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ABSTRAcr 

Methylmalonic aciduria is an autosomal rcœssivè met"bolk di~mdt''f. \vhkh 

may be due to a defect in the methylmalonyl CoA mutase (MCl\·1) apoenzymc. Th~ 

mutO mutation is characterized by undetectable em'yme activity in ccII cxtraLts, and 

by the low incorporation of [14C]propionate in thc presence nt' hyùroxocobalamill in 

culture. A mutO fibroblast c~llline, \VG 1681, From an African-Amcrican male infant 

was shawn to complement another mutO œllline, WG 1130. Subsequcnt doning and 

sequencing of cD NA from WG 1681 identified two previously desci ibed hOfllozygolls 

polymorphisms: H532R and V671I (1). In addition, compound heterozygosity was 

observed for two novel changes at highly conserved sites: G623R and G703R. 

Hybridization of allele specifie oligonucleotides to PCR amplified MCM cxons l'rom 

WG 1681 and family members identified a clinically normal mothcr, sister and halt'­

brother as carriers of the G703R change in cis with bath polymorphisms. The 

putative father was not identified as a carrier of the G623R change. Transfectiol1 nf 

each change, singly and in cis with bath polymorphisms, into GM1673 ce Ils 

demonstrated a lack of stimulation of e4C]propionate uptake in the absence and 

presence of OH-Cbl, in comparison ta contraIs. Co-transfection of each scparatc 

mutation with the previously identified R93H mutation of WG 1] 30 (2) stimulatcd 

propionate uptake. These results indicate that G623R and G703R arc novel 

mutations responsible for deficient MCM activity and the mutO phenotype in WO 

1681, and both mutations are independently capable of complementing the R93I-1 

mutation of WG 1130. 
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SOMMAIRE 

L'acidurie m6thylmalonique est un désordre métabolique de type autosomal 

récessif qui ~emhle être causé par un défaut de l'apoenzyme mutase méthylmalonyl 

CoA (MCM). La mutation mutO est caractérisée par une activité non-détectable de 

l'c.:nzyme dans les extraits cellulaires et par une faible incorporation en culture du 

propionate [l'IC] en présence d'hydroxocobalamine. Il a été démontré que la lignée 

cellulaire fibroblaste, lignée muta, \VG 1681, d'un enfant de race noire, complémente 

une autre lignée cellulaire muta, WG 1130. Les c1ônage et séquençage subséquents 

du cADN de WG 1681 ont permis d'identifier 2 polymorphismes homozygotes déjà 

décrits auparavant: H532R et V671 (1). De plus, de J'hétérozygosité composée à 

certains sites hautement conservés a été observée pour 2 nouvelles mutations: G623R 

et G703R L'hybridation d'oligonucleotides spécifiques aux allèles à des exons MCM, 

amplifiés par PCR a partir d'échantillons de WG 1681 et de membres de la famille, 

a permis d'identifier une mère, une soeur et un demi-frère cliniquement normale, et 

tous trois porteurs de la mutation G703R en "cis" avec les 2 polymorphisml!s. Le père 

présumé n'a pas été identifié comme porteur de la mutation G623R. La transfection 

des mutations, individuelles ou en "cis" avec les 2 polymorphismes, dans les cellules 

GM 1673 a démontré un manque de stimulation de l'incorporation du propionate 

[lofC] en l'absence ou en présence de OH-Cbl par rapport au contrôle. Les résultats 

indiquent que G623R et G703R sont de nouvelles mutations responsables d'une 

activité déficiente de MCM et du phénotype muta de WG 1681. Les 2 mutations ont 

été capaules indépendamment, de complémenter la mutation R93H, déjà identifiée 

chez WG 1130 (2). 
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CHAPTER 1 

STRUCrURE, DISTRIBUTION AND TRANSPORT OF COBAlAMIN 

1.1 STRUCTURE OF COBALAMIN 

Vitamin B'2' also known as cobalamin (CbI), is a water soluble, 

organometallic molecule. It was first crystallized in 1947 by Karl Folkers and 

coworkers, and its three-dimensional structure was first revealed in 1956 by Dorothy 

Hodgkin's laboratory (3). Its core consists of a planar corrin ring surrounding a 

central cobalt atom which may exist in a +3, +2, or + 1 oxidative state. A 

phosphoribo-5-6-dimethylbenzimidazolyJ ligand is Iinked to the cobalt atom at the 

lower axial position, and the ligand at the upper coordination site determines the type 

of Chi compound (Fig.1). The most common commercial form is cyanocobaJamin 

(CN-Chl) and does not occur naturally in plants, microorganisms and animal tissues. 

Hydroxy, methyl, and adenosyl ligands comprise the three forms of CbI which have 

been frequently isolated from mammalian tissues: hydroxocobalamin (OH-Cbl), 

methylcobalamin (MeCbl), and adenosylcobalamin (AdoCbl), respectively (4). The 

latter two forms of Cbl fulfil an important raIe as cofactors in many organisms (5). 

Glutathionylcobalamin (GS-Cbl) has been recently isolated from mammalian tissues, 

and is presumed to be another naturally occuring farm of Cbl (6). 

1.2 DISTRmUTION AND DIETARY SOURCES 

Specifie microarganisms possess the exclusive ability of CbI biosynthesis 

(7). Cbl can be endogenously synthesized by certain fungi (Streptomyces grisellS), 

certain actinomycetes (Streptomyces aureofaciells), and certain bacteria 

(Propiollibacten'um shennallii, Clostridium tetanomorphum, Rhizobium meli/oti). 

Bacteria such as E.coli and Lactobacil/llS leie/zmanii cannot produce the corrin ring 

of CbI (7). Yeast and man also cannot synthesize CbI (8). Man is completely 

dependent on dietary Cbl due to his inability to produce the corrinoid structure. In 

addition, man is unable to absorb vitam in synthesized by the colonie flora as Cbl 

1 



FIG. 1 

------------------------------. 

THE STRUCfURE OF COBALAMfN. R=-CH 2CONH2: R'= -

CH2CH2CONH2; X= -CN for (cyanocobalamin), -OH 

(hydroxocobalamin), -CH3 (methylcobalamin) or 5' ùeoxyaùenosyl 

(adenosylcobalamin). Reprinted from Fenton and Rosenberg (4). 
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cannat be absorbed in the colon. Ail Cbl which is founù in animal products or plants 

is derived from bacteria (8). Food products incJuding ment. ùairy. and fish arc gond 

dietary sources, whereas plants are a relatively pom source (H). 

High concentrations of AdoCbl are found in the liver, kidll\.'Y. allli 

pituitary, while MeCbl predominates in the plasma. Tht' establishcd daily dictar)' 

requirement of cobalamin for adults is 2-5 J.Lg, and the estimated daily rate of loss is 

approximately 0.1 % of the total body pool (9). This implies that the dcvclopmcnt 

of a deficiency state will not occur for several years after the intake nf ChI has ceascd 

(10). 

1.3 ABSORPTION AND TRANSPORT OF COBAlAMIN 

Proteases and acids in the stomach remove CbI t'rom dictary proteins 

after ingestion. Absorption and transport of Cbl then depend on a rather complcx 

system comprised of specifie carrier proteins and cell surface receptors (II). This 

mechanism allows transport of 50% or more of carrier-bound ChI. Only ().l·1 % of 

ChI win cross the cell membrane in the absence of such carrier-rt~ceptor interactions 

(9). 

1.3.1 R binders 

The family of R proteins consists of R binders, transcobalamin 1 (TCI), 

transcobalamin III (TCIlI), haptocorrins, and cobalophyIlins. Ail R bind(!rs are the 

products of one genetic locus, differing in the number of glyc:osylations (12). 

