). 

cblC disease is the most common inborn disorder of Cbl metabolism 

accounting for over 65 reported cases (81). The patients usually present in the first fcw 

rnonths of life, although sorne have exhibitcd latc onset, with a failure to thrive, 

deveIopmentai retardation, feeding difficulties, seizures, anemia, and megalohlastosis (10). 

Therapy with OH-CbI and betaine often decreases blood homocysteine and mcthylmaloaic 

acid, but does not completely eliminate them. The endo-Iysosomal system which mediates 

the specifie uptake and hydrolysis of TCII-bound Cbl have shown to he normal (HO). 

However, cblC ceUs are compietely deficient in the binding of Cbl to either MS or MCM 

(82). Moreover, cblC r.ells have been shown to be unable to utilize CN-Chl prohahly due tn 

their inability to remove the eyanide group (82). Recently, it has been shown thnt the 

enzyme B-ligand transferase (which catalyses the replacement of the CN- group of CN-Chl 

with GS-moiety) and cob(III)alamin reductase demonstrate variahle decrease in thcir 

aetivities in cblC ceUs (29). Defective cob(III)alamin reductase has heen proposed to cause 

cblC disorder. However, the observed variable decrease in the activity of hoth enzymes 

suggest that cob(III)alamin reductase is not the primary defect in cblC disorder, ieaving the 

nature of the disease obscure (29). 

The smaller number of patients in the cblO group, represented only by a single 
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sibship, present later in lire with neurologie abnorrnalities (74). cblD cells display a 

detectable, though deereased, Cbl binding activity and have sorne capacity to catalyse the 

initial removal of the cyanide group from CN-Cbl (82). Moreover, in chlD eells, the specifie 

activities of B-Iigand transferase and cbl(III)alarnin reductase were 33% and 55% 

rcspectively (29). Byek and Rosenblatt observed that eocultivation of cblC and cblF 

fibroblasts in the absence of PEG resulted in a partial increase of propionate and MeTHF 

uptake suggesting mctabolic cooperation (83). However, cblO fibroblasts do not exhibit such 

a cooperation when mixed with cblF cells. The specifie defect in cblD is not known, although 

both c1inical and cellular phenotypes suggest that cblD is a "leaky" or less severe form of 

cblC (80) However, cblD may also have a separate defect in a met abolie step proceeding 

or following the cblC defeet (83). 

4.2.4.2 cblF 

As with eells from cblC and cblD patients, both MCM and MS activities are 

impaired in cblF cells, and AdoCbl and MeCbl contents are reduced. Five Patients have 

been described with cblF disease with a variation in the age of onset (84). One patient 

presellted with Cbl responsive MMA without homoeystinuria. The four other patients 

reported had Cbl responsive MMA in addition to homoeystinuria. The cblF ce lis have been 

showll to aecumulate unmetabolized, nonprotein-bound CN-CbI in lysosomes (85). 

Subcellular fractionation demonstrated that Cbl was in Iysosornal fraction of the cell. 

Moreover) EM-radioautography with [57Co] CN-Cbl showed the presence of Cbl in 

lysosomes of cblF patients. These findings indicate that the defect in cblF lies in the transfer 
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of ChI from lysosomes to the cytoplasm, specifically in a Iysosomul mcmhrane-spccifie 

transport system for Cbl. The inability of cblF patients to absorb oral ChI suggcsts thal a 

similar mechanism may be operating at the level of the enterocytes at the distal ilium, and 

that IF-Cbl has to pass through a lysosomai mechanism before ChI is rclt'ased (84). 

4.2.5 

4.2.5.1 

Defects in MeCbl Synthesis 

cbIE and cblG 

chiE and chlG classes are generally characterized by mcgaloblastic anemia, 

homocystinuria, and hypomethioninemia in the absence of MMA (5). The ce Ils exhibit 

functional deficiency of MS due ta decreased formation of MeChl. Patients lIsually prescnt 

in the first few months of life with vomiting, pOOf feeding, letharb'Y, and hypotonia (10). At 

least one patient had adult onset (86). Although patients with cblG appear to rcspond to 

therapy with OH-Cbl, MeCbl, and betaine, they seem ta be more resistant ln trcalment than 

cblE patients (16). If untreated, these diseases couid lead to devclopmclltal dclay and 

neurological manifestation, possibly on the basis of methionine deficiency (87). In fact, it has 

been suggested that the deficiency of MeCbl and AdoMct impairs methylation reactions 

essential for myelination and neurotransmitter synthesis, Icading to the dcvclopmcnt of 

myelopathy (64). Vpon long term treatment with ChI, a slow and ineomplete improvemcnt 

of the psychomotor system is observed (88). 

In bath cblE and cblG, there is normal binding of Cbl tn MS cnzymf', hut a 

decrease in MeTHF incorporation is obscrved (5). chiE fibrobJasts show specifie activity of 

MS under standard conditions equivalent tn those of control fibroblasts (55). Ilowevt l • whcll 
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the assay is performed under suboptimal reducing conditions, the activity of MS is decreased 

(55). This suggests that cblE c1ass has a putative defect in a MS-associated reducing system. 

In contrast ta control cells, activity of MS in cb/E fibroblasts is not decreased following NzO 

preincubation, indicating that MS is not turning over in cblE cells, since a functioning 

enzyme is required for inacti',ation by N20 (55). In contrast to cb/E, MS activity in cblG is 

rcduccd even under optimal assay conditions, implying that cblG patients have a defect in 

the MS apoenzyme itself (89). This is further supported by the fact that in cblG ceUs, NzO 

induces a moderate inactivation of MS, probably related to a slow catalytic turnover of the 

enzyme (89). However, Hall et al have shown that in a cblG ceUline, AdoMet was not able 

to methylate Cbl (90). High concentrations of AdoMet relieved this impairment suggesting 

a defect related to the process by which AdoMet primes the enzyme system. Further 

heterogeneity is observed within the cblG c1dss (91). In most cblG fibroblasts, there is 

significant Cbl bound to MS foJJowing incubation in labelled Cb!. However, in 3 of 10 cell 

lines no Cbl binding was found. Moreover, MeTHF incorporation was decreased but not as 

l1luch as in the other 7 cblG whcre Cbl was associated to MS. The defect in the 3 variant 

tines is suggested tu affect the ability of MS ta retain Cbl. 
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CHAPl'ER 5 

METHYLMALONYL CoA MUTASE (MCM) 

5.1 PURIFICATION AND PROPERTIES OF MCM 

MCM has been purified to homogeneity using a variety of purification 

schemes, inc1uding column affinity chromatography on DEAE-cellulose, AGMP-l, AdoChl 

sepharose, Matrex-gel blue A, hydroxylapatite, and sephadex G-150 or 200 (34,92,93). 

Isolation of MCM has been reported from the gram-positive bacterium Propiollibacterium 

shermanii (94), the actinomycete Streptomyces cimzamollellsis (95), the intestinal wormAscari\' 

lumbricoides (93), sheep liver (34), human liver (96), and human placenta (92). 

5.1.1 Isolation of MammaUan MCM 

When human placental purified mammalian MCM was subjected to sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis, a single band was obtained. Comparcd 

to the mobility of standard proteins, the reduced enzyme had a molecular weight of 72 KOa, 

while the MW of the native MCM was found to be 145 KDa (92). Both X cuy tluorescence 

(92), and spectrophotometry (96) determined that MCM had 2 moles of Cbl bound pcr mole 

enzyme. These studies suggest that MCM is a dimer of identical subunits, each of which 

binds one AdoCbl molecule. The properties of the purified MCM are similar in ail the 

mammalian systems reported (34,92,96). 
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5.1.2 Isolation of Bacteriel MCM 

MCM was isolatcd from P. slzennallÎi and its properties were shawn ta be 

different from those of previously reported mammalian MCM. Us purified native MCM 

exhibited a single band of 165 KDa in nan-denaturing palyacrylamide-gel electrophoresis, 

and 2 bands (79 KDa and 67 KDa) of equal intensity in SDS/palyacrylamide-gel 

electrophoresis (97). The molar ratio of the subunits was canstantly 1:1, suggesting that the 

smaller subunit (beta H) is not a proteolytic fragment of the larger one (alpha a). Moreover, 

using sedimentation velocity and low-speed equilibrium ultracentrifugation measurements, 

the bactedal enzyme was shown to dissocia te progressively into hs 2 dissimilar subullits (a 

and H) with increasing ionie strength (98). MCM from P. shennanii thus contains 2 different 

types of subunits in contrast with mammalian MCM which exists as a dimer of identical 

subunits. 

5.2 CLONING, MAPPING, AND STRUCfURAL 

CHARAL....,ERIZATION OF MCM 

5.2.1 Bacterial MCM 

MCM from P. shennanÎi has been abtained in a crystalline fann suit able for 

high rcsolution X cay diffraction (99), and the structural genes coding for its 2 subunits (a 

and B) have been cloned and sequenced using synthetic oliganucleotides as primary 

hybridization probes (100). The fi subunit (69 KDa) is the product of the upstream gene 

(Mut A) and consists of 638 aa residues (1914 nucleotides). Mut B gene encodes the Ct 

subunit (80 KDa) and is 728 codons in length (2184 nucleotides residues). These 2 genes are 
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closely linked and their open reading frames lie very close together, with the last G of the 

C-terminal lysine codon of the Mut A gene heing the first base of the Mut B gene, 

suggesting that the genes are probably transcribed as an operon. Moreover, Mut A and Mut 

B are transcribed in the same direction. There is very close structural homology and 22% 

identity between the 2 subunits reflecting the possible duplication of a common ancestral 

gene. 

Similarly to P. sltemtanii, MCM cloned from the actinomycete Streptomyces 

cinnamoltensis (95) is comprised of 2 polypeptides encoded by 2 structural genes. The mut 

A gene consists of 1848 nucleotide residues and encode a 616 aa prote in of MW 6S KOa. 

The mut B gene comprises 733 codons (2199 bp) and encodes a protcin of MW 79 KOa. 

The 2 genes share 29% identity. 

5.2.2 Mammalian MCM 

To clone the human MCM cD NA, chicken antibodics raised against human 

placental MCM and 12SI-Iabelled goat anti-chicken IgG were used to sereen a human Iiver 

eDNA library in lambda gtll (101). EcoRl fragments from each clone identified wert 

hybridized ta total human liver RNA, and an mRNA species large enough tn encode a 

protein of 72-77 KDa was identified. The authenticity of the corresponding MCM clone was 

established by gene transfer of the recombinant clone into cultured COS cells. The 

transformed eeUs were found to have 3 to 5-fold higher levels of MCM enzymatic activity 

than did controls. In addition, RNA blot analysis of cells genetieally deficient in MCM 

indicated that several deficient eell lines had a specifie decrease in the élmount of 
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hybridizabJe mRNA to the cDNA probe MCM26b as compared to hybridizable mRNA from 

control Chi cell lines. Later, Jansen et al reported the cloning and sequencing of full-Iength 

human MCM cDNA (102). The amine acid sequence predicted from the cD NA 

corresponded to the authentic amino acid sequence of peptide fragments from purified 

human liver MCM. 

The human MCM cDNA comprises 2798 bases, including a 28 base poly A tai! 

(102). The sequence cantains a single long open reading frame beginning with a kozak 

consensus AUG sequence (CCAUG). The MCM gene is transcribed ~IS 3 2.8 Kb mRNA 

which is translated on ribosomes as 750 aa propeptide with a iJredicted MW of 83 KDa. 

Sequencillg data predicts that human MCM has a mitochondrial leader sequence of 32 aa. 

Its aa composition is characteristic of mitochondrial matrix leader sequences, namely it is 

rieh in arginine, serine, and leucine, though there is no discernable primary sequence 

homolob'Y' The mature protein of 718 aa is predicted to have a molecular weight of 78 KOa. 

The MCM clone has been uscd as a probe to determine the chromosomal 

location of the human MCM gene (the MUT locus) (103). DNA from human-Chinese 

hamster somatic cell hybrids were digested with EcaRl, BarnHl, or HindIII and analyzed 

by southern blot analysis. There was uniform concordance between the presence of 

restriction fragments representing the human MCM gene and the presence of human 

chromosome 6 in 5 different hybrid panels. EcoRl restriction fragments of the humar. MCM 

locus were identified in cell tines containing portions of chromosome 6. These analyses 

assigned the locus to rcgion q12-p23 of chromosome 6. In situ hybridization using the 

MCM26b fragment further lacalized the locus to the region 6p12-21.1. A highly informative 
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restriction fragment length polymorphism (HindI Il) was idelltified nt the MCM gene locus. 

This RFLP was used to study the MUT locus linkage relationship tn HLA ami D6S4 loci on 

the short arm of chromosome 6 (104). Strang evidence for tight linkage was demonstmtcd 

with D6S4 with maximum LOD score (z=22.93) at a recombination fractioll ot 0.0 l, and Icss 

tight linkage with HLA with Zmax= 3.04 at recombination fraction of O.2R 

A single chromosomallocus was suggested for MUT based on the observation 

that the restriction fragments from somatic cell hybrids could indcpcndcnt\y he assigncd to 

position 6p12-21.1 (103). Further restriction digest analysis and Soutllern hlots confirmed this 

and indicated the absence of pseudogenes or homologous genes elsewhcrc in the genome 

(105). Ledley et al characterized the structure of the human MCM locus (MUT) which 

comprises 13 exons spanning 40 Kb of the genome (Fig.5). It exhibits consensus sequenccs 

for transcription, splicing, and polyadenylation. The putative promoter region is localizcd in 

a GC island 5' to exon l, and was shown to direct expression of a beta-galactosidase œporter 

gene in cultured cells. It is observed that the first intron occurs within the 5' untranslatcd 

region. Moreover, the mitochondrialleader sequence does not represellt an inùepcndcntly 

encoded exon, which is consistent with the genomic structure of other mitochonùrial matrix 

proteins. Exon II encodes the mitochondrialleader sequence and the amino terminus of the 

mature apoenzyme. 

The mu ri ne homolog of MUT (Mut) has been localized to mouse chromosome 

17E-F by in situ hybridization and linkage studies, where it is syntenic with other loci from 

human chromosome 6 (HLA and glyoxalase) (106). The murine cDNA comprises 3245 

bases, and a single long open reading frame which codes for a protein of 748 aa with a MW 
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FIG. 5 SCHEMA TIC STRUCI'URE OF THE HUMAN MUT LOCUS AND 

MCM cDNA. Reprinted from Ledley (71). 
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of 82 KDa (107). Transfection of the mouse cDNA into human cultured ceUs constitutes an 

active apoenzyme, and can complement genetic deficiency of the apoenzyme in cells from 

patients with mut MMA. 

S.2.2.1 Processing of MCM precursor 

In 1983, using cell-free translation system programmed with rat liver RNA, and 

immunoprecipitation procedures, Fenton et al demonstrated that MCM is synthesized as a 

precursor peptide 3-4 KDa larger than the mature MCM apoenzyme (108). When the 

precursor was incubated with intact rat liver mitochondria, it was taken up and processed 

to yield the mature subunit of 78 KDa localized to the matrix subfraction. This indicates that 

the MCM precursor is post-translationally processed concomitant with its translocation into 

the mitochondrial matrix. Moreover, the overall reaction was inhibited by compounds such 

as dinitrophenol, which disrupt mitochondrial energy metabolism, suggesting that the 

processing and transport events are energy-dependent. It is assumed that after the 

translation of the precursor peptide on cytoplasmic ribosomes, it is transported into the 

mitochondria actively via a receptor-complex present on the mitochondrial membrane, where 

the leader sequence is cIeaved by the mitochondrial processing peptidase and the mature 

protein is constituted within the mitochondrial matrix (109). The mitochondrial processing 

peptidase recognizes an octapeptide sequence in the amino terminus of the protein. It has 

been postulated that the octapeptide functions to supply structural requirements for c1eavage 

between the leader residues and the mature amino terminus. 

Mitochondrial matrix proteins are pœsumed to have been introduced into 
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eukaryotes during the evolution of endosymbiotic prnkalyotes intn 1Il00lelll millll'homh in. In 

the process, genes for many proteins, such as MCM were translocatcu into the nucleus (1 Hl). 

Expression of the nuclear encoded gene in mitochondria evolved hy dcve\opmcnt of 

sequences for mitochondria targeting. The amino terminus of the maturc proccsscd 110",0 

sapiells MCM corresponds cIosely ta the position of the amino terminus of thc P. shcfillanii 

MCM sequences (111). This suggests that the mitochondrial sequcncc did not cvolvc hy 

differentiation of amino acids present at the amino terminal end of il (lI okm yol il' plOtl'in, 

but rather by extension of sequences at the 5' end of the rcading frame. Ilowever, target 

sequences may also e~erge by point mutations or rearrangemcnt within the 5' 1I1ltranslatcd 

region as has been observed with the yeast cytochrorne oxidasc suhullit IV precursor whclC 

it has been demonstrated experimentally that randornly juxtaposcd sequences can generate 

mitochondrial targeting sequences under selective pressure (110). This hypothcsis is further 

supported by the lack of any evidence for exon-delimited targeting domains suggesting Ihal 

the mitochondrial targeting sequence arase from adjacent sequences rather than hy exoll 

recruitment. 

5.2.3 MCM Homology Among Spccics 

94% homology is observed between human amI murine MCM, with the 

divergence being at the mitochondrialleader sequence, where only 69% of thc rcsidues arc 

identical (107). 

Comparison of mammalian MCM sequences to the P .. \/zermwlÎi bacterial 

MCM sequences revealed that mammalian MCM (human, murine) exhihits 22%-2({7f} 
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homology and 57%-60% homology to the Mut A and Mut B sequences from P. shermanii 

respectively (107). In addition, the mut A gene of S. cinnamollensis shares 27% and 43% 

identity tn the Mut B and Mut A genes of P. slrermallii, respectively, 27% identity to human 

MCM, and 25% identity to murine MCM. The mut B gene of S. cinnamollensis shares 12% 

and 27% identity to the Mut B and Mut A genes of P.shermanii, respectively, 63% identity 

to human MCM, and 61% identity to murine MCM (95). 

While there i5 considerable similarity between bacterial and mammalian 

sequences, there i5 also significant differences. In particular, none of the cysteines (8 in 

mammals, 2 in bacteria) are conserved; cysteine residues are generally the most strictly 

conserved amino acid. 

Despite the evolutionary distance, and the fact that the bacterial MCM 

catalyses the reverse! reaction of the mammalian MCM, the presence of profound sequence 

similarity between their sequences reflects the homologous evolutionary origin of these 

proteins and the preservation of critical structure-function determbants for common 

mechanism of action (111). In addition, the single MCM gene in mammals may have arisen 

through divergent evolution from its heterodimer bacterial homolog. Alternatively, it may 

have arisen by divergence from one bacterial gene, with duplication and divergence of the 

second bacterial copy subsequent to separation of bacterial and eukaryotic lines or bacterial 

and mitochondrial lines. 
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5.3 MCM APOENZl'ME DEf4-'ICIENCY (mut) 

5.3.1 Classification into the mut Group 

An inherited disorder affecting methylmalonyl CoA metabolism is suspccted 

on the basis of methylmalonic aciduria (or acidemia) in the presence or ahsence of 

homocystinuria and megaloblastic anemia (sec section 4.2.1) (84). Biochemical 'itudies and 

cell cultures techniques are employed to precisely identify the disorder involvcd (64). 

The uptake and intracellular distribution of vitamin B I2 is dctcrmincd hy 

incubating the cells for 96 hrs in the presence of medium containing 25 pg/ml (18pM) ['i7Co]_ 

eN-ChI bound to human serum as a source of Tell (82). The intraçcllular ChIs arc then 

extracted into hot ethanol and separated by high performance liquid chromatography. Chl­

dependent enzyme activity can be indirectly and independently assaycd in cell extracts grown 

in medium with and without added exogenous Cbl (82). MCM activity ca" he measurcd 

indirectly by measuring the incorporation of labelled propionatc into acid precipitablc 

mate rial, while MS activity can be measured by measuring the incorporation of labellcd 

MeTHF (84). 

Cell complementation analysis is employed to further define the phenotype of 

a cell line (84). Equal numbers of cultured fibroblasts from different patients are co­

incubated in the presence or absence of PEG, an agent which induces ccII fusion. If ccII 

fusion results in increased uptake of either propionate and/or MeTHF, then the cell Iines 

belong to different complementation classes, implying mutations at distinct genetic loci. 

MMA without homocystinuria is the clinical characteristic of MCM apoenzyme 

deficiency. In mut c1ass, the cells demonstrate low [14C]-propionate uptake (sec Table 3). 
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[ 14C]-MeTHF and [57Co]-CNCbl uptake fall within the normal range, and there is adequate 

synthcsis of AdoCbl and MeCbl, although occasionally AdoCbl may be relatively low. 

Recently, it became feasible to distinguish the mut and chi forms by DNA­

mediatcd gene transfer which is a variation of the classical complementation procedure 

(112). MCM cDNA clone transferred into mut fibroblasts restored the activity of the 

methylmalonyl CoA (succinyl Co A) pathway measurcd by metabolism of [14C] propionate 

in culture. Iùentical gene transfers into cbl fibroblasts did not result in an increase in 

propionate incorporation. The results of gene transfer correlated with those of classical 

somatie ccII complementation and biochemical methods. 

5.3.2 mut Subc'asses 

Mutase apoenzyme defect is classically sub-divided into two groups designated 

mwo and mur on the basis of residual mutase activity. 

5.3.2.1 mut" cell lines 

mur cell 1ines exhibit residual enzyme activity in cell extracts when assayed 

with high concentration of AdoCbl (113). In these extracts, the mutant apoenzyme retain 

maximally 0.5%-50% of control activity. Incubation of mur cells in elevatcd concenhations 

of OH-Cbl has becn shown to result in an increase in MCM activity as measured by [14C]_ 

propionatc incorporation, although the level remains weil below that in con troIs. mur 

patients, howevcr, do not respond clinically ta Cbl therapy (113). Different levels of basal 

mutase activity have been observed among the mur cells reflecting biochemical 
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heterogeneity. MCM from mur fibroblasts has a Km for the coraetor AdoCbl that is 200-

5000 times that of contraIs (113-115), but a normal Km for the substrate mcthylmalonyl 

CoA. These data suggest that the mutase apoenzyme is structurally ab normal leading to a 

reduced affinity for the cofactor. In addition, MCM from mur cells exhibit increased 

thermolability relative to control enzyme. Using radioimmunoassay, the amount of cross 

reaeting material (CRM) detected ranged from 20%-100% of control (116). Ali mur ceUs 

exhibit normal mRNA levels (117). 

5.3.2.2 mutO eeU lines 

The mutO subclass constitutes about 2/3 of the mut eomplementation group. 

Mutase activity in extracts of cultured fibroblasts is undetectable «0.1 % of control) even 

when assayed in the presence of AdoCbl concentrations greatly in excess of that norrnally 

required ta saturate the enzyme (113). In addition, intact mutO cells do not respond to OH­

Cbl supplementation (113). Northern blot analysis revealed that sorne mut° œil tines have 

decreaseà leveIs of MCM mRNA, suggesting that the primary defeet illvolves transcription, 

processing or stability of mRNA (117). It is estimated that in Caucasian and African­

American patients at Jeast 25% of mutations in the muta class express this low message 

phenotype. Ogasawara et al (118) recently reported that undetectabJe rnRNA lcvels is 

present in 13 of 16 mutant aIle les (81 %) of Japanese patients. Radioimmunoassay rcvealed 

no immunologically cross reactive mutase protein in the extracts of sorne mut) ccII Hnes, 

while otheTs demonstrated CRM Jevels ranging from 3%-40% of controls (116). mwo cells 

were further pulse Iabelled ta determine how amounts of newly synthcsizcd mutase protcin 
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dctected by specifie immunoprecipitation compared with the CRM values (119). AlI of the 

mulo cell Hnes that displayed CRM had detectable newly synthesized mutase. Of the CRM 

ncgative muta lines, 50% showed no detectable amounts of MCM; the other 50% had 

amounts of newly synthesizes mutase ranging from barely detectable ta nearly half of that 

sccn in controls, suggestillg mutations which lead to the synthesis of unstable mutase protein 

.:-apidly degraded intracellularly. This reflects the considerable phenotypic heterogeneity 

within the mut> subclass. Thus, the absence of enzyme activity in mUID cells can be accounted 

for by the absence of protein synthesis, the presence of an abnormal or unstable protein, or 

by the presence of an. apparently normal immunoreactive protein that is inactive because of 

a mutation. 

In addition to the heterogeneity observed at the molecular level within the mut 

subclasses, phenotypic pleomorphism in muta and mur is prevalent. mur patients present 

with onset of iIIness la ter in infancy or childhood than muta patients and symptoms of 

intermittent severity (120). Phenotypic variabHity is clinically evident in this biochemical 

subclass, with patients exhibiting normal to severe neurological dysfunct;ùn, with or without 

episodic acidosis. The level of enzyme activity within this subclass was not found to be 

directly predictive of clinical outcome (120). In contrast, muta patients present with profound 

nconatal iIIness and have poor prognosis with high mortality. The survivors have significant 

growth and mental retardation (120). The observed neurological dysfunction in mur and 

mlll() patients is thought to be caused by the accumulation of methylmalonic acid, which is 

a potentia] toxin, or secondary acidosis, ketosis, hyperammonemia, and hypoglycaemia (71). 
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Because pairwise crosses betwcen muta and mur generally yield 

noncomplementing heterokaryons and because of the observed codominant l'xpression of 

mutO and mur alleles (121), it is accepted that both mutant types (mlliO and mur) renect 

abnormalities of the locus cadil1g for the mutase structural gene (113). The identification of 

mutations within the mutase gene that le ad to the absent (mut°) or abnormal enzyme 

kinetics (mur) have firmly established that these phenotypes are allelie mutations at the 

MUT locus (113). 

Southern blot analysis using MCM cDNA as a probe revcaled Hindlll and 

TaqI polymorphisms at the MUT locus in mutO and mur lines (117). However, no distinct 

relationship to mut phenotypes could be established because of the small sample size 

studied. 