Recently, the full length cDNA encoding human TCI has been isolatcd (13). The 

transcript is 1.5 kb, and the 433 amino aeid sequence contains 9 glycosylation sites. 

Little is known about the physiological significance of l'CI and TCIII except that 

almost 75% of total endogenous Cbl is bound ta them (14). H binders are 

glycoproteins exhibiting high affinity for Cbl, and have been isolated from plasma, 

tissue extracts, secretions (eg. saliva and bile), and the cytoplasm of erythrocytes, 

granulocytes and platelets (4,9). Although the physiological significance has not yet 

been comprehended, it has been suggested that the role of R bindt:rs may be ta 
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maximize Cbl utilization by removing potentiaIly harmful Chi analogues from 

circulation, and by preventing bacterial usage of Cbl (11). 

Ingested Cbl binds to salivary and gastric R binders. In this form, Chi 

cannot be absorbed or reabsorbed (8). Consequently, this complex is digested by 

pancreatic enzymes in the small intestine, where Cbl then binds ta intrinsic factor 

(12). Pnncreatlc insufficiency results in the lack of tryptic digestion of R-binder from 

Cbl, thus inhibiting Cbl absorption. Diseases of the small bowel are particularly 

predisposed to aequired Cbl malabsorption (9). 

1.3.2 Intrinsic Factor (IF) 

IF is a gly(;oprotein produced in the parietal eeUs of the gastric mucosa, 

and mediates uptake of Cbl from R binders in the gastrointestinal tract (4). A cDNA 

clone encoding the rat gastric IF has been isolated and characterized (15). The 

deduced prote in contains 421 amino acids with a molecular weight of 46 kD. 

IF stringcmtly binds Cbl, and does not bind or mediate uptake of Cbl 

analoguf:S, thereby minimizing their accumulation (11). Vpon binding of Cbl, the IF 

molecule shrinks, resulting in an increased affinity of the IF-Cbl complex for specific 

receptors Jocated on the brush border membrane of the ileal cells (16). Binding 

occurs at neutral pH and requires the presence of Ca+2 ions (11). Enterocytes 

internalize the complex by an endocytotic process (9). Studies on intestinal uptake 

of rat IF-Chi complexes have deduced that detachment of the complex from the 

receptor occurs within thc! enterocyte, and requires an acidic pH, indit:ative of 

Iysosomal or endosomal localization (17). Thus, the release of Cbl from IF is 

presumed to be dependent l.Ipon lysosomal digestion. There does not seem tCI be any 

considerable recycling of IF to the brush border membrane (17). 

Free Cbl is absorbed by traversing the basal membrane of the 

enterocyte, and appears in the portal circulation bound to transcobalamin II (4). 

The most common acquired adult form of IF deficiency is caused by the 

atrophy of parietal ce Us of the stomach, resulting in pernicious anemia (18). In these 

patients, serum Cbllevels are markedly deficient and IF auto-antibodies are present 
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(4). This classical form of pernieious anemia oceurs in bath men and women ovcr 

60 years of age, and is a result of the destruction of the parietal cells hy thc 

autoantibodies causing atrophy with achlorhydria (18). 

1.3.3 Transcobalamin II (Tell) 

Transport of Cbl into mammalian tissue is meùiated hy a serum 

protein, TCIl. This prote in is also found in spinal tluid, plasma, scmcn, and 

extracellular tluid, and is synthesized by amniocytes, fihroblasts, t!ndothelial cells, and 

enterocytes (9). Ali newly absorbed Cbl is complexed with TCll within the 

enterocyte, prior to entering the portal circulation. Although, Tell accounts for only 

a small percent of total Cbl binding, it is the only source of physiolagically active Chi 

(11,14). TCII undergoes conformational change upon binding of Cbl, incrt!using its 

affinity for plasma membrane receptors. Binding is dependent on the presence of 

Ca+2 ions (16,19). The eomplex is internalized via energy depenùent endocytosis into 

the lysosome or endosome (9,19). Internalization occurs rapidly, and it may lake 

several hours before TCII levels retum ta normal (11). 

Human TCII has been linked ta chromosome 22q (20), and the cDNA 

and amino acid sequences have been deduced (21). The full length cDNA is 

comprised of 1866 nucleotides, which encodes an 18 amino acid Ieaùer sequence and 

a 409 amino acid mature protein. Comparison of nucleotide sequenCe.! between Tell, 

TCI, and rat IF indicates more than 50% identity. Very recently, Li et al. (22) have 

isolated variant forms of human Tell. Two identified cDNA clones ùiffered at 

codons 259 and 376 when compared to the previous isolated TCIl sequence. The 

two clones differed from each other at codons 198 and 219, and in the length of the 

5' and 3' non-coding regions. Although amino acid sequence analysis revealed an 

overall homology of 33% with TCI and rat IF, four identified regions had 80% 

homology while two other regions had 60% homology with TCI and rat IF. The Cbl­

binding functional domain is predicted to reside within the six regions of high 

homology (22). 
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1.3.4 Alternative ChI Transport 

Chi may he internalized into cells via other mechanisms, although the 

process already described is the most common. Free Cbl can be internalized by 

fibrohlasts using a saturable, Ca+2.independent system, requiring an intact electron 

transport chain (23). Patients deficient in TCII are able to transport Cbl in this 

mtlnner when they are treated with high concentration of therapeutic CbI. A second 

mcchanism has been described in hepatocytes where asialoglycoprotein receptors are 

able to clear R protein bound Cbl from plasma into the bile (11). TCI and TCIII are 

able to recognize these membrane receptors, and upon internalization, Iysosomal 

degradation releases free Cbl intracellularly. 

1.4 INTRPlLCELLUlAR ChI METABOLISM 

The TCII·Cbl complex is processed by the degradative action of 

proteases in the lysosome (24). Free cobalamin can efflux into the cytoplasm, while 

TCIl leaves the cell in fragments (24). Studies on fibroblasts have demonstrated 

inhibition of TCII-Cbl degradation by choloroquine, leading to the accumulation of 

the complex in the lysosome (19). It is known that TCII is degraded in the lysosome, 

however, it is undear whether the dissociation of Cbl from TCIl occurs in the 

lysosome or the endosome. Although the mechanism of Cbl eftlux is also unknown, 

recent work by Idriss and Jonas (25) has demonstrated CbI transport by isolated rat 

liveT Iysosomal vesicles. The study of this system may help elucidate lysosomal 

transport and Cbl release. In the cytoplasm, cobalamin undergoes a reduction from 

cob(III)alamin to cob(II)alamin, which can then be methylated to form MeCbl and 

assist in the methionine synthase (MS) conversion of homocysteine to me thionine (4). 

Alternatively, cob(III)alamin or cob(I1)alamin can enter the mitochondrion and be 

further reduced to cob(I)alamin. It can then be adenosylated to AdoCbl and 

participate in the conversion of methylmalonyl CoA to succinyl CoA by 

methylmalonyl CoA mutase (f\1CM) (4). Almost 95% of intracellular Cbl is found 

bound to either MS or MCM (5,26). 
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1.5 MITOCHONDRIAL Cbl-UPT AKE 

Although no specifie mithoehondrial transport system for ChI has he~n 

described, OH-Cbl uptake in Iysosomal-free preparations of rat liver mitochomh in 

was observed to be dependent upon mitaehondrial swelling (27). This proct'ss was 

coneentrative, saturable and specifie for OH-Cbl, and did Ilot rely on enelgy 

metabolism or ion transport (28). Presumably, mitochondrial sWt;,'lIing increascs 

mitoehondrial permeability ta OH-Cbl (28). Specificity of uptake was shown to result 

by high affinity binding of OH-Chi ta an intramitochondrial prote in that comigrated 

with MCM (26). This suggests that mitochondrial Chi uptake presumably occurs by 

passive diffusion followed by binding to MCM (28). 
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FIG. 2 INTRACELLULAR Cbl METABOLISM. TCII= transcobalamin II; 

OH-Cbl= hydroxocobalamin; Cbl+r. +11. +111= Cbl with cobalt core at 

+1, +2, +3 oxidation states, respectively, MeCbl= methyJcobalamin; 

MeFH4= methyltetrahydrofolate; FH4= tetrahydrofolate; AdoCbl= 

adenosyJcobalamin. Reprinted from Rosenberg and Fenton (29). 
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CHAPTER 2 

COBALAMIN-DEPENDENT ENZYMES 

2.1 METHIONINE SYNTHASE (MS) 

Methionine synthase (5-methyltetrahydrofolate-homocysteine 

methyltransferase) (EC 2.1.1. 13) is a cytosolie enzyme responsible for the conversion 

of homocysteine to methionine in mammalian eells. It participates in the transfer of 

a methyl group from 5-methyltetrahydrofolate (MeTHF) to homocysteine ta farm 

methionine, and requires MeCbl as a cafaetor (9,29). Althaugh the gene encading 

MS has not yet been c1oned, it has been assigned ta chromosome 1 by measuring 

[
57CO]CbJ binding and MS activity in rodent-human cell hybrids (30). MS has been 

isoJated from various animal tissues including porcine kidney (31) and liver (32), and 

human placenta (33). Analysis of MS from human placenta on a native 

polyacrylamide gel identified a single band of molecular weight 160,000. However, 

denaturing gels revealed three subunits of 90,000 Da, 45,000 Da, and 35,000 Da, 

indïcating a eomplex prote in structure (33). MS from hum an placenta con tains 1 

mole of Cbl per mole of apaenzyme, and 2 moles of iran per mole of holoenzyme. 

It has been postulated that the iran binds ta the lower moleeular weight subunits 

which can then participa te in oxidation-reduction reactions (33). 

In E.coli B, the MS enzyme is encoded by the MetH gene. Unlike 

mammalian MS, the bacterial praduct is monomeric. It con tains 1 mole of CbI per 

mole of enzyme, and it also con tains 1 mole of copper per mole of MS-bound CbI 

(34). Studies on the recombinant enzyme from E.coli K-12 revealed the lack of 

stoichiometrie copper, thus ~lggesting that it may not play an important catalytic role 

(34). 

2.1.1 Methylcobalamin (MeCbI) 

MeCbI, the coenzyme form of ChI, participa tes in the methionine 

synthase reaetion, and is assumed ta be synthesized in the cytosoi (9). This coenzyme 
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is the major circulating Cbl species bound to TCI. and accounts for 60% to 80% of 

total plasma Cbl (4). 

MeCbl is formed when MS bound coll( II)alamin is reduccd tn 

cob(I)alamin as it receives an initial methyl group t'rom S-auenosylmcthiollilw 

(AdoMet). This first methylation step is crucial in the catalytic activation of MS (35). 

MeCbl then serves as a methyl-transfer intermediate to hOlllocystdne 10 generat~ 

me thionine, and an MS-cob(I)alamin complex. Subsequent methyl groups me 

provided by 5-methyltetrahydrofolate (MeTHF), llntil there is li spontancous 

oxidation of MS-cob(I)alamin to MS-cob(II)alamin (9). Expcrirncnts in E.co/j 

demonstrate that methyl transfer from MeTHF does not generate the encrgy 

potential to initiate reduction of cob(II)alamin bounù MS (34). Therefore, AlIoMct, 

along with a reducing system, is unequivocally reqllired to regencrate MeCbl. 

In E.coli, a reducing system involving two tlavoproteins callcd Rand F 

component has been identified (36). FAD and FMN are noncovalently bounll to 

each component, respectively, and operate as intermediates in eJeetron transport 

from NADPH to MS (37). 

Although intact human fibroblasts are able to synthesize MeCbJ from 

dietary OH-CbI (38), a specifie reducing system has not yet been demonstmted in 

mammaJs. However, cell extracts From il patient described by Rosenblatt et al. (39), 

demonstrated normal MS activity under standard reducing conditions, but 

demonstrated Jow enzyme activity at decreased concentrations of reducing agents. 

This suggested that a defective MS-related reducing system was involved, anù 

indicated that such a reducing system dues exist in mammals (40). 

2.1.2 5-MethyltetrahydrofoJate (MeTHF) 

The biosynthesis of purines or pyrimidines relies on the gencration of 

tetrahydrofolate (THF) (34). MeTHF is the major circulating monoglutamyl t'orm 

of folate, and is required for remethylation of cob(I)alamin bound te> MS (9). 

Methylene tetrahydrofolate (CH2-THF) reductase (E.C. 1.5.1.20) catalyses the 

irreversible NADPH-linked reduction of CH2-THF to MeTHF. Functional MS~ 
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cob(I)alamin transfers the methyl group from MeTHF to homocysteine and thus 

generates methionine and THF (41). Subsequently, THF is reconverted to CH2-THF, 

which is required for thymidylate biosynthesis (34). Thus, diminished MS activity 

results in a dec1ine of total intracellular folate levels. An accumulation of MeTHF, 

referreù to as the MeTHF trap (42), occurs at the expense of other folate pools, and 

consequently results in the depletion of THF. The CH2-THF levels are then 

exhnusted, thus affecting thymidylate biosynthesis. The resulting impaired DNA 

synthesis appenrs to be the primary cause of megaloblastic anemia associated with 

either ùecreaseù MS activity QI folate deficiency in man (34). 

2.2 METHYLMALONYL CoA MUTASE (MCM) 

In 1955, an enzyme capable of converting methylmalonyl CoA to 

succinyl CoA was identified in sheep kidney and rat liver (43). Subsequently, this 

enzyme was termed methylmalonyl CoA mutase (MCM) (EC 5.4.99.2), and was 

shown to be iD'tolved as the final isomerizftion step in the metabolism of propionic 

acid in mammalian tissues (44). Although this pathway is not a predominant source 

of succinate in mammalian ce lis, it is required as an intermediate step in the 

degradative pathway for valine, isoleucine, threonine, methionine, thymine, odd chain 

fauy acids, and cholesterol in man (29) (Fig.3). 

In other species, MCM is required for different functions. In 

ruminants, mutase is essential for gluconeogenesis from propionatf.: (45), and in 

prokaryotes such as Propiollibacterium slzermanii, MCM is respcnsible for the 

isomerization of succinyl CoA to methylmalonyl CoA (the reverse reactiün) during 

synthesis of propionate from tricarboxylic acid-cycle intermediates (46). 

2.2.1 Enzymatic Properties 

In 1962, Phares et al. (47), and Kellermeyer and Wood (48) 

independently demonstrated that the isomerization took place by an intramolecular 

shift of the CoA carboxyl group to the methyl moiety. Earlier studies on glutamate 
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FIG. 3 CATABOLIC PATHWAY FOR PROPIONATE AND 

METHYLMAWNATE. Reprintcd l'rom Rosenherg and Fenton (29). 
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mutase from Clostn'diwn tetollomorphum indicated that tht! isomerization of glutamate 

to mesaconate oceurred by the same intramolccular rearrangcment (49). 

Consequently, further studies on glutamate mutase (50) anù MCM (51) from 

bacterial and rat liver mitoehondrial extracts, respective1y, ùcmonstrated the high 

dependenee of the transcarboxylation on the presence of a cofactor fmm of ChI (sec 

section 2.2.4). 

2.2.2 MCM Enzyme Aetivity Assays 

Two assays which direct1y mensure MCM activity have hcen dcscrihcd. 