5.3.3 Mutations at the MUT Locus 

The mut c1ass is characterized by mutations at the MUT locus, resulting in 

defects of the MCM apoenzyme (121). Molecular cloning ofMCM permitted genetic analysis 

of mutations that underHe mut MMA. Southern blot analysis has failed ta identify any gross 

abnormalities at the MUT locus, indicating that the majority of the mutations are point 

mutations, or small deletions or insertions (122). Since the majority of mut> cells and ail mur 

cells express normal rnRNA, most of the defects are assumed ta be mutations within the 

open reading frame. Eighteen distinct mutations under:;'ing the mut phenotype have been 

identified, aIl of which are point mutations (Table 1). 
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TABLE 1 LIST OF MUTATIONS IN HliMAN MeM. AA= amino acid; HMZ-

DNA= hornozygous mutation detected at the DNA (genomic) level; 

HTZcDNA= heterozygous mutation detected in cDNA; REF= references; 

PM= DNA polymorphism; percom= personal communication with Dr. Wayne 

Fenton (Yale University); X= stop codon; FrSh= frameshift. 
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TABLE 1 LIST OF MUTATIONS IN HUMAN MCM 

AACHANGE BASECHANGS EXON CELL UNE mupl' IIM7J1n~.l RH' 

Q13X C128->T Il FB 552 mut'} IIl"L.·DNA 12..\ 

E84X G326->T Il -- ....... muP ------- IIH 

R93H G354->A Il WG 1130 mur} IIM/·nNA 1 

G94V G35T>T II 515 mul Illv/cl)NA ('crC(l11l 

WI05R T389->C Il WG 1607 mut') Il r/cDNA 1~4 

E117X G42S->T Il 347 muP IIMZ·DNA 111-1 

Y231N T76T >A III WG 1600 mUI IIM"cDNA ('crcmll 

FrSh23r> X S08 Dclete CA7fJ9 III 359 mut') IIT/·DNA llH 

R369H GI1R:r>A VI WG 1599 mut IlT/.cDNA pcrco/ll 

A377E C1206->A VI WG 1607 muP Il r"cDNA 1:':4 

G623R G1943">A XI WG 1681 mut'} IIT"cDNA 12/1 

G626C G1952">A XI STI mut IITZ·DNA ln 

G630E G196;->A Xl WG 160') muP IIMZ·DNA 127 

G648D G2019->A XI CHU mut - IITZ·DNA 127 

H678R A2109->G XII WG 1511 mut IIM:!.tDNA [lcrcom 

R694W C215ô>T XII MM 87 mUI IIMZ-DNA 127 

G703R G'?1R1->C XII WG 1681 muP 111:!.tDNA 126 

G717V G2226->T XlII WG 1610 mlll - !IMZ·[)NA l2~ 

WG 1611 mut - IIIZ-DNA 12~ 

WG 1613 mut IIMZ·DNA 12~ 

H532R (PM) A1671">G IX WG 1511 mut IIM/.cDNA pcrcom 
WG 1599 mul 111:!.tDNA IX'fLom 
WG 1610 mlll - IIM:lA)NA 125 
WG 1611 mlll IIMZ·DNA 125 
WG 1613 mUI IIMZ-DNA 125 
WG 1681 mur 1 1 M:t.d)N A lU) 
CHO mUI - IITZ-DNA 127 
MM 87 mu! - IIMZ-DNA 127 

V6711 (PM) G208,>A XII WG 1610 mut IIMZ-DNA 125 
WG 1611 mut IIMZ·DNA 12~ 

WG 1613 mut IIMZ·DNA 125 
WG 1681 mur Ili-AZcDNA 126 
WG 1511 mut 

. 
IIMZdJNA pc:rcom 

WG 1599 lIIut - IITZcDNA renom 
CHO 'nUl - Il'r.l·DNA 12"/ 
MM87 mUI IIMZ-DNA 127 



L~ __ ~ ___ _ 

Figure 6 describes the position of these mutations. The effect of each of these mutations on 

the activity of the enzyme has been assayed by gene transfer of expression vectors bearing 

single mutations inta MCM-deficient fibroblasts, or overexpression of the mutant enzyme 

in S. cereviviae. S.cerevi'liae does not have endogenous MCM and does not produce AdoCbl, 

so that the recombinant MCM produced in ihis organism is entirely apoenzyme. 

An amber mutation (Cl28->T), identified in cDNA from the FB552 mwo cell 

Hne, prematurely termina tes translation at codon 18 within the mitochondrial leader 

sequence. This yields an abbreviated and unstable gene product that can not he targeted to 

the mitochondria, hence the mut° phenotype (123). The immunoreactive prote in produced 

by these cells reflects translation from an internai initiation codon downstream from the 

termination codon created by the mutation, and therefore lacks a mitochondrial leader 

peptide. Although only one cDNA species \"'as cloned from this ceU Hne, analysis of genomic 

DNA indicates that this cell line is heterozygous for the C l28 mutation and a polymorphic 

1-lindIlI site, suggesting that the heterologous allele is not represented in the mRNA. 

Compound heterozygous mutations were identified in the cDNA from a mut° 

lïbroblast cellline, WG 1607, and the pathogenicity of the observed changes was confirmed 

hy DNA-mediated gene transfer (124). The first mutation results in a change from the non­

polar tryptophan to the basic arginine at amina aCÎd position 105 (W105R). The second 

mutation, which results in a A377E change, falls within a strongly hydrophobie segment and 

inserts the positively charged glutamine in place of hydrophobie alanine, thus al te ring 
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FIG. 6 

• 

MUTATIONS IDENTIFIED IN mut MMA. The positions of mutations 

identified are shown along the protein. Letters represent amino add change. 

Mutations causing muta phenotype are represented above the tine, while those 

causing mur phenotype are represented below the \ine. FR=frameshift; 

X=stop codon. The figure is not drawn to scale. 
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secondary and tertiary structures of the segment. Both mutations alter evolutionary 

conserved amine acid. 

A mutation which substitutes valine for glycine at amino acid position 717 

(G717V) is present in 4 mur celllines, three of which (WG 1610, WG 1611. WG 1613) are 

derived from unrelated patients of African-American origin (125). Ali thrcc patients 

exhibited similar clinical course, which was intermediate between the fulminant and the 

benign forms of MMA, suggesting that this phenotype is the specifie consequence of the 

G717V mutation (phenotype-genotype relationship). WG 1610 and WG 1613 patients are 

homozygous for the G717V mutation, while WG 1611 is hcterozygous for the sa me mutation 

and an allele that does not produce detectable rnRNA. In addition, two additional 

homozygous changes (H532R and V671I), characterized as polymorphisms hy expression 

studies, were identified in these three patients. G717V alters an amino élcid conservcù 

between mammalian and bacterial MCM, and the change is assumed to disrupt protein 

fol ding by introducing an additional alpha-helix rotation in the carboxy terminus or the 

protein (125). 

A R93H mutation was identified in a mut() ccII line, WG 1130, which 

participates extensively in interallelic complementation (1). For more ddails, rerer to section 

5.3.4. 

Recently, cDNA from a mUlo fibroblast cellline, WG 1681, from an African­

American male infant, was c10ned and sequenced in Dr. D.S. Rosenblatt's laboratory at 
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McGi1I University (126). Compound heterozygosity was demonstrated for two novel changes 

at highly conserved sites: G623R and G703R. Expression studies demonstrated that the two 

heterozygous changes are pathogenic mUlo mutations. In addition, two homozygous 

polymorphisms (H532R and V671I), previously described in three unrelated African­

American patients (125), were found. The G623R and G703R changes result in the 

substitution of large basic residues for small hydrophobie amino acius near the carboxy 

terminus of the MCM polypeptide. 

Very recently, Crane and Ledley reported cloning and sequencing DNA from 

four mut cell lines (127). STI and CHû, two mur cell !ines, were found to be heterozygous 

for G626C and G648D respectively. The second allele in both !ines is not expressed. WG 

1609 (REG), a mUlo line, and MM87, a mur Hne, were found to be homozygous for G630E 

and R694W respectively. 

ûgasawara et al (118) identified two novel mutations in MCM in ceUs from 

two mUlO Japanese patients assumed to cause the low mRNA phenotype observed in those 

cells. The first patient (#347) has the homozygous El17X mutation, and the second patient 

(#359) has the heterozygous E 117X and a frameshift mutation at amino acid 231 causing 

a premature termination at codon 508. Both mutation would produce truncated non­

functional polypeptides. Moreover, the E117X mutation was identified in six of sixteen 

Japanese patients, suggesting a relatively high incidence of the mutation among Japanese 

patients (118). 
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The rest of the mutations described here have been conveyed through personal 

communication with Dr. Wayne Fenton (Yale University) and have not been puhlished. Ali 

of them give rise to mur phenotype and have been identified only at the cDNA level. 

H678R identified in WG 1511 and Y231N in WG 1600 are homozygous mutations, while 

G94V, identified in cellline 515, and R369H, in WG 1599, are heterozygous changes. The 

mutations in the second alleles have not been identified. 

5.3.4 Interallelk Complementation in mut MMA 

My research project is based on the observation that WG 1130 cellline from 

a patient with mut° MMA exhibited unusual complementation phenotype when œil fusion 

eomplementation analysis were perf0rmed with WG 1130 and a series of cultured fibroblast 

tines representing the cblA, cbLB and mut eomplementation classes (1). As expected 1130 

eomplemented with cblA and cblS celllines. However. complementation was also obscrvcd 

with three of nine mutO cell lines and four of five mur cell tines. Sinee there is a single locus 

for the gene encoding mutas(;, constitution of the aetivity in the heterokaryom; must occur 

by means of interallelie (intragenie) complementation. Interallelic complementation involves 

the interaction of differently altered polypeptide ehains in the sa me multimeric protein tn 

produce a functional hybrid prote in molecule. The mechanism of such complcmentation was 

diseussed by Crick and Orgel who suggested that restoration of function might be duc to the 

correction of defect in one monomer by sorne unaltered part of the other (12H). The MCM 
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cDNA from WG 1130 was cloned and sequenced and was found to contain a homozygous 

G3S4->A (R93H) mutation, which was later confirmed to be homozygous at the genomic 

level (129). Expression vectors carrying MCM with the R93H change expressed no enzymatic 

activity when introduced inte cells with low mRNA iJhenotype, compared to transfection with 

wild type MCM vector which restored the activity. These expression studies confirmed that 

R93H is the pathogenic mutation (129). Cotransfection studies in which clones bearing the 

R93H change are introduced into cells together with vectars expressing mutations identified 

in mut' or mur cells that complemented with WG 1130 demonstrated that complementation 

between R93H and these mutations occurred at the molecular level. These results point ta 

further heterogeneity within bath mwo and mur and enable identification of mutations 

affecting discrete components of apoenzyme function. So far, WG 1130 is found to 

complement 5 of 15 mutO lines ~nd 7 of 9 mur Unes (Table 2). 

My research plan was to conduct fusions among the mut cell lines available 

to me to look for somatic cell complementation, and screen for mutations using PCR-SSCP 

analysis. Because of the large number of mut cells available to me, 1 concentrated on 13 cell 

lines, in seven of which mutations are already characterized, in order to correlate the 

position of mutations and the ability to complement other mutations with the structure of 

the prote in. 

The ove ra Il purpose of these experiments is to provide a pattern for grouping 

the mutations according to the complementation d. ta in defined domains in arder to get a 
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clearer understanding of the important structural domains of MCM, and be able to make 

correlation between genotype and phenotype. 
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TABLE 2 COMPLEMENTATION PATIERN OF mut CELL LINES WITH 

WG 1130. + = the celllines complement each other; 

- = the cell lines do not complement each other. 
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TABLE 2 

COMPLEMENTATION PATIERNS OF mut" CELL LINES WITH WC 1130 

mur cell lines 

WG 1511 + 
WG 1562 + 
WG 1610 + 
WG 1611 + 
WG 1613 + 
WG 1738 + 
WG 1919 + 
WG 1599 
WG 1618 

COMPLEMENTATION PATIERN OF mur CELL UNES WITH WG 1130 

mutO cell lines 

WG 1517 + 
WG 1601 + 
WG 1609 + 
WG 1681 + 
WG 1713 + 
WG 1510 
WG 1512 
WG 1602 
WG 1607 
WG 1608 
WG 1612 
WG 1727 
WG 1864 
WG 2041 
WG 2077 



CHAPTER6 

MATERIALS AND METHODS 

6.1 CLINICAL HISTORY OF mut PATIENTS 

The classification of celllines from patients in a particular group (cblA-G, 

mut) is based initially on cIinical presentation (84). Measurements of cellular Cbl uptake, 

cofactor distribution, and uptake of labelled propionate and labelled MeTHF in cultured 

fibroblasts provide confirmation of the defect (64). A definite diagnosis is then made by 

complementation analysis studies using a panel of cells with known disorders (84). 

If a cell Hne falls in the mut complementation group, then the propionate 

incorporation assay is used to further subdivide it into the mur or mutO class. This is done 

by assaying propjonate incorporation in cultured ceUs in the presence of increasing amounts 

of exogenous OH-CbI (113). mur ce lis exhibit decreased activity in the presence of added 

Cbl (Table 4); mutO ce Ils exhibit no change in activity with added CbI (Table 3). 

6.1.1 mutO Patients 

The fibroblast cell line WU 1130 is from a French Canadian female who was 

diagnosed with MMA in the first week of life (1). She had recurrent vomiting, dehydration, 

metabolic episodes, and died at 5 months of age. Because of the unresponsiveness to OH­

Cbl in the culture medium, she was c1assified in the mutO subclass (Table 3). 
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TABLE 3 PROPIONATE UPTAKE OF muto CELL UNES. Growing cells were 

incubated in [1)4C] propionate containing-media for 18 hours with and without 

PEG. Cellular macromolecules were precipitated with 5% trichlnroacetic acitl, 

and ceUs wen:, dissolved in 0.2N NAOH. Propionate incorporation was 

determined from levels of radioactivity and related to total cellular protcin 

determined by the Lowry method (130). 
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TAilLE 3 )ROI'(ONATE UPTAKE OF mur CELL LINES 

CElL UNE 

MClI24 
(Control) 

WG 1130 

WU 16S1 

WG 1713 

WG ]727 

WG 2041 

[14CJPROPIONATE UPTAKE 
(nrnolc/mg protein/18h~) __ 

without OH-Cbl with OH-Cbl 

18.0 18.0 

0.57 0.40 

1.1 0.85 

1.4 1.6 

1.5 1.3 

2.0 2.0 



WG 1607 was diagnosed with MMA following his readmission to the hospital 

at 36 hours of age with respiratory distress (124). He exhibited organic ncidemia. 

hyperammonemia, and neutropenia. The patient died at one and a ha If years of age durin!~ 

a recurrent episode of met abolie acidosis. The cellline has becn shown to express the mut' 

phenotype. 

The fibroblast cellline WG 1609 is from a Danish fCIlla1e who was diaglloscd 

with MMA in the first week of life. She died at age one and a hall' ycars. Cultureù t'Clis t'rom 

WG 1609 were defined to have a muta phenotype. 

WG 1681 is a weIl characterized mut° cellline t'rom a mé!le infant of African­

American origin with no family history of MMA (Table 3) (126). He was diagnoscù with 

MMA in the first week of Iife after showing symptoms of lethar!,'Y, hypcrammonemia, and 

acidosis. He had several readmissions due to acidosis, and at 3 1/2 Years of age he haù an 

approximate 6 months delay in his verbal and fine motor developmcnt. 

WG 1713 is muta cell line from a male Hispanie patient who was extremely 

sick at 10 days with acidosis, lethargy, vomiting, high blood ammonia, anù seizurc (Table 3). 

He was shown to have MMA, microcephaly, cerebral eùema, global retarùation. and severe 

developmental delay with slow progress. 

WG 1727 developed a duodenal ulcer at the age of 6 yt:ars, and undcrwcnt 

58 



a partial gastrectomy. From age 8 on, he continued to have intermittent episodes of elevated 

levcls of methylmalonic acid. Fibroblasts from WG 172ï fall into the mut° c1ass (Table 3). 

WG 2041 fibroblasts arc from a Hispanie patient with MMA who presented 

in the fir~t wcek of life with acidosis, nconatal coma, hyperammonemia, and very high levels 

of methylmalonic acid in the urine. WG 2041 was defined ta have a mut° phenotype 

(Tahle 3). 

6.1.2 mur Patients 

Complementation analysis and assay of propionate incorporation in WG 1599 

and WG 1511 cultured ce lis with illcreasing amounts of OH-Cbl demonstrated that these 

patients l'ail into the mur cIass. No c1inical information is available for these two celllines. 

WG 1610 is a well characterized mur cellline from a black patient who was 

diagnosed with MMA at the age of 3 years (125). On evaluation, he had metabolic acidosis 

and hyperammonemia. He has had several readmissions for episodes of metabolic 

imhalance. 

WG 1618 is a caucasian female who presented at the age of 4 years with 

ketoacidosls and hyperammonemia (131). She was diagnosed with MMA, though her 

presentation was not very characteristic. The majority of children with MMA are identified 

at a younger age then WG 1618 when they present in metabolic crisis, and their urine MMA 
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level is usually higher than this patient's. This patient has an unusually mild mur defeet, and 

the ceUs show a higher propionate uptake level than ather mut patients (Tahle 4). 

WG 1738 is an IrishlItalian patient who presented at 5 years with MMA 

excretioll in the urine and an atypical clinical finding in that he never had an acidotic 

episode. He is mentally retarded and has autistic behaviour. His tïhrohlasts l'ail into the mur 

class (Table 4). 

The patient WG 1919 is a white female who had hasal ganglia stmke at 10 

months and was diagnosed with MMA. She recovered weIl and was tmmd to he 

developmentally normal. This patient is classified into the mur category (Ta hie 4). 

6.2 CELL CULTURE 

Control (MCH 24) and patient skin fibroblasts were ohtained l'rom the 

Repository for Mutant Human CeUs at the Montreal Children's Hospital (Montreal, Que.), 

and were determined to be free from mycoplasma contamination. Cultures were grown as 

a monolayer in 175 cm2 fIasks (Falcon, Oxnard, CA) and maintained in 30 ml of Eagle~' 

minimum essential medium (MEM) with Earle's salts, L-glutamine, and non-essential amine> 

acids (Flow Laboratories, Mississuaga, Ont.), supplemented with 10% (v/v) l'etai hovine 

serum (FBS) (Gibco Laboratories, Grand Island, N.Y.). The cclI cultures were kept in 

incubators at 37°C in an atmosphere of 5% CO2, 95% O2, and 86% humidity. 
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TABLE 4 PROPIONATE UPfAKE OF mut- CELL UNES. Growing cells were 

incubated in [1 )4C] propionate-containing media for 18 hours with and without 

PEG. Cellular macromolecules were precipitated with 5% trichloroacetic acid 

and cells were dissolved in O.2N NAOH. Propionate incorporation was 

determined from levels of radioactivity and related ta total cellular protein 

determined by the Lowry method (130). 
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TABLE 4 PROPIONATE UPTAKE OF mut- CELL LINES 

CELLLINE e4C]PROPIONATE UPTAKE 

~ (nmole/mg protcin/lRh) 
without OH-Cbl with Oll-Chl 

MCH24 18.0 1R.O 
(Control) 

WG 1618 2.9 6.8 

WG 1738 2.8 7.0 

WG 1919 0.72 1.3 



6.3 CELL FUSION COMPLEMENTATION ANALYSIS 

Fibroblasts cultured from the thirteen unrelated patients (6 mur, 7 mutD) were 

fused in a1l possible pairwise combinations and MCM activity was assayed in the 

heterokaryons hy measuring the incorporation of 14C from [1_14C] propionate (New England 

NucIear; Boston, MA) into high molecular weight acid precipitable material. This provides 

an indirect measure of MCM activity in intact cens. e4C)-propionate is incorporated into 

protein following its conversion ta succinyl CoA by MCM and to amino acids via the TCA 

cycle. 

CeUs to be tested were seeded into 35mm Falcon tissue culture dishes at a 

density of 400,000 cells per dish. Mixed cultures consisted of 200,000 ceUs from each of two 

cell lines. 24 hours after the cultures had been plated, 1 ml of a 40% solution of 

polyethylene glycol-1000 (PEG) (J.T. Baker Chemical Co.; Phillipsburg, NJ) in phosphate­

buffered saline (pH 7.4) (PBS) was applied for 60 seconds ta the ce]]ular monolayer in the 

plates ta be fused ta induce ceIl fusion. The PEG was removed and the cultures extensively 

washed with serum-free MEM, then incubated with MEM supplemented with 10% FBS. The 

following day, the ability of cultures ta incorporate label from [1-14C]-propionate into acid 

precipitable material was assayed. Medium was replaced with Puck's F medium 

supplemented with 15% fetal bovine serum and 100J.'M [l)4C]-propionate (diluted with 0.01 

M unlabelled propionate ta give a specifie activity of lOJLCi/J.'mol), and cultures were 

incubated for 18 hours. At the end of this time, the medium was removed, and the cultures 

were rinsed Huee times with cold PBS. Cold 5% trichloroacetic acid (TCA) was then added 

to precipitate macromolecules, and the plates were incubated for 15 min. at 4°C. Mter two 
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additional washes with 5% TCA, the precipitate was dissolved in 1 ml of O.2N NAOH 

overnight. Radioactivity of an aliquot (700 Id) was determined by liquid scintiilation counting 

in a Beckman 5801 liquià scintillation counter (Mississauga,Ont.), and related to total ce)) 

protein determined by Lowry method (130). The uptake was expressed as nmol propionate 

incorporation/mg protein/18 hours. AH values were the means of triplicate determinations. 

The me an of propionate uptake of the fused and lInfused groups was 

compared. If a stimulation of [14C]-propionate incorporation has nccurred in the PEG 

treated group (as compared ta the parallel cultures that had not becn exposcd to PEG), 

intragenic compiementation was assumed ta have occurred. If there was no incrcase in 

propionate incorporation, no intragenic complementation was assumed ln have occurred. lt 

has been shown previously that the exposure of unmixed cultures of each individllalœll line 

ta PEG for 60 seconds does not cause stimulation of propionate uptake (132). 

The fusion of mut cell !ines with fibroblasts from other complementatioll 

groups known ta be defective in other genes (chiA or ch/H) served as positive controls in the 

experiments; the pmpionate uptake of a control cellline (MCH 24) was also recorded. A 

set of triplicate blank dishes (no cells) were inc1uded in each experiment. 

6.3.1 Statistical Analysis of Complementatioo 

Ali data of crossed mut pairs were statistically evaluated using student's 1 test 

analysis. AIl p values arc one-tailed and compare fused with unfused combinations of ccII 

lines. Complementation is mdicated by an increase in propionate uptake in mixcd fused 

cultures relative ta mixcd unfused culture~ (p<O.OS). Variation is expressed as the standard 
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deviation of the mean. 

6.4 MUTATION DETECll0N 

6.4.1 DNA Extraction 

Fibroblasts from the control (MCH 24) and 37 mut patients, of which 

approximately two thirds are mut° and one third mur, were harvested from 175 cm2 tissue 

cultures f1asks by trypsinization, and washed and centrifuged three times at 1500 rpm for 10 

min. at room temperature in an IEC HN-S centrifuge (Needham, Mass.) ror collection. 

Bctween each centrifugation, the pellet was resuspenden in PBS buffer. The cell pellet was 

rcsuspended in 5001-'1 PBS and centrifuged at 14,000 rpm for 5 min. at 4°C in a Brinkmann 

5415 Eppendrof centrifuge (Westbury, N.Y.). The pellet was then gently resuspended in 

350J-L1 of solution A (lmM Tris pH 8, ImM EDTA, ImM NaCI), and 350J-LI of solution B 

(solution A, 2% SDS), and proteinase K (0.25 mg/J-Ll) were sequentially added. The cellular 

solution was incuhated for 3 hours at 37°C. DNA was then extracted once with equal 

volumes of Tris-phenol (Maniatis, et aL, 1989), once with phenol:chloroform (1:1), and once 

with TE:chloroform (1:1). 1/25 volume of SM NaCI and 2 volumes of cold absolute ethanol 

were added ta precipitate the DNA, which was then resuspended overnight in sterile water. 

Concentration of the DNA solution was determined by measuring the absorbance at 260nm 

in a Beckmann DU-64 spectrophotometer (Fullerton, CA.), and DNA quality was assessed 

hy the 260nm/280nm ratio. 
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6.4.2 Genomic Polymerase Chain Reaction (PCR) 

Primers within the flanking introns were designed using OLlOO Primer 

Analysis Software (National BioScienees) (Table 5). Genomic DNA was amplified using 

oligonucleotides specifie for exons 9 (262 bp), exon 11 (318 bp), and exon 12 (274 bp). The 

reaction mixture of 50J.'1 consisted of 0.5J,Lg DNA, IJ,LM of each 5' and 3' primers, 200J,LM of 

each dNTP (dATP, dGTP, dCfP, dTTP), IX Perkin Elmer Cetus reaction buffer (lOmM 

Tris-HCI pH 8.3, 50mM KCL, 1.5mM MgCI2, 0.01 % w/v gelatin), and 2U Taq pnlymerase 

(Pharmacia) or 2U Amplitaq (Pcrkin Elmer Cetus). Samp\es overlaid with 50j..l.\ mineraI oit 

were amplified in a Diamed Coy thermal cycler (Missisuaga, Ont.). Following incuhation at 

94°C for 4 min., each amplification eonsisted of 30 cycles of denaturation at 94"C for 1 

minute, annealing temperature for 1.5 minutes, and extension at noc for 1.5 minutes. A 

final extension was performed at noc for 10 min. The primer sequences ami anncaling 

temperatures are described in Table 4. Because of the non-specifie bands in exon 9, the 

amplification was modified according to Yap and McGee (133). 10 eycles of amplification 

were performed as described above, followed by an addition al 30 cycles using a denaturation 

temperature of 88°C for 1 minute. Amplification was confirmed by electrophoresing 5J.'1 of 

PCR product on a 1% agarose gel in IX TAE buffer and O.lJ,Lg/ml ethidium hromide. The 

amplified fragments were confirmed to be of the correct size by thcir position compared tn 

the DNA Lambda HindIII marker fragment (0.1 J1.g/J,LI). 

65 



TABLE 5 SEQUENCES OF PRIMERS USED f410R GENOMIC PCR AND 

DIRECI' SEQUENCING. 
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TABLE 5 GENOMIC PCR AND DIRECT SEQUENCING PRiMERS 

EXON PRIMER# SEQUENCE ANNEAL TEMP. -
9 9-1 5'CCITICCITGACfTTITC 3' SioC 

9-2* 5'TGCCAITACCcrCITITG 3' 

11 11-1 5'ACfTGAAGATTTGCTGTG 3' 4SoC 
11-2* 5'TGCfGTCATCA TITT ACT AC 3' -

12 12-1 5'CAGGGTITTTATAGTCAITA 3' SOoC 
12-2* 5'CAAGAITCCCATCACAGT 3' 

- -= 

* denotes antisense primer 



6.4.3 PCR-based Single Strnnded Conformation Polymor(1hism (l'CR-SSCI') 

Annlysis 

Gene mutations of peR amplified exons 9, 11, and 12 were detected using 

PCR-SSCP analysis (134). These 3 exons were targeted for SSCP analysis because each 

containcd knowlll11utations or polymorphisms. PCR reactions and PCR-SSCP analysis were 

pcrformcd in association with two summer students, Brian Hershenfield and Adrian Chan. 

The protocol followed involved dellaturing 10-20}.tl of PCR product with O.SM NaOH/lOmM 

NazEDTA (pH 8) solution (1 vol:lO vol). The mixture was heated at 42°C for 5 min. then 

placcd on wet ice. Prior ta loading, 98% deionized formumide/O.025% bromophenol 

blue/()'025% xylcnc cyanol/IO mM Na2EDTA (1 vol: 11 vol) was addcd to the mixture. The 

formamide was deionized using ion-e'(Change Sephadex AG-501-X8D mixed- bed resin 

(BioRad). Dcnatured samp]es were loaded onto a Bio-Rad Proteull II 0.75mm x 20cm x 

2()cm gel of 7.5% polyacrylamide [30% acrylamide (29:1)], 5% glycerol, and 0.5X TBE. 

Electrophorcsis was performed at room temperature with internai cold water circulation in 

O.5X 'l'BE running buffer at maximum power and current for 4,800 Volts-Hour (Bio-Rad 

SOO/200 and Fisher Scientific FB703). Gels were stained for 45 minutes in 500 ml of O.5X 

TBE rullning buffer containing 750/L1 of 1 mg/ml ethidium bromide (0.5-1.5/Lg/ml), and 

photographed under UV illumination. 
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7.1 

CHAPTER 7 

RESULTS 

SOMA'nc CELLS COMPLEMENTATION ANALYSIS 

Complementation analysis was performed on 13 mut cell tines. The design of 

each experiment was ta test each MCM-deficient line in 2 different fusions: 

1. fusions betwe(m mut strains in ail possible pairwise combinations. 

2. fusions of mut strains with fibroblasts from patients with a genetically distinct 

disorder (cblA or CblB) with which ail the mut lines are expected to complement (intergenic 

eomplementation). These fusions aet as a positive control to assure that the procedures werc 

woddng properly. In addition, such positive control fusions run in parallel with the test 

fusions provide a measure of the upper limit of the incorporation that could be expected of 

complementing MCM mutants. 

The eriterion for complementation in ea(~h experiment was that 

complementation between a pair of mut strains was tentatively inferred if the propionalc 

incorporation of mixed fused fibroblast cultures was greater than the propionatc 

incorporation of untreated, but otherwise identical mixtures of mutant eclls. Two strains werc 

said to complement definitively if the statistical analysis of the data showed propionatc 

incorporation in the fused to be significantly greater than the unfused (p«}'05). 

Complementation experiments were generally done only once unlcss 

propionate uptake value of the mixing of two celllines without fusion was more then 25% 

higher or lower then the value expected from a 1: 1 mixing without fusion. 
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Figure 7 summarizes the data of the fusions in a complementation panel. 