A speetrophotometrie measurement of NADH conslImption at 340nm eXélmines the 

succinyl CoA-> methylmalonyl CoA reaction (JO). The reaction mixture cOl1tains 

NADH, AdoCbl, succinyl CoA, glutathione, sodium pyruvnte, oxaloacetate 

transcarboxylase, malate dehydrogenase, methylmalonyl CoA racemase and the MCM 

to be assayed. Deerease in absorbance measures the catalyzing ahility of MCM as 

JLmol suecinyl CoA eonsumed per minute. 

The second assay utilizes radioaetivity and is fundamentally used when 

examining the methylmalonyl CoA-> suecinyl CoA reaetion in mammalian eeUs (44). 

MCM to be assayed is incubated with a reaetion mixture containing AdoCbl, buffer, 

and [14C]-L-methylmalonyl CoA. The reaetion is terminateù with perehlorie aeiù, and 

the 14C02 produeed from the potassium permanganate oxidation of exccss 

methylmalonyl CoA is removed. Labelled succinate, resistant to the oxidation, is 

counted and MCM enzymatie activity is measured as J,.Lmol succinate formeù per 

minute (10). 

2.2.3 Intracellular Localization 

MCM is most abundant in mammalian tissues with high concentrations 

found in kidney and liver (10). Studies utilizing specifie enzyme markers to suhcellular 

and submitoehondrial fractions from human and rat liver localized MCM aetivity to 

the mitoehondrial matrix (52). Intracellular enzyme distribution in rat Iiver identifieù 
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almast 97.5% of MCM in the mitochondria, and this compartmentalization was not 

uffccted by Cbl deficiency (52). 

2.2.4 Rcquirement of AdenosylcobaJamin (AdoCbJ) 

The MCM reaetion requires AdoCbl, the coenzyme form of CbI which 

is produeed from dietary OH-Cbl. In 1958, AdoCbl was isoJated, and was 

spectrophotametrically identified as the Cbl-containing cofactor required for the 

decomposition of glutamate in bacteria (50). Subsequent in vitro studies on liver 

homogenates (53) and Iiver mitochondria (51) fram Cbl-deficient rats demonstrated 

an increase in MCM activity with the addition of AdoCbl, but not with CN-CbI. 

Willard and Rosenberg (54) later established that endogenous holomutase activity in 

cultured human fibroblasts increased when incubated with OH-Cbl. They also 

deduced that the interaction between MCM, AdoCbI and methylmalonyJ CoA was 

a result of independent, noncooperative active sites. Although the raIe of AdoCbI 

in the MCM reaction is obscure, it has been postulated that it is involved in the 

generation of free radicals of methylmalonyl CoA through oxidation and reduetion 

of the cobalt atom by hydrogen transfers between substrate and coenzyme (10,48). 

This would facilitate the intramolecular rearrangement during isomerization. Such 

a molecular process was demonstrated recently by Murakami (55). An artificial 

enzyme simulating MCM eatalytic function was capable of carbon-skeleton 

rearrangement of substrate in combination \Vith hydrophobie CbI attacbed ta a 

synthetic Iipid bilayer. 

2.2.4.1 AdoCbl synthesis in baeteria 

The synthesis of AdoCbl ht'l . ..: been primarily studied in the bacteria 

Clostridium tetmlOmorplwm (56). Three t-nzymatic steps are required for the 

conversion of OH-Cbl ta AdoCbl. Vpon entry into the mitochondrial matrix, Cbl+3 

is reduced to Cbl+2 and subsequently to Cbl+l by eob(III)alamin reduetase (EC 

1.6.99.8) and cob(II)alamin reductase (Ee 1.6.99.9), respeetively (57). This is 

follo.ved by adenosylation with ATP by the enzyme 5'-adenosyltransferase (EC 
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2.5.1.17) to form _ AdoCbl (56) (see Fig.2). Adenosyltransferase activity in 

Lactobaci/lus leichmawzii and L. delbmekii has been located tn the ribosome. 

however, enzyme activity in C. telallomorpllllm and P. slwmulIlii has been associateù 

with the 144,000g supernatant fraction (58). None of the reùuctases have becn 

purified extensively, but it is known that bath reduction steps are NADI-I-lkpcndent 

and utilize FAD or FMN (57). Bacterial adenosyltransfcrasc has bccn purifled 

approximately 300 fold, and requires Cbl in a monovalent state and Mn ~l ùivalcnt 

cations for acitivity (56). 

2.2.4.2 AdoCbl synthesis in mammals 

AdoCbl synthesis was describeù in HeLu cells by Kerwar d al. (59). 

They showed that cell extracts were able to convert OH-Cbl tn AdoCbl in the 

presence of ATP and a reducing system. Subsequently, Fenton amI Rosenherg (60) 

demonstrated that intact rat Iiver mitochondria were also capable of synthesizing 

AdoCbl from OH-Cbl, requiring a source of ATP and reducing equivalents (NADH 

and glutamate). This implied that ail three enzymatic steps for AdoCbl synthesis 

previously described in bacteria were also present in sorne form in mammalian 

mitochondria. 
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CHAPTER 3 

INHERITED DISORDERS OF ChI TRANSPORT AND METABOLISM 

3.1 DEFECfIVE ABSORPTION AND TRANSPORT OF ChI 

3.1.1 R -binder Deficiency 

R-binder (TCI) deficiency has been described in only a few patients and 

has no distinct phenotype. Although serum Cbl levels are low, these individuals do 

not exhibit c1inical symptoms of Cbl deficiency (9). This is attributed to normal Ievels 

of the physiologically important TCIl which can transport CbI in serum (61). 

3.1.2 Defective Intrinsic Factor 

Patients with the inherited form of pernicious anemia exhibit low serum 

Cbl levels and megaloblastic anemia, but do not indicate any signs of gastric mucosal 

atrophy or autoantibodies as observed in patients with the acquired farm (62) (see 

section 1.3.2). Cbl absorption is abnormal in these children, but can be restored by 

mixing Cbl with gastric juice as a source of normal IF (12). Symptorns of the 

inherited form manifest themselves in la te infancy as this is believed to be the period 

at which Cbl transport switches from the pinocytic mechanism to the receptor­

mediated form (4). 

Functionally defective IF has been delineated into groups that include 

IF with reduced a l'fi nit y for either Cbl or ileal receptor sites (63), no immunologically 

detectable IF (64), or IF with an increased susceptibility to proteolytic degradation 

(65). 

3.1.3 Enterocyte Malabsorption (Imerslund-Grasb~ck syndrome) 

This syndrome results in selective Cbl malabsorption by enterocytes, 

and may encompass defects affecting Cbl-receptor formation, internalization of Cbl­

receptor complex, and ChI transfer to TCIl (66). These patients exhibit megaloblastic 

anemia and low serum Cbl levels in early childhood, while sorne exhibit proteinuria 

as weil (67). In contrast to IF deficiency, Cbllevels are not restored ta normal after 
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rnixing with gastric juice (9). The syndrome is characterized by normal TCII levcls, 

normal IF function and secretion, absence of IF auto-antibodies, and normal 

gastrointestinal morphology (12). Recently, this malahsorption syndrome was 

described in a family of dogs (68). Although normal IF \Vas present, there \Vas an 

absence of the ileal IF-CbI receptor complex. suggcsting that the receptor was not 

expressed at the brush border. 

3.1.4 Tell Deficiency 

Patients with TCII deficiency generally display mcgaloblastic ancmia, 

vomiting, failure to thrive, and pancytopenia, and eventually dcvelop immunologieal 

and neurological disease (62). These patients are usually normal at birth, but 

symptoms manifest within the first two months of Iife. The transport of Chi to cells 

is hindered by impaired TCn. However total circulating Cbl Ievels arc normal. By 

testing the abiIity to bind Cbl in plasma, TCII has been demonstrated to be ahsent 

in affected individuals (9). The additional observation that Cbl absorption may also 

be affected in these patients, suggests that TCII synthesis is probably required for IF­

rnediated transport of Cbl (9). 

This autosomal recessive disease may result l'rom absent or defectivc 

TCII with no Cbl binding, and from physiologically inactive TCIl with normal Cbl 

binding (4). 

3.2 DISORDERS OF Chi MET ABOLISM 

3.2.1 Methylmalonic Aciduria (MMA) 

MMA is a heterogeneous and rare autosomal recessive disease with an 

incident rate ranging from 1 in 50,000 to 1 in 29,000 (69,70). Normal human blond, 

urine and cerebral spinal fluid contain small amounts of methylmalomc acid; however, 

large amounts accumulate specifically in the blood and urine of affected children 

(9,28). Normal children and adults excrete less than 5 mg methylmalonate dai1y and 

have undetectable plasma levels. In contrast, chi1dren with MMA may excrete 

between 240 to 5700 mg methylmalonate daily and levels of 2.6 to 34 mg/dl (0.22 to 
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2.88mM) can be detected in their plasma (29). Characteristi~ laboratory findings 

indicate hyperammonemia, hypoglycemia, and elevated levels of ketones and 

methylmalonic acid in urine. Manifestations may range from benign to fulminant with 

persistent symptoms of ketoaeidosis, lethargy, recurrent vomiting, dehydration, 

respiratory distress and muscular hypotonia (71,72). 

MMA patients have demonstrated Cbl-responsive and unresponsive 

variants. Synthesis of AdoCbl is deficient only in fibroblasts from responsive patients 

(cbl c1ass), whereas MCM synthesis is affected in unresponsive patients (mut class), 

thus indicating two forms of MMA (73,74). Clinical symptoms in the responsive form 

of the disease can be alleviated by Cbl administration and dietary restrictions (74), 

whereas chiidren clinically unresponsive rely on dietary therapy. Carnitine dl:!ficieney 

may alw arise due to the accumulation of unmetabolized organic aeid esters (70). 

Therefore, Iimiting intake of amino acid precursors, and supplementation with sodium 

bicarbonate and carnitine is the mainstay of dietary treatment (69). 

3.2.2 Somatie Ceu Complementation Groups 

Biochemical studies and somatie ccli eomplementation of human 

cultured fibroblasts have delineated inborn errors of Cbl metabolisrn into 

independent genetie classes (28). These represent selective or combined deficiency 

of AdoCbl and MeCbl. Complementation analysis examines uptake of a labeIIed 

precursor by fused and unfused ceUs, co-incubated from two cell tines. Fused ceII 

lines whieh stimulate incorporation compleme,-lt eaeh other and represent different 

complementation groups, whereas lack of stimul,ltion assigns them the same 

complementation group (75). 

A complementation test using Sendai virus-indueed heterokaryons was 

developed by Gravel et al. (76). The ability of the heterokaryons to incorporate [14C] 

propionate into trichloroacetic acid-precipitable material monitored the MCM route 

of CbI metabolism. Likewise, incorporation of [l4C] MeTHF into acid-precipitable 

material analyzed the defects in the MS pathway (75). Presently, polyethylene glycol 

is used as a fusing agent (77). Both tests have defined seven distinct 
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FIG. 4 INBORN ERRORS OF Chi METABOLISM. The letters A through 

G represent the different classes of Cbl mutations defined by 

complementation studies. Reprinted from Cooper and Rosenhlatt (9). 
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complementation groups among patients with ddective Cbl cellular mctabnlislll. 

These groups are alphabetically designated cblA 10 chlG (4.9) (FigA). and 

presumably represent mutations at distinct genetic loci. An cighth wlllpkmt'ntation 

class, designated mut, constitutes defects of the MC~I apnt.'117)'1llt.' (7~, 7h) and t'\llIhits 

interallelic camplementation (see 4.8.1). 

3.2.3 chIA and cblB 

The two classes of Chl-responsive MMA have bt.'t.'11 dl'fllled as cblA and 

cbIB (75). Patients exhibit MMA withollt hOITIOl:ystillllI ia, al'cumulatt.' nOI III a 1 

amollnts of MeCbl, and present selective deficiency of AdoChl ~ylltht':-,is (12). 

Ct!ll-free extracts l'rom chiA patients were ahle tn sYllthesill' Adoehl 

normally, but intact fibroblasts accumuluted negligible amounts of Al!oChl (7H). This 

discrepancy was due to the non-enzymatic reùul'tio!l of cob(lll )alamin to 

cob(I)alamin by the AdoCbl synthesis assay used for cell l'xtracts. Although the 

biochemical abnormality in the cblA c1ass is obscure. thls evidenl'l' suggests a 

presumed defect in cob(III)alamin reductase or cob(I1)alamin reductase OH). 

Bath intact fibroblasts and cell extracts t'rom cblB patients \Vere unable to 

synthesize AdoCbl from OH-[s7Co]Cbl. This implied normal Chi reduction, hut a 

presumable deficiency in cab(I)alamin:ATP-adenosyltransferase (79). 

A1most 90% of cblA patients, and less them 40% of l'blB patients, 

respond well to pharmacological doses of OH-Cbl. IntramllsClllar aùminbtration of 

AdoCbl to cblB patients have also failed to repres~ MMA sympto/lls (69,XO). 

Recently, Cooper and coworkers (81) havc identifieù a patlcnt who 

biochemically and clinically resembles other cblA patients. Fihroblasts complemcntcd 

with cblB, and unexpectedly, with cblA cell Iines, sllgge!:.tmg a genetlcally dbtlflct 

abnormality. Inefficient entry of Cbl into the mitochondna, or decreascd ~ynthcsIs 

of cob(I)alamin have been postulated but not yet confirmed (R J). Nevcrthele~~, the 

identification of this new complementation group indicates the p()s~ihility of another 

genetic loci required for intracellular Cbl metabalism. 
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3.2.4 chiC and chlD 

The cbIC and cblD camplementatian classes represent patients 

exhibiting decrcased AdoCbl and MeCbl synthesis, resulting in combined MMA and 

homocystinuria (75). Cansequently, bath propionate and MeTHF cellular uptake by 

cblC and cblD lines is law (75). The levels of accumulated metabolites are higher 

as compared to the levels accumulated in patients with Cbl deficiency or with Cbl 

transport defects (82). Serum Cbl and falate levels are within normal range (29). 

Most cblC disease is the most corn mon inherited disorder of Cbl 

rnctabolism, accounting for over 50 reported cases (82). CblC patients exhibit 

symptoms saon after birth, but onset may also occur in adolescence. Clinical 

symptoms incJude faHure ta thrive, lethargy, poor feeding, and hypomethioninaemia 

(9). Neurological manifestations are almast always prominent in cblC patients (29). 

This may be attributed ta the MeCbl deficiency and the decreased activity of MS (see 

section 3.2.6). Sorne patients present hernatologic abnormalities such as 

rnegaloblastic and macrocytic anemia (83), and ophthalmolagical deterioration is 

observed ta be predominant in infants (82). Intramuscular treatrnent with OH-Cbl 

reverses the megalablastic changes, and reduces the MMA and homocystinuria but 

does not fully eliminate them (9). 