Extensive intragenic complementation was observed in fusions involving twelve of the 

thirtcen mut strains crossed. Among seventy-eight different pairwise crosses, twenty-two 

showed intragenic complementation. Complementation analysis data between the mut Hnes 

are presented in Table 6. Numbers indicate the mean of propionate incorporation of 

triplicatc detcrminations ± standard deviation. The results were reproducible. Thus, if the 

samc two cell tines are fused on seperate days, the values are reproducible. 

Each mutant strain incorporated low amounts of radioactivity compared to 

control strain MCH 24 (Table 7). For example, the range of propionate incorporated in the 

mutant strains ranged from 0.64 nmoles/mg protein/18 hrs to 3.21, while the control strain 

(MCH 24) incorporated 15 nmoles propionate/mg protein/18 hrs. The range of baseline 

incorporation of [14C]-propionate varied between mutO and mut" cell tines (Table 8). The 

range of baseline or residual incorporation of propionate in nmoles propionate/mg 

protein/18hrs was 0.51-1.71 (mean 0.94±0.40) in mutO cells, and 0.55-3.21 (mean 1.28±O.99) 

in mur cells. One-tailed t test comparison between mutO and mur baseline propionate 

incorporation values revealed that the difference betwcen the two values was not statistically 

signiiïcant (p=0.2061). Mixing of different mutants in the absence of fusion faited to 

stimulate [l_14C]- propionate incorporation (Table 7). Thus, complementation required ceU 

fusion and could not be accounted for by cross-feeding of mixed ceUs. Activity was not 

restored when homokaryons were produced by self-fusion (Table 6, Table 7). For example, 

WG 1713 without fusion incorporated 0.87±0.08 nmoles propionate/mg protein/18 hrs, and 

with fusion it incorporated O.77±O.19 nmoles propionate/mg protein/18 hrs. 
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FIG. 7 

-

COMPLEMENTATION GRID SUMMARIZING 

COMPLEMENTATION ANALYSIS BE1WEEN mut CELL 

LlNES. + represents complementation between pairs of Illutants; -

represents the absence of complementation hetwecn pairs of mutants; 

HMZ= homozygous mutation in the DNA; HTZ= compound hctcrozygous 

mutation in the DNA; HMZcDNA= homozygous mutation in the cDNA; 

HTZcDNA= heterozygous mutation in cDNA. 
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mut COMPLEMENTATION GRID 

1 1 1 1 1 1 1 2 1 1 
mut CelJ Lines 5 6 6 7 7 7 9 0 6 5 II II 

(Mutation) 1 1 1 1 2 3 1 4 3 S 9 () 0 
1 0 g 3 7 8 9 1 0 1 <) 7 <) 

WG 1511 mur + - + + -
(H678R) HMZcDNA 

WG 1610 mur + - .+ -
(G717V) HMZ 

WG 1618 mur + + + - + - + 
(Unknown) 

WG 1713 mutO + + + -
(Unknown) 

WG 1727 mutO + 
(Unknown) 

WG 1738mu( + - + -
(Unknown) 

WG 1919 mur + -
(Unknown) 

WG 2041 mutO 
(Unknown) 

WG 1130 mut° + 
(R93H) HMZ 

WG 1681 mutO 
(G623R,G703R) HTZ 

WG 1599 mur 
(R369H) HTZcDNA 

WG 1607 mutO 
(W105R,A377E) HTZ 

WG 1609 mutO 
(G630E) HMZ 

- Do not complement 

+ Do complement 



TABLE (; GENETIC COMPLEMENTATION ANALYSIS IN PEG-INDUCED 

HETEROKARYONS IN HUMAN SKIN FIBROBLASTS 

DEFICIENT IN MCM ACTIVITY. Numbers indicate the mean of 

triplicate determinations of [l_14C] propionate incorporation (nmoles 

propionate/ mg protein/ 18 hours) ± standard deviation. Activities in fused 

cells are displayed under those of unfused cells (i.e. unfused/fused). 
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TABLE 7 PEG-MEDIATED CELL FUSION COMPLEl\'IENTATION 

ANALYSIS AMONG mut CELL LINES. Unmixed represents the uptake 

value of the ceil line by itself without fusion. Mixed fibroblast cultures were 

fused by 60 seconds exposure to polyethylene glycol (PEG). Mixed unfused 

cultures (without PEG) and unmixed cultures served as controls. 

Complementation (COMP) is indicated by an increase in propionate uptake 

in fused cultures relative ta unfused cultures. + = the cell lines 

complement each other; - = the cell lines do not complement each other. 
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TABLE 7 INTRAGENIC COMPLEMENTATION ANALYSIS 

Cell Line 

WG 1713 (mutO) 

WG 1130 (muID) 

WG 1738 (mur) 

WG 1618 (mur) 

WG 1681 (mutD
) 

WG 1943 (chiA) 

MCH 24 (control) 

[14C] PROPIONATE UPT AKE 
(nmoles/mg protein/18 Hrs) 

MIXED WITH WG 1713 

Unmixed (no PEG) Without PEG With PEU 

0.87±O.08 O.77±O.19 

0.88+0.17 O.80±0.1O 1. lO±O. 10 
~ 

1.41±0.1l 1.20±O.1O 3.1O±O.20 

3.21±0.16 2.12±O.29 2'()±O.12 

0.64+0.02 O.71±O.11 O.63±O.O 

1.50+0.20 l.lU±0.10 6.30±O.20 

15.0±1.0 1 

COMI' 

-
+ 

+ 
-
-
+ 

'1 



..---------- -

TABLE 8 BASELINE [14C]-PROPIONATE IN,~ORPORATION IN mut X 

CELLS. Baselîne incorporation of [14C]-propionate into mut" and mutO cells 

expressed in nmoles propionate incorporated/ .Yl\'Ug protein/ 18 hours ± standard 

deviation. The value for each cell line represel'\lts the mean of triplicate 

determinations. 
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TABLE 8 BASELINE [14C]-PROPIONATE INCORPORATION IN mllt CELLS 

BASELINE [14C]-PROPIONATE INCORPORATION IN mllt CELLS 

(nmoles propionate incorporated/mg protein/18 hrs ± standard deviation) 

mut° cells mur cells 

WG 1609 O.51±0.O6 WG 1599 0.55±O.06 . 
WG 1681 O.64±0.O2 WG 1511 0.73±O.03 

WG 1727 O.79±O.11 WG 1919 0.79±O.O4 

WG 1713 O.87±0.O8 WG 1610 1.0±0.1 

WG 1130 O.88±0.17 WG 1738 1.41±O.11 

WG 2041 1.15±O.O7 WG 1681 3.21±0.16 

WG 1607 1.71±O.23 

MEAN: O.94±OAO MEAN: 1.28±O.99 

RANGE: 0.51-1.71 RANGE: 0.55-3.21 

One-tailed t test comparison between muta and mur propionate incorporation values 
p=O.2061 "not significant" 



In the 22 complementing crosses, the mean increase In propionate uptake in 

mixed fused cultures compared to mixed unfused cultures was statistically significant 

(p<OJJ5) (Trtble 6). The percentage increase in propionate incorporation after fusion in the 

twenty-two complementing pairs grouped according to their mut pher:otype is shown in table 

9. The degree of complementation observed varied from a six-fold increase in propionate 

incorporation (Table 9, WG 1511 x WG 1130) to an increase of approximately 20% (Table 

9, WG 160~ x WG 1618). Statistical comparision (one-tailed t test) of percentage increase 

in propionate incorporation in mur X mur pairs versus muta X mutD pairs, in mur X mur 

pairs versus mur X muta pairs, and in muta X muta pairs versus mur X mrllo pairs did not 

reveal any statistically significant difference between the pairs (p=0.4225, p=0.3260, and 

p=O.3734 respectively) (Table 9). Thus, there does not seem to be any pattern for the 

magnitude of correction of MCM defect by complementation. In cblA or cblB / mut 

heterokaryons, propionate incorporation after fusion (intergenic complementation) was 

intermcdiate between ~hat in normal controls and patients cells (Table 7). For example, 

when WG 1943 (chiA) was fused witll WG 1713, propionate incorporation was 6.30±0.O 

nmoles propionate/mg proteinl18 hrs which is intermediate between the normal 

incorporation level (15.0± 1.0 in MCH 24) and that which mut strains incorporated Ihen 

they complemented (intragenic complementation) (1.1O±0.10 in the fusion of WG 1713 with 

WG 1130). The statistical significance of the correction of defect in intergenic 

complementation was constantly extremely significant (p<0.0001 one-tailed t test). 

Cells-free blanks, which refIect the relative level of background activity, gave 

propionate uptake values of 0.001 % of the normal control MCH 24 (0.015 ±O.Ol nmoles/mg 
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TABLE 9 PERCENTAGE INCREASE IN PROPIONATE INCORPORATION 

AFTER FUSION IN THE 1WENTY-1WO COMPLEMENTING 

PAIRS. The twenty-two complementing pairs are grouped accorùing tn thcir 

mut phenotype. 
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TABLE 9 THE 1WEN1Y-1WO COMPLEMENTIN(; COMBINATIONS 

mu'- lmUl Me,l~ of l'crc.entagc Incrcoisc ln StallsllC<l1 CompanslOn of Proplonate 
l'roplOnate IncorporallOlI of 1 nplicatcs Incorporallon ln Tnphcatc Unfused 
Artcr l'U\IO!l (%) versus ru~~d (One-tallcd 1 test) 

W(J/'lllxW(,1611J (1167RRxG717V) 143 (150,109,170) p<OOO5 

WCiI919xW(,16IR 95 (105,100,79) p<OOOOI 

WGI6IRxW(,161O 74 (79,90,52) p<OOO5 

WGI71RxW(d6IR 6R (54,63,88) p<005 

W(;17'~xW(;Î610 52 (67,27,62) p<O 005 

Mean 86 4±35 2 Rdngc 52-143 

mul) x mul) Mean of Perccntage Increase ln Statlstlc.11 Companslon of Proplonate 
Proplonatc Incorporation of tnpnc.1tcs Incorporation ln Tnphc.1te Unfused 
AIter FU\lon (%) versus Fu~ed (One-t3l1cd 1 test) 

W(,1110xWCi 16RI (R93I/xG621R,G703R) 221 (236,224,204) p<OOOOI 

WG' 11()xWG 1609 (I{91//xG630E) 127 (114,86,180) p<0005 

. ,1727lWe,1711 93 (75,89,114) p<0005 

W(,1727xWC; lM') 54 (67,14,80) p<005 

W(,) !3()xW( d 7 11 39 (25,71,22) p<OO5 

WG204IxW(d711 30 (50,33,8) p<OO5 

Mean 94 O±72 0 Rangc.30-221 

mu/' xmu( Mean of l'crcentage Increa~e ln Stall~tlcal Companslon of l'roplonate 
l'roplonate lncorporallon of Tnpltcates Incorporalton ln Tnphcatc Unfuscd 
Arter FUSIon (%) versus Fused (One-talled 1 test) 

" WGII1OxWG1511 (R9311x1I678R) 471 (533,605,275) p<0005 

WG1713xWG1738 160 (158,200,123) [,<00001 

WGI711xWGI919 95 (75,141,67) p<0005 

WGl727xWG1618 94 (85,114,83) p<0005 

WC" !1()xWGI919 82 (63,89,114) p<OOO5 

WO 1 IJOxWCil61O (R931IxG717V) 80 (62,112,67) p<00ù5 

WG2()·lJxWGI511 75 (67,82) p<0005 

WC; It>l17lWG 1738 74 (67,93,62) p<OOOOI 

WGIII(hWOI7JR 59 (73,33,70) p<0005 

W(i\(,SI)(W(i 1618 .;4 (26,37,39) p<O 005 

WlH (>lI')'(W(Jl b18 18 (12,25,17) p<005 

Mean 113 5± 1240 Range 18-471 

• laU!ollml corn arl"lon or p pr rcrnta Incrrlllor in gr 
p=O.422S 
p=O.3734 

p=O.3260 

ru lonatr ineo p p rp oratlon onr.talled t Irsl : 
mul· X mllr '" m'JI' X m'JI' 
mu!' X m'JI' V'o mu/- X mut' 
mur X mllr , ... m'Jr X mlll' 

"nol slgnlfiennl" 
"nol slgnlfieanl" 

"not ~Ignlfi<.anl" 



protein/18 hrs (range 0.01-0.03) compared to 15.0± 1.0 (range 14-10)). In addition. activities 

of fused homokaryons and of non complementin!~ fused heterokaryons showcd SOl11l' 

decrease relative to unfused cellular mixtures (Table 6, Tahle 7). For example. WG 17 \J x 

WG 1681 without fusion incorporated 0.71 ±0.11 nmoles propionate/mg protcin/lR lus, and 

when fused they incorporated 0.63±0.0 nmoles propionate/mg protcin/lR hrs. This mikl 

decrease may result from the taxie effects of PEG on ccli metabnlism. 

7.2 COMPLEMENTATION MAP 

The complementation data in table 6 can he wmmarized in a 

complementation map (Fig.8). Mutants can be placed in distinct classes slich that ail mutants 

within a class fail to complement with each other, but can complement mutants in other 

classes. Mutants, or classes of mutants, are said to overlap if they dCJ not complement with 

each other, and they do not overlap if they do complement with each other. The simplest 

arrangement of classes is in a unique linear order. 

As a result of 78 different pairwise combinations, a linear complementation 

map of the MCM locus containing 3 different segments representing 3 major 

complementation groups has been const: ucted. Since it was not possible to construet a 

simple map with aIl 13 celllines, four mutants could not he accommodated on this map, and 

therefore their complementation patterns were not considered. These are WG 15] 1 

(H678R), WG 1713, WG 1727, and WG 1738 (mutations unknown in ail 3 cell lines). 

Mutants grouped together above a line belong to the same suhgroup, thus they do not 

complement each other but behave identically with respect to their ability tn complement 
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e 

IIUMAN MCM COMPLEMENTATION MAP. Map of mut celllines 

showing 3 groups and 2 intcl\'als. The Illlmbers identify inùividual strains. 