Transport of Cbl is normal in cblC eeUs as they are capable of 

internalizing TCII bound Cbl, and digesting the complex (84). LabeUed-Cbl binding 

studies demonstrated that cblC fibroblasts were completely deficient in CbI binding 

to MCM and MS (85). Further studies shawed that cbIC fibroblasts were un able ta 

utilize CN-Cbl. This was assumed ta be due to their inability ta rem ove the cyanide 

group (85). The enzyme, B-ligand transferase, is believed ta be involved in the 

CN/GS axial group exchange (86). Recent work by Pezacka and Rosenblatt (87) 

have shawn variability in decrease of specifie activities of B-ligand transferase and Cbl 

reductase in cblC cells. The latter enzyme reduces cob(III)alamin to cob(II)alamin 

after Cbl release from the lysosome, and has been suggested ta be defective in cblC 

(85). However, due ta the variable decrease in activity of bath enzymes, Pezacka 
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suggests that cob(III)alamin re~uctase may not be the primary defect in chIC (87). 

There may be a defect in an earlier common metabolic step, however, as of yet, thcre 

is no evidence to support this (87). Thus, the specifk defect is yet unknown. 

The cbIO class was t'irst identitïed by complementntion analysis of 

fibroblasts from two male siblings (77). A later age of onset and no appan.~nt 

hemotologic abnormalities were apparent only with the original de~ription of cblO. 

but subsequent variability of cbIC age of onset has been observed (4). CblD l'Cils 

show detectable, though decreased, binding ability of lahdkd ChI to Imth 

apoenzymes (85). Thus, MS and MCM holoenzyme activity is somcwhat maintaincd. 

CbIO fibroblasts are unaffected by CN-Cbl in culture medium as thcy arc capable 

exchanging the cyanide group for the hydroxyl group (85). Pczacka and Roscnhlatt 

(87) have demonstrated that both /3-ligand transferase ~H1d CbI redul'tase activities 

were 33% and 55% of controls, respectively. Interestingly, Byck and Rosenhlatt (88) 

demonstrated the lack of metabolic cooperation between cblD and cblF cells when 

cocultivated in the absence of PEG. However, the cocultivation of cblC and cblF 

ceUs were able ta partially increase propionate and MeTHF uptake. This further 

distinguished cbIC and cbIO defects. The nature of the cblO defect is obscure, but 

it has been suggested that this may be a "leaky" form of cblC (84), that it may 

interfere less severely within the sa me metabolic step (85), or that it may be affecting 

an unidentified step before or after the reduction of Cbl+3 to Cbl+2 (88). 

3.2.5 cblF 

Five patients have been described with cblF disease (89). The first 

reported case was an infant girl with developmental delay, Cbl-responsive MMA, but 

no indication of megaloblastic anemia or homocystinuria (90). The second infant 

presented with CbI-responsive MMA and homocystinuria, and mild anemia (91). 

Subsequently, three other cbIF patients were reported with similar findings (89). 

Onset of symptoms varied from infancy to late childhood. Incorporation of labelled 

propionate and MeTHF was Iow in cells from cblF patients, and consequently both 

holoenzyme activities were severely deficient (92). In contrast to cblC and cblO cells, 
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cblF cells demonstrated an increase in incorporation of labelled CbI (93). 

Incorporation of [S7Co]CN-Cbl by cblF cells did not result in apoenzyme bound CbI, 

but in almost 90% of unbound CN-Cbl (93). Subcellular fractions of cblF cell 

extracts wt;!re separated on Percoll gradients, and label was associated with lysosomes 

(90). Subseguently, EM autoradiography also demonstrated that free Cbl was 

abnormally accumulating in the lysosomes (94). However, TCII bound CbI was 

shown to be normally internali7.ed by cblF ce Us and the complex was also observed 

to dissociate normally (90). Further EM examinations did not indkate any abnormal 

lysosomal structure. Thus, the cbIF defect is presumed to affect the release of free 

Cbl from the lysosome into the cytoplasm, thereby ma king it unavailable to the 

intracellular apoenzymes (95). Interestingly, cblF patients are unable ta absorb orally 

udministered Cbl, suggesting that internalization of IF-Cbl into the enterocyte may 

occur via the lysosome (89). 

3.2.6 cblE and cbIO 

These inherited inbom errors of metabolism are characterized by 

defective methionine biosynthcsis and accumulation of homocysteine in the urine. 

Serum Cbl and folate levels are normal (4). Patients usually manifest syrnptoms early 

in life, and most respond to OH-Cbl treatment. Most cases of cblE and cblG 

disorders exhibit pancytopenia, megaloblastic anemia, homocystinemia, 

hypomethioninemia, associated with poor feeding and vomiting, and homocystinuria 

without MMA (9,40). However, one case of cbIE disease has been presented with 

transient MMA (96). Therapy for both diseases requires treatment with OH-CbI, 

betaine and folates (75), however, many cblO patients do not respond weIl to 

therapy. 

The cbIE and cblO mutant classes are heterogeneous, and are 

characterized by functional MS deficiency due to decreased formation of MeCbl (95). 

MS and MeCbl deficiency may possibly lead to neurological manifestations. The 

development of myelopathy in those patients with decreased MS activity has 

suggested that the fall in AdoMet supply may interfere with essential methylation 
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reactions involved in myelination and neuratransmitter synthesis (62). Chi treatment 

has pramptly alleviated hypotonia and lethargy exhibited hy MeCbl-deficient patients. 

but a longer period of treatment is necessary for slow, but incomplete, improvèlllcnt 

in the psychomotor status (97). 

Incorporation of lahelled propionate is normal in both chIE and chlG 

ceUs, but MeTHF incorporation is approximately 10% of controls (4). ChiE 

fibroblasts exhibit normal Cbl binding to MS apoenzyme. Intracellular Icvcls of 

MeCbI are low and result in decreased methionine biosynthesis (39). Howt.~vcr, ccll 

extracts from cbIE ceUs demonstrate normal specific MS activity undcr standard assay 

conditions, and decreased activity in suboptimal concentrations of redllcing agents 

(39,98). Further studies with nitrolls oxide (NzO) have demonstrated inactivation of 

MS activity in contrais and cblO cells, but no affect on activity in chiE ce1ls (39). 

Christensen et al. (99) have demonstrated that the export of high levcls of 

homocysteine from cblE cells is independent of methionine concentration or N20, 

and suggest that MS is inactive. Presumably, N20 oxidizes the active MS bounù 

cob(I)alamin to the inactive cob(III)alamin state. Thus, these studies suggest that the 

cblE defect may affect a MS-related reducing system (40,75). Cell extracts t'rom a 

patient clinically and biochemically resembling the cbIE phenotype was reported to 

have decreased MS activity even under standard assay conditions (100). This 

heterogeneity within the cbIE cIass may imply yet another step in the Cbl reduction 

pathway. 

CblG fibroblasts also exhibit normal Cbl binding ta MS, however, 

enzyme activity is deficient even under optimal conditions (4). N20 moderately 

inactivated MS in cblG cells and increased homocysteine export at Jow methionine 

concentration as observed in cystathionine B-synthase deficient celJs (99). This would 

suggest tbat there is a slow catalytic turnover of MS, and that the cblO defect is in 

the MS subunit itself. However, Hall et al. (101) studied a cblO cell Hne and 

demonstrated that Cbl bound normally ta MS, but was unable to be methylated by 

AdoMet. This abnormality was overcome by supplying higher concentrations of 

AdoMet and was deduced to be associated ta this methylating enzyme. Further 
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heterogeneity among the cblG class was demonstrated recently, as three of ten lines 

hud low levels of Cbl accumulation and did not indicate binding of Cbl ta MS (102). 

Although MS activity was almost undetectable, MeTHF uptake \Vas higher as 

compared to other chlG lines. It was postulated that the defect in these three 

variants W.1S due to the inahility of MS ta retain bound coh(I)alamin (102). 
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CHAPTER 4 

MOLECUlAR AND GENETIC CHARACfERIZATION OF 

METHYLMALONYL CoA MUTASE (MCM) 

ISOLATION AND PURIFICATION OF MCM 

Methylmalonyl CoA muta st! has bt!en purified to appan.!Jlt hllll111gl'llcÎty 

from the gram positive bacterium Propiollibacterium s!zemulI/ii (103). the intestinal 

worm Ascaris lumbricoides (104), sheep liver (44), humnn placenta (105), hUl11un Iiver 

(106), and very recently from Streptomyces ci1llWmOl/ellSis (107). 

4.1.1 Isolation of Human MCM 

Procedures involving column chromutography 011 DEAE-ccllulosc, 

Matex-Gel Blue A, hydroxylapatite, and Sephadex 0-150 achicved an overall 

purification of 500 to 600 foid for MCM holoenzyme from human Iiver (J (6). 

Polyacrylamide sodium dodecyl sulfate gels exhibited a single protein band with 

apparent molecular weight of 77,500, while the native prote in showed a molecular 

weight of approximately 150,000 by Sephadex G- J 50 chromatography. This suggested 

that the protein was composed of two identical subunits or homodimers. The 

ultraviolet absorption spectrum of pure MCM revealed two peaks around 520nm anù 

350nm, a characteristic of bound Adenosyl-Cbl, indicating that there is ) mol of 

Adenosyl-Cbl bound ta each enzyme subunit (106). These results were similar to 

those reported for MCM isolated from sheep liver and human placenta (105). 

4.1.2 Isolation of Bacterial MCM 

The native protein isolated from Propiollibacterium slzermallii revcaJed 

a single band of molecular weight 165,000 in polyacrylamide non-denaturing gels, but 

exhibited two bands of equaJ intensities in SDS/polyacrylamiùe gels with molecular 

weights of 79,000 and 67,000 (108). A 1:1 polypeptide chain ratio was constant in 

MCM samples, and suggested that the smaller subunit was not a proteolytic product 

of the larger subunit. The possibility that the bacterial mutase existed as a 
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heterodimer was further proven by sedimentation equilibrium studies showing the 

dissociation of two dissimilar subunits with increasing ionic strength (109). 

4.2 CLONING OF MCM cDNA 

In ]988, Ledley et al. (110) cloned the cD NA for human MCM by 

screening a human liver cDNA Iibrary in Âgtll with chicken antibodies raised against 

human placental MCM, and 1
25I-labclled goat anti-chicken IgG. EcoRI fragments 

from each positive clone hybridized to total human liver RNA identified an mRNA 

species large enough to encode a prote in of 77-78 kDa. A cDNA of corresponding 

length was able ta increase MCM activity in transfected COS cells. In addition, 

several fihroblast cell lines deficient in MCM enzymatic activity had a specific 

deerease in hybridizable mRNA to the cD NA probe MCM26b as compared to 

hybridizable mRNA from control Cbl fibroblast cell lines (110). The full length 

human cDNA was cloned and sequenced, and the predicted peptide sequence 

corresponded to the tryptic fragments from purified human liver MCM (111). 

4.3 MAPPING OF MCM GENE 

A panel of human-Chinese hamster somatie-cell hybrids was constructed 

by Ledley et al. to study chromosome assignment of the MCM gene (112). Southern 

blats of L'NA from hybrid cell !ines cut with EcoRI or BamHI were probed with 

MCM26b. Concordance was observed between restriction fragments from human 

DNA and the presence of chromosome 6 from the five different corresponding hybrid 

panels. Regionalization of the MUT locus to 6p23-q12 was ascertained by identifying 

human EcoRI restriction fragments from DNA of cell \ines containing portions of 

chromosome 6 (112). Further localization of the MUT locus to 6p 12-21.2 was based 

on results of in situ hybridization (112). 

Linkage between MUT and two other loci on the proximal arm of 

chromosome 6 eonfirmed the assignment of the MUT locus (113). Linkage was 

demonstrated with HLA (emax =0.28), and tight linkage was demonstrated with D6S4 

at a recombination fraction of 0.01. 
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4.4 CHARACfERlZATION OF HUMAN MCM cDNA 

The complete sequence of the MCM cDNA clone is comprised of 2798 

base pairs, including a 28-base poly(A) tail. This codes for a protein of 750 Hmino 

acids and predicted molecular weight of 83 kDa (111). It cantains a singlt.\ long open 

reading frame beginning with a CCAUG consensus sequence. InternaI consensus 

CCAUG sequences are terminated early \Vith stop signaIs. The cDNA sl'CJlIcncc 

predicts a 32 amino acid rnitochondrialleader sequence rich in arginine, serine, amI 

leucine, and incJudes the amino-terminal methionine. The mature protein of 71H 

amino acids corresponds to the predicted molecular weight of 7H kDa (111). 

4.5 STRUCfURE OF THE MUT LOCUS 

It was dernonstrated that restriction fragments t'rom somatie ce Il hybrids 

could independently be assigned ta chromosome 6pI2-21.1 (112), suggesting that il 

single locus encoded MCM. Various restriction digest analyses and southern blnts 

identified a single MUT sequence (114). This indicated that there were no 

homologous genes or pseudogenes elsewhere in the genome, and that the locus 

contains a single copy of the MCM gene. Further analysis of the locus by cloning and 

sequencing clones from genomic libraries identified 13 exons spanning 40 kilobases 

(114). Consensus sequences for transcription, splicing, and polyadenylation arc 

exhibited, and a GC ri ch region 5' to exon 1 expresses promoter function (114). Thcre 

is no indication of an independent exon encoding the mitochondrial targeting 

sequence. Exon II contains the targeting sequence and the amino terminal of the 

mature MCM (114). 

Molecular analysis of the MUT locus from fibroblast celllines deficicnt 

in MCM activity identified no gross structural lesions. This suggests that most 

mutations involve point mutations, or small insertions and deletions (115). 

4.6 PROCFSSING OF THE MCM PRECURSOR 

Initial experiments using a cell-free translation system, directed by rat 

liver RNA, and immunoprecipitation procedures, detected a precursor protein 3-4 
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FIG. 5 SCHEMATIC STRUCTURE OF MUT LOCUS AND MCM cDNA. 

0= EcoRI sitesjV= HindIII sites. Reprinted from Ledley (70). 
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translationally processed in vitro by intact rat liver mitochondria, and the mature kDa 

Jarger than the mature MCM apoenzyme (116). The MCM precursor was post-MCM 

suhunit of 78 kDa was localized only ta the matrix subfraction (116). This indicates 

that the MCM precursor is concomitantly translocated and processed at the 

mitochondrial matrix. Presumably, the precursor prote in, translated on cytoplasmic 

rihosomes, is actively transported into the mitochondria by means of a mitochondrial 

membrane receptor complex (117). The 32 amino acid target sequence is removed 

in the matrix by the mitochondrial processing peptidase. This enzyme 

recognizes and c1eaves on the amino-terminal side of an octapeptide sequence (118). 

lt is assumed that the octapeptide sequence functions as a structural prerequisite for 

cleavage at the junction between the target residues and the mature amine terminus 

(118). Inhihitors of energy metabolism prevented the accumulation of labelled MCM 

in the matrix, implying that transport and post-translational 

processing are tightly Iinked and energy-dependent (116,119). 

Jt is presumed that during the evolution of enàosymbiotic prokaryotes 

into modern mitochondria, genes for many proteins were translocated to the nuclear 

genome. Sequences were then acquired to enabJe transport of modern matrix 

proteins to the mitochondria (120). Based on the concurrence of the amine terminus 

sequences between human and P. shermanii MCM, Leadlay and Ledley (121) have 

suggested that the MCM target sequence evolved by extension of sequences at the 

5' end of the reading frame. However, the emergence of target sequences by point 

mutations or rearrangements within the 5' untranslated region is also possible, and 

has been demonstrated under selective pressure in the yeast cytochrome oxidase 

subunit IV precursor (120). 