Mutants grouped together above a lille belong to the saille subgrollp. Ce Il lin es 

placeù in differcnt groups above non-overlapping Hnes complement each ather. 

Fusions bctween lines in the sa me group or between groups represented by 

ovcrlapping lines do not complement each oUler. 
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mut COMPLEMENTATION MAP 

WG 1130 (mutO, R93H) 
WG 1618 (mut", unknown) 

WG 1610 (mu!", G717V) 
WG 1919 (mu!", unknown) 
WG 1609 (mut', G630E) 
WG 1681 (mut", G623R, G703R) 

WG 1599 (mu!", R369H) 
WG 2041 (mutlJ

, unknown) 
WG 1607 (mutO, Wl05R, A377E) 



other specific mutants. For example, WG 1130 and WG 1618 fall in the same subgroup, thus 

they do not complement each other. However, both celllines complement ail the strains in 

the cJass comprised of WG 1609, WG 1610, WG 1681, and WG 1919. The subgroup whose 

line overlaps ail the others is defined by three celllines (WG 1599, WG 1607, and WG 2041) 

who were incapable of complementing with any of the other strains. 

7.3 PCR-SSCP ANALYSIS 

PCR-SSCP analysis was performed on PCR amplified fragments of exons 9, 

Il, and 12 from 30 mut patients and 8 normal contraIs. These 3 exons were targeted for 

SSCP analysis because each harboured known mutations or polymorphisms. The normal 

controls showed 2 different band migration pattern (3 and 4 band pattern) (Fig.9, lane 1 and 

2). 

The two exon 12 and six exon 9 positive control DNA (fram ceU lines with 

known mutations or polymorphisms in the exon) failed to demonstrate any altered migration, 

while the 2 exon Il positive contr" 1., showed a different band pattern compared to normal 

controls. 

Analysis of exon 9 of the 30 mut Hnes revealed 1 mobility shift in WG 1727 

with respect to either normal contraI pattern. Altered band patterns compared to normal 

contraIs were found in three patients (WG 1713, WG 1919, WG 2041) in exon 12 (Fig.9, 

lane 6 and 8 for WG 1919 and WG 2041, respectively), and in one patient (WG 1738) in 

exon 11. 
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• 

FIG. , 

• 

PCR-SSCP ANALYSIS OF EXON XII FROM mut CELL LINES. 

This panel represents the electrophoresis patterns obtained from the SSCP 

analysis of exon XII PCR products of mut genomic DNA. The detcction of 

DNA species was by ethh.tium bromide staining. The la ne M is HaeHI DNA 

marker, lane ND represents non-denatured PCR product of exon XII. Lanes 

1 to 10 are AW3, AC, WG 1130, WG 1510, WG 1800, WG 1919, WG 1958, 

WG 2041, WG 2046, and WG 2077. A W3 and EC are two normal control ccII 

lines . 
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• 
PCR-SSCP ANALYSIS OF EXON XII FROM mut CELL UNES 

M ND 1 2 3 4 5 6 7 8 9 10 

• 



The rest of the ceU lines showed band patterns that resernhled either of the 

normal control patterns. 
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CHAPrER8 

DISCUSSION 

1 have studied interallelic (intragenic) complementation in functional 

methylmalonyl CoA mutase (MCM) activity, in cultures of PEG-induced heterokaryons of 

pairwise cornbinations of 13 mut mutants. Complementation was examined in ail possible 

pairwise fusions by measuring MCM activity indirectly by [1_14C] propionate utilization in 

intact ce Ils (Fig.7). 

Interallelic complementation can be defined as the phenomenon by which a 

biological function, which has been lost or altered by a mutation, may be restored through 

a mutual compensation provided by a mutant in the sa me function but defective differently 

(135). Interallelic complementation experiments were first performed in vivo with the early 

findings of Fincham (1959) that introduction of glutamic dehydrogenase gene carrying 

different mutations into am mutants of Neurospora crassa restored enzyme activity (136). 

Complementation experiments have a]so been performed in vitro. The earliest observation 

was that of Woodward (1959) who obtained adenylosuccinase activity by mixing cell free 

extracts of two different ad-4 locus mutants of Neurospora crassa (136). Complementation 

was employed as a criterion for establishing nonallelism among mutants. Since then, 

interailelic complementation has been described in proteins with multiple subunits (136) such 

as the heterotetrameric propionyl CoA carboxylase (PCC) (137), the homodimeric alkaline 

phosphata se (138), the homotetrameric b-galactosidase (139), the homotetrameric 
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argininosuccinate lyase (140), the homohexameric glutamate dehydrogenase (141), the 

heterodirneric tryptophan synthetase (136), and recently the homodimeric methylmalonyl 

CoA mutase (MCM) (1). 

Interallelic complementation between mutations of the homodimeric MCM 

apoenzyme was first described in the muta cellline WG 1130 (1) (sec section 5.3.4). 1 have 

shown that extensive intragenic complementation characterizes human MCM. Among 13 cell 

lines tested against each other, 22 out of the 78 combinations were complementary (Fig.7). 

Ali but one of the strains complemented at least once (Fig.7). Of the 12 complemcnting 

strains, 2 celllines (WG 1130 and WG 1618) were remarkable because they participated in 

the most positive complementation tests (WG 1130 complemented with 7 of the 12 Iines 

crossed with, WG 1618 complemented with 6 of the 12 Iines crossed with) (Fig.7). A 

complementation grid with only the mut celllines with known mutations is shown in figure 

9. AlI of these results were obtained with heterogenous populations of PEG-treated cells, 

containing in any given experiment heterokaryons of undefined composition, homokaryons, 

and unfused parental ceUs. The increase in propionate uptake reflects partial restoration of 

MCM activity in heterokaryons, although this increase was less than that observed in crosses 

of mut ceUs with cblA or cblB ceUs (intergenic complementation) (Table 7). The level of 

MCM activity restored in the complementary combinat ions of mut Unes varied (Table 6, 

Tab!f; 9). The fa ct that sorne crosses resulted in a six fold increase in propÎonate 

incorporation (WG113OxWG151l) while with others the increase was only 20% 

(WG1609xWG1618) is interesting (Table 9). The difference in degree of complementation 
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FIG. 10 COMPLEMENTATION GRID OF mut CELL UNES WITH 

KNOWN MUTATIONS. + represents complementation between pairs of 

mutants; - represents the absence of complementation between pairs of 

mutants; HMZ= homozygous mutation in the DNA; HTZ= compound 

heterozygous mutation in the DNA; HMZcDNA= homozygous 

mutation in the cDNA. 
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• COMPLEMENTATION GRID OF mut CELL LINES WITH KNOWN MUTATION 

mut R93H W105R,A377E G623R,G703R G630E H678R 
CELL HMZ HTZcDNA IITZ 
UNE muta mut° mutO 

WG 1130 \VG 1607 WG1681 

1130 

1607 

1681 

1609 

1511 

1610 

DO NOT COMPLEMENT 
+ DO COMPLEMENT 

I!MZ IIMZcDNA 

mut° mur 
WG1609 WGJ511 

G717V 
IIMZ 

mur 
WG1610 



• 

may result if both alleles of a cellline participate in complementation versus only one aile le 

in another ce)) line. The fusion of WG 1130 and WG 1511 resulted in the six fold increase 

in propionate uptake (Table 9). Each ce)) line harbours a homozygous mutation, R93H 

(mut°) in WG 1130 (1) and H678R (mur) in WG 1511 (personnal communication with Dr. 

Wayne Fenton, Yale University). This high increase in propionate incorporation may be due 

to the fact that R93H and H678R complement each other, and since there are 2 alleles of 

each mutation, the degree of complementation is doubled. For the celllines which exhibited 

only 20% increase in propionate uptake (Table 9, WG 1609xWG 1618, the contribution of 

each allele to the correction of the defect may be not very significant. Since the mutations 

in WG 1618 are not known yet, no prediction can be made. Table 10 describes the 

percentage illcrease in propionate incorporation after fusion according to location of 

mutations in the complementing pairs. 

Interallelic complementation was demonstrated betwecn mutO mutations (i.e. 

WG 1713 and WG 1130), bctween mur mutations (i.e. WG 1618 and WG 1511), and 

between mut° and mur mutations (Le. WG 1607 and WG 1738) (Table 9). However, there 

exist a subset of nuao and mur alleles (WG 1607 and WG 1599) that complement neither 

l130 nor each other. Thus, the ability to complement was not predicted by the mut°/mur 

phenotype of the cell. In addition, statistical comparision of propionate incorporation 

increase after fusion in complementing pairs according, to their muto/mur phenotype (Table 

9) failed to detect any statistically significant difference between mur x mur complementing 

pairs versus mut° x mUlo complementing pairs, mutO x mutO versus mur x mutO, and mut" x 
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TABLE 10 PERCENT AGE INCREASE IN PROPIONATE INCORPORATION 

AFfER FUSION IN mut CELL LINES ACCORDING TO 

LOCATION OF MUTATION. 
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• 

TABLE 10 STATISTICAL ANALYSIS o ... COMPLEMENTING I)AIRS ACCORDING 
TO I.OCATION OF MUTATIONS 

Complcrncnlaling Pairs wilh Mean of Perccnlagc Statistical Comparision of 
Mutations in Dirrerent Putative Increasc in Propionatc Propionate Incorporation 
Dornains Incorporation of Triplicates in Triplicate Unfused 

Aner Fusion (%) versus Fused (One-tailed 
t test) 

R9,lIx1l678R I1zut() x mur 471 (533,605.275) p<O,005 

R 9311xG623 R,G703R ;nutO x mu If) 221 (236,224,204) p<O,OOO1 

R 9311xG630E muta x mutO 127 (114,86,180) p<O,OO5 

R9311xG717V muta xmur 80 (62,112,67) p<O,OO5 

Cornplemcnting Pair wilh Mutation Mean of Percentagc Statistical Comparision 
in Sarne Putative Domain Increasc in Propionate of Propiona!c 

Incorporation of Triplicatcs Incorporation in 
Arter Fusion (%) Triplicatc Unfused 

versus Fuscd (One-
lailcd t tcst) 

1167RRxG717V mtlr x III/Ir 1 ~3 (150,109, 17() . p<O,()()5 



mur versus mur x mwO (one-tailed 1 test Il values wcre 0.4225, 0,37J4, 0.3260 n .. 'spl'ctivl'ly). 

To account for interallelic eomplementation, a gcncral themy ol 

complementation was first proposed by Crick and Orgel in 1964 (128). They cOllsidell'd 

several possible ways in which interaction between polypeptides could lent! tn 

complementation. The first and most plausible theory involves homologous correction 

(142). It is postulated that the close juxtaposition of a defective region in one monolllcr with 

a correct homologous region of another monomer can result in the correction of the tlefcet. 

In this case, active sites, co factor binding sites, and subllnit dimerizntion sites of multimcl ie 

proteins are the most likely regions involved in interallelic complementation (136). Thus, ail 

amino aeid change that compromises one of these important sites may he compensatcd for 

through the interaction with another polypeptide with an amino aeiù change in another site. 

In the case where the active sites are shared betwecn 2 monomers, in a hOll1ogeneolls 

aggregate ail sites are defective, but in a hybrid aggregate sorne sites are functional (142). 

The second theoretical model proposed is the conforrnatiunal-correctÎoll 

hypothesis (143). It is assumed that the defects respollsible for loss of activity in mutant 

forms of enzymes need not always involve the active sites themsclves and coultl involve parts 

ofthe peptide chain associated with conformational change (144). Thus, some mutations may 

produce a localized deformity or misfolding in the polypeptide, the elreet of which may he 

corrected by interaction with another subllnit (143). Therefore, subunit interaction may lend 

to important conformational changes that produce a functional enzyme (135). 

A third model for interallelic complementation postlllatcs that il is the 
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formation of a hybrid protein that Jeads to restoration of function of the protein (135,143). 

Polypeptides which have been altered at different molecular sites int~ract ta form a hybrid 

or heteromeric protein which is functional (143). The most convincing evidence in support 

of this theory cornes from experiments with E.coli mutants of alkaline phosphatase where 

15S was used to label subunits from the various mutants (145). The different heterodimers 

formed were able to restore alkaline phosphatase activity. In addition, hybrids formed from 

different mutant subunits had different specifie enzymic activities. In mammalian ceUs, 

Shapiro et al. (146) described interallelic complementation among mutants of the HPRT 

gene in chinese hamster ovary cells. They demonstrated the hybrid nature of the 

complementing enzyme as the basis for correction of the defect. 

A crucial test of ail of these hypotheses requires more information about the 

configuration of enzymes. For now, the exact manner of the polypeptide-polypeptide 

interaction is not yet known in any of the systems studied. However, it is important to note 

that the mechanism underlying complementation may not be the same in all systems. 

Since there is no information available concerning the subunit structure of 

MCM enzyme, one must speculate about the nature of the mutations in certain celllines on 

the basis of the complementation results. Different mechanisms can be envisioned. 

Mutations that occur in different functional or structural domains on different mut chains 

can complement in dllneric enzyme because a normal counterpart of the mutated domain 

is available in each ch lin. It is possible that WG 1130 and WG 1618 (the 2 most frequent 

complementers) have abnormalities that impair the active site of the protein while affecting 
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ta a lesser extent its capacity ta aggregate or ta correct other mutants conformationally, as 

has been reported for the glutamate dehydrogenase mutant am l, an active-site mutant that 

remains highly competent in its interaction with other monomers (147). However, extensive 

complementation might result without the need for homologous correction. Mutations may 

disrupt the conformat!on of the prote in and by consequence the integrity of its active sites. 

Altered subunits, when formed as hybrids, may result in the proper conformation or infer 

stability of the protein (143) as with E. coli alkaline phosphatase, where affinities hetwcen 

subunits were a function of the particular structural alteration involved (136). In addition, 

by stabilizing Of conformationally correcting the multimer dunng interallelic 

complementation, the active site of another polypeptide may become availahle (143). 

The observed complementation with mUlo mutations and mllr mutations 

suggests that the heterodimers formed between mutant subunits are either ahle to 

compensa te for an important site, or stabilize prote in structure. 

Interallelic complementation in MCM and the consequent effect on the tertiary 

structure folding and stability may also occur because of alteration in the net surface charge 

of the enzyme. For example, Qureshi et ai (126) proposed that in WG 1681, which is a 

compound heterozygous for G623R and G703R, the substitution of a positively-charged 

arginine for glycine may change the net surface charge of each encoded suhunit, and thus 

inactiva te MCM. Upon formation of heterodimers with R93H of WG 1130, the propcr 

surface charge may be restored, and consequently the enzyme is active. This is supportcd 

by examples from the glutamate dehydrogenase homohexameric enzyme in Neurmpora cra.na 
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(147). The am19 mutation results in a substitution of lysine for methionine leading to an 

abnormal electrophoretic mobiIity because of an alteration in the net surface charge. 

However, the normal electrophoretic mobility was restored to normal when am 19 formed 

hybrids with amI mutation which affected the enzyme active site. Enzyme activity was 

thereby restored due to the normal net surface charge restored by the interallelic 

complementation between the mutants (147). 

The amino acid position of a mutation may determine the mut phenotype and 

interallelic complementation patterns. At the primary amino acid level, mur mutations 

appear to cluster at the C-terminus and mulo mutations at the N-terminus (Fig.6). However, 

certain muta and mur mutations do not fall into their putative region~. For example, the 

R93H mutation results in a muta phenotype white a G94V change results in a mur 

phenotype (Table 1). In addition, three muta mutations (G623R, G703R, and G630E) faB 

within the mur c1uster at the C~t('r1Tlinus. With respect to intragenic complementation and 

the distribution of mutations, WG 1511 (H678R) cellline complement the G717V mutation 

of celllines WG 1610, WG 1611 and WG 1613 (129). However, WG 1511 (H678R) does not 

complement with WG 1681 (G623R, G703R). Thus, the prîmary amino acid position cannot 

determine muta/mur phenotypes, nor can it predict interallelic complementation patterns. 

Complementation between muta and mur lines may not only depend on the 

location of the mutations, but also the specifie residues changed may be important in 

determining whether or not complementation will occur. The specifie amino acid alterations 
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in the tryptophan-binding poeket of the dimeric tryptophan repressor protein in E.co/j 

determined whether or not the mutations would exhibit interallelie complementation (148). 

A T44M mutation was able to complement G85R, G85W, and G85K mutations in the 

binding pocket, but was unable to complement a G85E mutation. A positive charge or indole 

ring appeared to be required for the observed intragenie complementation (148). These 

results suggest a type of site-specifie intragenic eomplementation where only certain 

alterations at an amino acid position complement another. However, among the mut 

mutations identified, there does not seem ta be any correlation between the interallelic 

eomplementation and the specifie amino acid substituted. For example, R93H complements 

with G717V, G623R, G630E, but it does not complement with W105R, and A377E. In 

addition, R369H does not complement with >'>:.y celI line. 

Thus, no specifie pattern of charge or amino acid structure or distrihution 

along the protein appear to be essential for the intragenic complementation observed within 

the mut class. In faet, Crick and Orgel point out that the eomplex nature of the folding of 

polypeptide chains precludes any way of interpreting eomplementation data in term of how 

subunits interact (128). 

The important factor in the complementation may not be the CRM status of 

the complementing cell. In several complementation combinations one of the partners does 

not pro duce any detectable CRM (136,138). This does not exc1ude the possihility that it does 

pro duce sorne protein which is not recognized immunologically. Combination of low CRM 

mutants yielded unexpectedly high enzyme activity in E.coli alkaline phosphata se (138). This 
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rneans that the mutant proteins suffer from sorne instability but may be rescued by 

complementation. In addition, although mutant am14 of the glutamate dehydrogenase from 

Neurospora crassa produces no active enzyme and a very low level of immunological cross­

reactivity because of its defective conformation (136), it can complement with several other 

am mutants. Moreover, in MCM, WG 1130, which participates in the largest number of 

complementations, demonstrated in Western blot analysis a band intensity that was 10% 

relative to the mur cell line WG 1599 which has normallevels of CRM and protein) (119). 

ft is interesting that WG 1599 does not complement any mut cellline. The R93H mutation 

which may affect prote in stability or turnover is compensated for upon formation of hybrids 

with other mut mutations (G623R, G703R, G717V). 

Ledley et al. (117) studied mRNA levels from certain mut celllines. Both WG 

1607 (WI05R, A377E) and WG 1609 (G630E) had normal levels of MCM mRNA. It is 

interesting that WG 1607 does not complement WG 1130 (normal rnRNA levels, R93H), 

while WG 1609 dœs (Fig.7). Thus, as of yet mRNA levels do not appear to be a criterion 

for cornplernentation, although it is probable that cell Hnes with decreased mRNA levels 

would not participate in complementation. WG 1612 (unknown mutation) which has low 

levels of mRNA and does not complement WG 1130 lends support ta this suggestion. 

The level of residual or baseline propionate incorporation does not seem to 

correlate with the clinical classification. For example, two muta patients (WG 1607 and WG 

1609) had similar clinicat presentations and both died at one and half years of age. Their 

respective baseline [14C]-propionate incorporation in nmoles/mg protein/18 hours are 

1.71±O.23 and O.51±0.06 (three fold difference between the two) (Table 8). Moreover, WG 
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1610, a mut" cell line from a patient with only intermediate complications, has haselinc 

propionate incorporation of 1.0±0.1 (less than that of WG 1609). Only the baseline 

propionate incorporation of WG 1618 which is the highest (3.2±O.16) seems ta correlate 

with its clinical phenotype (benign mur MMA). These data suggest that the clinical 

heterogeneity of this disease does not derive from variation in the baseline propionate 

incorporation in different patients. 

Genetic heterogeneity with respect to interallelic complementation also does 

not appear to correlate with clinical heterogeneity. WG 1130 ce lis, which are from a mw" 

patient who died in infancy because of severe MMA, complement most mut cell lines. 

Surprisingly, WG 1618 which is from a mild, benign mur patient, complements with many 

mut celllines but not as many as WG 1130. Thus, no striking correlation was found between 

the severity of clinical expression and the complementation behaviour of a strain. It is 

probable then that the clinical heterogeneity observed represents the expression of different 

alleles within the individuals. 

There does not seem to be any correlation between the baseline level of 

propionate incorporation (nmoles/mg protein/18 hrs) and the interallelic complementation 

pattern. WG 1607 (W105E,A377E) incorporated the highest mulo baseline propionate level 

(1.71±O.23), and it only complements with one cellline, WG 1738 (mur, mutation unknown) 

which incorporated 1.41±0.11 nmoles propionate/mg protein/18 hrs (Table 8). In contrast, 

WG 1130 (mutO,R93H) which only incorporated 0.88±0.17 nmoles propionate/mg proteinl 

18 hrs complemented with seven celllines (Fig.7) (Table 8). WG1618 (unknown mutation) 

incorporated the highest mut" propionate baseline level (3.21 ±0.16), and complemented with 
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six ccII !ines (Fig.7) (Table 8). 

Of the thirteen strains analyzed for intragenic complementation, mutations 

have heen identified in six. Four have a homozygous mutation [WG 1130 (R93H) (1), WG 

15] 1 (H678R) (personal communication, pr. Wayne Fenton, Yale University), WG 1610 

(G717V) (125), WG 1609 (G630E) (127)]. Two celllines are compound heterozygous [WG 

1681 (G623R and G703R) (]26), WG 1607 (W105R and A377G) (124)]. WG 1511 is 

homozygous for H678R at the cDNA level (personal communication, Dr. Wayne fenton). 

WG 1599 has a heterozygous substitution (R369H), the second allele is not characterized 

(persrmal communication, Dr. Wayne Fenton). The remaining celllines (WG 171.3, WG 

1727, WG 1738, WG 1919, and WG 2041) crossed were chosen because they showed an 

altered migration pattern on PCR-SSCP gels. Although WG 1618 does not have any known 

mutation or altered migration pattern, it was included in the crosses because, as suggested 

by experiments performed in this laboratory, it exhibited an interesting complementation 

pattern. 

Because neither the tertiary and quaternary structures of MCM nor the 

substrate and coenzyme binding sites are known, only speculation can be made as to the 

nature of the mutations. The mutations identified alter amino acid sequences conserved in 

human, and murine MCM, and in P.slzermanii MUTB, which strongly suggests that these 

sites may be essential ta MCM ~tructUIe and function (127). Different models have been 

devised to predict secondary structures of proteins, and thus provide possible explanations 
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for the relative importance of the preserved sites (149). Ledley et al (125) and Qureshi et 

al (126) analyzed MCM structure in the regions around the G717V, and G623R and G703R 

mutations ta look for disruption of putative alpha-helical or beta-sheet structures causcd hy 

the mutations. Using the model of Chou and Fasman (149) which predicts secondary 

structures of proteins, Ledley et al and Qureshi at al showed that normally in a secondary 

structure, glycine stabilizes beta-turns and disrupts alpha-helix structure. Thus, one way in 

which each of these three mutations inactivate MCM function may be duc to the ahscnce 

of the helix terminating glycine which may enablc an adjacent alpha helix to extend furthcr 

towards the carboxy terminus and disrupt the tertiary assembly or structure hy intrnducing 

additional rotation. Alternatively, Qureshi et al proposed that the absence of the B-turn 

stabilizing glycine at position 703 may disrupt l3-sheet formation, and that because charged 

residues are not usually present at the C-terminal of fi-strands (150), the positively charged 

arginine instead of the uncharged glycine at position 703 may be involved in altering the H­

strand interaction. Ledley et al also suggested that the valine introduced at position 717 may 

initiate beta-sheet formation, thereby disrupting proper protein folding (125). Other possible 

effects of the mutations may be due to the replacement of Cl small uncharged aa (glycine) 

with a larger aa (valine) in G717V (125) or with a very large hydrophilic re:;idues (Arginine) 

in G623R and G703R (126) which itself may alter catalytic, binding or dimerization 

determinants. 

Correlation of mutations to the interallelic complementation patterns may be 

helpful in examining the structure-function relationships of the protein. InteraIlclic 
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campJementation has been used as a tool in prokaryotes and lower eukaryotes to define 

functional or structural domains (136). Intragenic complementation was observed between 

specifie amino(N)-terminal mutants and carboxy(C)-terminal mutants of the bacteriophage 

T4 DNA polymerase lacking DNA polymerase polymerizing functions (151). The positive 

complementation results provided genetic evidence for a discrete N-terminal domain which, 

based on protein sequence similarities studies with E.coli DN A pol l, has been suggested to 

encode a 5'->3'exonuclease or RNase H-type activity. In addition, interallelic (intracistronic) 

complementation has recently revealed a novel activity of the DNA-binding do main in SV 40 

T antigen (17). Mutations in two different functions of T antigen were able to complement 

each other to restore the growth stimula tory activity. A S189N mutation in the DNA-binding 

damain complemented a E107K mutation in the Rb-binding domain. It was proposed that 

the DNA-hinding domain harbours an unknown and novel activity, which is abolished by the 

S 189N mutation, involved in growth stimulation (17). This new function coopera tes with 

retinoblastoma-suppressor protein binding and tumour suppressor p53 binding ta stimulate 

cellular proliferation in quiescent cells, thereby abolishing the growth-arresting properties 

of these proteins. Other ways of intragenic complementation have been described in which 

gene mutations can be corrected by additional alterations in the gene itself (i.e. reversion, 

suppression, recombination). These are fruitful approaches in arder to identify amino acid 

replacements compatible with the function of the enzyme. One type of second-site 

suppression mutation is illustrated by genetic engineering in alpha1-antitrypsin deficiency 

(152). The Z form of the disease is caused by a E342K substitution. Using crystallography 

data, glutamic acid 342 was found ta be positioned adjacent ta lysine 290 in the wild type 
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protein and was assumed to form a salt bridge with it. The Z mutation which changes the 

charge at position 342 eliminates the salt bridge and results in misfolding of the molecule. 

Brantly et al. (152) corrected the defect by mutating lysine 290 to glutamic acid, therehy 

creating the opposite charge relationship of the original one that would restore the salt 

bridge. This illustra tes how intrachain complementation cou Id correct a defect. 

Thus, intragenic complementation has major significance as a probe of the 

structure/function of a gene. Numerous mut mutations that participate in interallelic 

complementation are already identified. These intragenically complementing alleles likely 

identify functionally or structurally independent domains in the protein. 

The clustering of mutations which eliminate enzyme activity at the amine) 

terminal of the protein (naturai mutations (R93H and W105R) (1,124) and nnn-naturai 

mutation (L153V) (153)) suggests the presence of a critical functional damain in this region 

in which even subtle changes in structure, such as that produced hy a valine to leucine 

substitution (L153V) have significant effects on enzyme activity (127). The function of this 

domain and the mechanism by which R93H but not W105R engage in interallelic 

complementation is not known. Predictive analysis of secondary structure (150) in that region 

did not indicate any specifie conformational changes caused by these mutations. The 

mutation in WG 1130, which replaces arginine at position 93 with a histidine giving ri se to 

mutO phenotype, falls in an interesting region of the gene very rich in arginine and protine 

residues. The fact that alleles with the R93H mutation complement with allcles having 

mutations in the ChI binding domain supports the suggestion that the region surrounding 
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R93H has a distinct function (129). 

One of the mutations in WG 1607 (mut°), W105R, substitut es an evolutionary 

conserved tryptophan residue with an arginine Tesidue (124). It has been observed in human 

and mouse MCM proteins that tryptophan residues, aiong with tyrosine and praline residues, 

are non-randomIy distributed in the amino haif of the moiecuie. The significance of this 

asymmetry is not cIear. However, it is suggested that such residues may be more rcsistant 

tn attacks by free radicals formed during the rearrangement of methylmalonyl CoA (124). 

This suggests that the amino terminal may harbour the substrate binding domaine 

The fact that the residues aitered by each of the mutations identified are 

conserved evolutionary among huma n, mouse, and the MutB gene of P.shermanii, and that 

fact that each substitution interferes with the enzymatic activity suggests that these residues 

occur in regions critical for enzyme structure or function (127) (Fig.11). The mut" mutations 

cluster within a 90 amino acid segment region of the enzyme between residues 626 and 717 

near the carboxyl terminus. Thus, the CbI binding domain is putatively localized to that 

region (127). This was confirmed by Marsh and Holloway (154) who c10ned and determined 

the nucleotide sequence of the gene encoding the small subunit, component S, of the 

AdoCbl-dependent glutamate muta se of Clostridium tetanomorplzum (mutS). The deduced 

amino acid sequences of mutS showed homology with the C-terminal portion of MCM from 

human, mouse. and MuT B from P.shennanii, and trom a region of E.co/i's me thionine 

synthase which has been shown to bind Cbl (71) (Fig.ll) These results were surprising since 

component S does not bind CbI on its own. In addition, two short regions of highly 
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FIG. Il AMlNO ACID SEQUENCES OF COBALAMIN-DEPENDENT 

ENZVMES FROM DIFFERENT SPECIES ALIGNED. mutB-Hum, 

mutB-Mou, and mutB-Psh represent residues 610-650 of human, 608-748 of 

mouse, and 593-728 of P.slzermalliÎ methylmalonyl CoA mutase, respectively. 

mutS represents residues 1-137 of glutamate mutase component S, and metH 

represents residues 741-883 of E.coli methionine synthase. Conserved residues 

are marked by '" and shown in bold type. ConselVatively suhstituted 

residues are marked by +. 
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conserved sequences identified by the motifs, DXHXXG, and GXXXIXXXXGG, were 

invariant in aH the proteins aligned (Fig. 1 1 ). Interestingly, two mwo mutations, G630E and 

G703R, faH in the region where most mur mutations cluster. It may be proposed that thcsc 

two mutations result in the muta phenotype because they completely disrupt the Cbl binding 

region. In fact, G630E and G703R each alter a putative consensus amino aeid, the last 

glycine of the first and second motif, respectively. The mutations which produce a mur 

phenotype in this region, such as H678R and G638D, affect other residues. Interestingly, the 

celllines with muta mutations in that region (WG 1609 (G630E) and WG 1681 (G703R)) 

do not complement with each other nor with cell lines with mur mutations in that region 

(WG 1610 (G717V) and WG 1511 (H678R)) (Fig.lO). Again, this may be due to the fact 

that the mWo mutations in that region disrupt consensus amino acids part of the two motifs, 

and thus eompletely disrupt the Cbl binding domain rendering the polypeptide unable tn 

complement with any polypeptide harbouring a mutation in that region. 

It is interesting that there is Httle sequence homolob'Y between MutA and 

1JutB in the regions surrounding this presumed Cbl binding domain, since the P.shermulliÎ 

MCM binds only one mole of cofaetor per heterodimer (127). Because the nonconservative 

H523R substitution has no effeet on enzyme activity, and substantial insertion/deletion is 

present within residues 546-547 among mammalian and haeterial MCM sequences, the Chi 

binding domain is presumed to be bound by the region between residues 523 and 626 (127). 

Regions of insertions/deletions between species are assumed to represent spacers between 

functional domains in the protein. The mast important structural requirement for Chi 

binding to MCM of different organisms may be the tertiary structure (24). This is supportcd 
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by the observation that Cbl binding to human TCIl and TCI, rat intrinsic factor, and porcine 

haptocorrin (ail of which are Cbl binding proteins) is destroyed in the presence of ur~a and 

guanjdine-HCI, which are wc)) known ta denature hydlOgen bonds (24). 

Although six of the seven mutations identified in the putative Cbl binding 

rcgion involve replacement of glycine residues, these residues are probably not directly 

associated with the binding of Cbl but rather they may alter the secondary structure of the 

protein, thcreby disrupting the interaction between the enzyme and the cofactor (127). 

Nevertheless, the fact that each of these mutations (mur or muta) complements R93H 

suggests that they are associated with similar functional defects in the enzyme activity. 

The significance of discrete regions of sequence similarities of MCM between 

different species de pends upon understanding the relative functions of the alpha and beta 

chains of P.slzermwzii. If bath the ex and B chains independently possess the complete 

function of the human protein, then ail the structural determinants for enzyme activity may 

be incJuded among these discrete homologies (111). If however different aspects of enzyme 

function have heen sorted between the ex and B chains, then the determinants for their 

respective functions may be identified by analysis of the differential pre~ervation of 

homologous residues (111). An observation in support of this is the presence only in the 

alpha subunit of a st!quence which is significantly homologous to a portion of the sequence 

of the methylmalonyl CoA binding subunit of transcarboxylase from P.shermaii (100). 
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Assuming that the alpha and beta polypeptides of P.slzemul1lii eacÏl harhours 

different domains of MCM enzyme, Ledley and Crane (127) suggested that sinet' the 

prokaryotic MCM enzyme is encoded by two homologous genes while the mammalian MCM 

is encoded by a single gene, then the heteromeric prokaryotic MCM may provide a modcl 

for the observed interallelic complementation within the human MCM locus. The t'act that 

interallelic complementation occurs when heterodimers are l'ormed hetwecn the mutant 

clones carrying the R93H mutation and the dones with a mutation in the ChI hinding 

domain suggests that the heterodimers formed are like the prokaryotic enzyme in that they 

possess a single asymmetrical reactive centre as opposed to the homodimeric mammalian 

enzyme with its two symmetrical reactive centres. The subunits with the R93H mutation 

would contribute the Cbl binding domain, while the subunits with defects in ChI hinding 

would contribute a domain complementary to the one altered hy R93H (127). 

Interestingly, the mur cell line WG1618 (mutation unknown) (Fig.7), which is 

the second most frequently complementing cellline (complements with 3 mU/" and 3 mun, 

does not complement WG 1130 which is the most l'requent complementer. WG 1fi1H is an 

atypical mur celI line (131). Biochemical analysis revealed that activity of MCM wa!. 

essentially undetectable by in vitro assay of the cultured cells cxtracts. However, in the 

presence of excess OH-CbI propionate uptake was significantly higher (2.5 fold) than in 

other mur fibroblasts. These findings suggest that this patient has an unusually mikl mut 

defect. Thus, WG 1618 may have an indirectly affected Cbl-hinding domain, and could he 

easily stabilized during heterodimer formation. Therefore, heterodimers formcd hetwecn W(i 
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1618 and other mur cell Iines such as WG 1511 and WG 1610 may restore proper Cbl­

binding. WG 1618 may harbour another mutation in the amino terminal resulting in its 

inability to complement WG 1130. Thus, heterodimers between WG 1130 monomers and 

WG 1618 fail to complement. 

Complementation maps have been widely used ta represent complementation 

data and to form the basis of sorne theories of complementation (155). Complementation 

maps consist of an arrangement of segments in which each segment represents one or a 

group of mutations. None of the mutants within the same group complemen~r.d one another 

in heterokaryons but they complemented ail of the other mutants. Members of overlapping 

groups do not complement, whereas members of non-overlapping groups do complement 

(Fig.8). ComplementatlOn maps tend to be collinear with the genetic map. However, an 

examination of published camplementation maps has revealed that in sorne cases strict 

collinearity with the genetic map does not prevail, and also that complementation maps are 

often circular or must even be represented as spirals (135). A genetic map uniquely defines 

the position of each mutational site. A complementation map on the other hand de fines a 

certain number of segments. It has been reported that there are cell lines which are not 

consistent with a simple complementation map, and the segments fall inta lines only when 

the exceptions are ignored to simplify the complexity (155). To obtain an interallelic 

complementation map that is informative about the MUT locus, 1 had to ignore four cell 

tines (WG 1511 (H678R), WG 1738, WG 1727, and WG 1713).The data could then be 

summarized as a tincar complementation map, (which is the simplest 2-dimensional shape 
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that can represent the data), the mutants being distributed among tluee subgrollps in a 

simple pattern. The mut complementation map 1 constructed may have structural meaning 

relative to the enzyme. The map of MCM thus consists of 3 segments which define 2 

intervals. This type of ordering is found to correspond in a somewhat collinear fashion to the 

site of mutations in the gene. Mutations were found to c1l1ster within '2 distinct mutable 

domains, one towards the N-terminus and the other near the C-terrninus. Speculations can 

be made about interallelic complementation in regions of the polypeptide (aminn terminus 

and carboxy terminus) which pair with a homologous region in the multimer (like with like). 

The defect in one region (N terminus) of a mut monomer may be corrected with the normal 

homologous region of another monomer in a hybrid molecule with defects in different 

regions (C terminus). If mutations fall in sa me region su ch as G630E and G717V (both in 

the C terminus) of the polypeptide no complementation is observed. This theory seems to 

account for the observed correlation between the complementation and the genetic map. 

However, WG 1511, which was one of the four celllines omitted l'rom the complementation 

map to simplify the pattern, contradicts the theory of mutation clustering. WG 1511 has a 

mutation in the carboxy terminus (H678R), th us theoretically it would he placed with the 

group comprised of WG 1610, WG 1919, WG 1681, WG 1609. However, placing it in that 

group would imply that it does not complement with any of the 4 cell lines in that group. 

This is contradicted by the fact that WG 1511 complements with WG 1610. Since the 

mutations in the other threc cell lines 1.0t included on the map (WG 1713, WG 1727, WG 

1738) are not known, no speculation can be made for now. Three strains constituted a 

subgroup that produced no increase in MCM activity in any fusion. The group of non 
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complementers is comprised of the eell Hnes WG 2041, WG 1599, and WG 1607. It is 

interesting that both WG 1599 and WG 1607 harbour mutations in exon 6 (R369H and 

A377E respectively), suggesting that important determinants for function may be present in 

exon 6. Overlapping segments in a complementation map have becn interpreted to refleet 

an overlapping dcfect across regions of polypeptides which interact in a multimer. 

A complementation map representing the complementation pattern of the cell Hnes with 

known mut mutations is shown in figure 12. Again, WG 1511 (H678R) was not placed on 

the map bccause it complements with WG 1610 (G717V). 

Since the majority of the mutants studied are genetic eompounds (only WG 

1130, WG 1609, and WG 1610 harbour homozygous mutations (Table 1», a 

complementation map of sueh mutants cannot be intcrpreted as simply as the maps of 

homozygous individuals or microorganisms where only two alleles are present in the cells 

testcd for complementation. As many as 4 allelie polypeptides may be present in the 

heterokaryons formed bctwccn 2 heterozygous fibroblasts (155). The frequency of 

complementation is th us likely to be greater, resulting in an increasing number of segments 

in the maps. A mutant with 2 different alleles is more Hkely to complement any other allele 

than is a mutant with only one type of allelc. However, because sorne maps in 

microorganisms are very complex, the complexity of the map does not necessarily derive 

from the compound nature of the human mutants. In addition, a complementation map of 

nonconsanguinous human mutants is only a minimal representation of aIl the 

complementation that may be occurring. The map is the same whether the complementation 

occurs with only one or aIl 4 of the possible combinations of alleles in a heterokaryon of 2 
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FIG. 12 COMPLEMENTATION MAP OF mut CELL LINES WITH 

KNOWN MUTATIONS. Mutations placed on non-overlapping lines 

complement each other. Mutations placed on overlatll1ing tines do not 

complement each other. 
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COMPLEMENTATION MAP WITH KNOWN MUTATION FROM mut CELL LlNES 

R93H (WG 1130, muta) 

G717V (WG 1610, mut") 
G630E (WG 1609, muta) 
G623R,G703R (WG 1681, muta) 

WIOSR,A377E (WG 1607, muta) 



genetic compounds. Crick and Orgel suggest that multimeric proteins are likely to he 

symmetrical (128). Mutations affecting the sa me region near a symmetry axis will he close 

together on the genetic map and the complementation map would tend to be collinear with 

the genetic map. For example, G717V in WG 1610, G630E in WG 1609, and G623R and 

G703R in WG 1681 may aIl be near an axis of symmetry. They also suggested that the length 

of the segment in a complementation map would reflect the extent to which misfolding 

spreads along the chain. Thus, according ta this hypothesis, since the segment comprised of 

WG 1599 (R369H), WG 1607 (W105R, A377E), and WG 2041 (mutation unknown) is the 

longes t, it implies that the mutations in these celllines cause misfolding which is long spread. 

This is supported by the fact that the celllines in this segment do not complement with any 

other cell Hne. 

The present significance of the map is that it summarizes the compIementation 

data giving significance to certain mutants that neither enzymatic studies nor c1inical 

assessment would confer. Classification of mut mutants into the 3 complementation groups 

did not correlate with pattern of clinical heterogeneity or muta/mur classification (Fig.R). 

One complementation group is comprised of patient WG 1609 (mut°) who died at 18 months 

of age and of patient WG 1610 (mur) who remains with good prognosis at four years of age. 

Through the characterization of mutations participating in intragcnic 

comp1ementation, and understanding the biochemica1 defects of the mutation and basis of 

complementation, one can provide a pattern for grouping the mutations according to the 

complementation data in defined structural or functional domains. Once domains are 
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identified, site-directed mutagenesis cauld specifically test particular residues ta refine the 

bounùaries of the domains or to further interpret the final structure. Knowledge of structure 

and function relationship in MCM may contribute to treatment of MMA by induction of 

enzyme activity or somatic gene therapy. 
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SUMMARY 

ln this study, 1 have examined interallelic (intragenic) complcmcntation 

between mutants of the structural gene locus encoding MCM (mut mutants). 

Complementatiotl experiments were conducted by fusing in aIl pairwise comhinations 

thirteen fibroblast cell lines derived from patients with the mlll 1'orm of MMA. 

Complementation was indicated by the increase in (l_14C]-propionate incorporation into 

trichloroacetic acid precipitable mate rial in O1ultinucleated ce lis produced by fusion in the 

presence of PEG, compared to [l)4C]-propionate incorporation in para Ile 1 but un1'used 

cultures. Intragenic complementation was demonstrated in 22 of the 7R pairwise fusions, 

indicating that complementation at the MUT locus is extensive. Further studies of rnlll 

mutations participating in interallelic complementation will be helpful in dctermining 

relationship between structure and function of MCM. 
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CLAIMS TO ORIGINALITY 

1. This the sis describes the occurrence of extensive interallelic complementation 

in mut MMA. Interallelic complementation was demonstrated in 22 of the 78 pairwise 

fusions between 13 mutants of the structural gene encoding MCM (mut mutants). 
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