4.7 MCM HOMOLOGY THROUGH EVOLUTION 

4.7.1 Bacterial MCM 

MCM from Propiollibacterium slzermanii has been crystallized (122) , 

and the structural genes coding for both polypeptides have been cloned and 

sequenced by Marsh et. al. (123). The Mut A gene is comprised of 1914 base pairs, 
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and encodes a 638 amine acid prote in. This corresponds 10 the 67 kD small B­

subunit. The Mut B gene is comprised of 2184 base pairs, and encodes for a 72H 

amino acid large a-subunit of 79 kD. Both genes are observed tn he c1nse\y linkcd 

and transcribed in the same direction as the last guanine nudeotide of the carhoxyl­

terminal of the Mut A gene is the first base of the GTG initiation codon uf the r..'tut 

B gene (123). This suggests that both genes are plausibly transcIibcd as an OpeiOI1. 

Bath genes share 22% identity and close structural hOl11ology, rctleeting the possibility 

of duplication of a common ancestral gene (123). HUlllan MCM exhihits 22{}(-, 

homology ta the Mut A gene and 60% homolob'Y to the Mut B gene (124). 

Very recently, MCM has been cloned t'rom the StreptomyCt'.'i 

cimWmOllellsÎs actinomycete (107). Similar to P.slzemumii, two polypeptides arc 

encoded by two structural genes. The mutA gene cantains 1848 hr, which encode 

a 616 a.a. prote in of molecular weight 65kD. The mutB gene cantains 2199 bp, 

which encodes a 733 a.a. protein of molecular weight 79kD. A potential 311p 

streptomycete-ribosome binding site preceding the mutB gene, has bcen iùentilïeù. 

Both genes of S.cilZnamonensÎs share 29% identity. Comparison of MCM sequences 

from other organisms indicates that the mutA gene of S.cilllUimOllellSis shures 27% 

and 43% identity ta the Mut B and Mut A genes of P.shermallii, respectiveIy, 27% 

identity to human MCM, and 25% identity ta murine MCM. The mutB gene of 

S.cbmamonensis shares 72% and 27% identity to the Mut B and Mut A genes of 

P.shermanii, respectively, 63% identity ta hUfT1an MCM, and 61 % identity tn murine 

MCM (107). Although the bacterial MCM catalyses the reverse reaction, il is 

probable that the single gene in humans arose through ùivergent evolutinn. The 

importance of MCM structure and function may rely on the ùiscrete rcgioJ1s ot 

homology (121). 

4.7.2 Mu;:me MCM 

The cDNA for murine MCM was c1oneù, sequenceù and expressed in 

human fibroblasts in 1990 (124). The seque nee con tains 3245 nucleotiùe residues. 
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A single long open reading frame encodes a 748 amino acid protein of 82 kDa. The 

murinc locus encoding MCM was localized to chromosome 17E-F by genetic linkage 

studies (125). Both mouse chromosome 17 and human chromosome 6 contain a 

syntenic group of genes which include MCM, glyoxalase, and HLA (125). Murine 

MCM exhibits 26% and 57% identity to Mut A and Mut B sequences from P. 

shennawrii, respectively. However, 94% homology is observed between murine MCM 

and human MCM with divergence seen at the mitochondrial targeting sequence. Only 

69% of residues are identical in this region (124). It is not unusual for homologous 

proteins to exhibit divergence at the mitochondrial targeting sequence. This is . 
apparent in murine and human ornithine transcarbamoylases, whieh share an overall 

homolol:,'Y of 92% but only 69% identity is shared at the mitoehondrial targeting 

sequence (124). 

4.8 MCM APOENZYME DEFICIENCY (mur, mutO) 

The mut complementation class is characterized by mutations at the 

MUT locus, resulting in defeets of the MCM apoenzyme (74,126). Thus, MMA 

without homocystinuria is characteristic of MCM apoenzyme deficiency. Mut and cbl 

forms of MMA are' classically distinguished by somatie cell complementation (See 

section 3.2.2), and reeently by DNA-mediated gene transfer (127). MCM cDNA 

transferred to mut cells restores enzyme activity as measured by [14C]propionate 

uptake, while it does not reconstitute activity in cbl ceUs in the absence of co factor. 

The results of one method correlate with the results of the other (127). 

Mut MMA patients have been sub-classified into two groups 

designated mutO and mur. Pairwise crosses between mutO and mut" fibroblasts 

yielded non-complementing heterokaryons (128), and suggested that these are alIeHe 

mutations at the MUT locus. This was further supported by enzyme kinetic studies 

on fibroblast extracts which identified codominant expression of mutO and mut" alleles 

(126). Restriction fragment length polymorphisms have been identified from mutO 

and mur !ines with Hind III and Taq 1 enzymes, but no distinct relationship to mut 

phenotypes can be established due to small sam pIe size (115). 
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Although clinical symptarnalogy between cblA, cblB, ,\Ild mut arc 

similar, the mut cJass tends ta be more severe and prognosis is worsc (61)). t\lut 

patients usually become symptomatic in late infancy or childhnoù, and havc a bt'ttcr 

outcome of survival than mutO patients. Shevell ct al. (129) have rcpmtl'd c1inkal 

variability between mur patients who cxhibitcd normal tn !'Icverl' nculOlogkal 

dysfunction, with or without episodic acidosis. ln contrast, mut') patients present 

symptoms early in neonatallife, with almost 90% of patients having OI1~ct bl'fort.' the 

end of the first month (29). These patients often die carly in infancy, and those 

surviving suffer poor neuralagical outcornes (129). Hypotonia. micmcephaly, and 

dystonia have been abserved in surviving mutO patients, and neuw<.lewlopmel1tal 

delay has been identified in bath mut" and mutll patients (12tJ). The neurologieal 

dysfunctions in MMA have been attributed to the secondary dt'ccts of acidosis, 

ketosis, hyperammonemia, and episodic coma (62,70). 

Mur patients demonstrate residual enzyme activity ln œil extracts when 

high concentrations of AdoCbl is added in vitro (128). Although il bnormul Km for 

cofactor have been previously described (130,131), further enzyme kinetic studies hy 

Willard and Rosenberg (128) revealed that enzyme l'rom mut" cells specitïcally 

displayed a 250 to 4000 fold lower affinity for AdoCbl than wild type MCM. Intact 

ce Us responded to medium containing excess OH-Cbl as measured hy ['4C]propinnatc 

incorporation, however, muf patients do not respond to Cbl therapy il! vivo (29.128). 

Radioimmunoassay has detected cross reactive material (CRM) ranging t'rom 20% 

to 100% of contraIs (132). Therefore, mut" mutations presumably represcnt il 

defective interaction between apoenzyme and cofactor. 

MutO patients have no detectable enzyme actlvlty in ccII extracts 

«0.1 % of controls) even in the presence of excess amounts of AdoCbl (128). Intact 

cells did not respond to OH-Cbl supplementation (128), and northern blnt analysis 

revealed decreased levels of MCM mRNA in sorne mutO ccII lines (115). Cross 

reactive material was not detected in sorne mutO cell Hnes, while others displayed 

ranges from 3% to 40% of controls (132). This led to immunoprecipitation studies 

assessing association between CRM and newly synthesized MCM from these patients 
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(119). MutO cell lines that were ÇRM+ had detectable newly synthesized MCM. 

Almnst 50% of CRM- celllines studied showed undetectable MCM, while others had 

MCM ranging from barely detectable to almost half that of contraIs. Other results 

from this study identified a CRM+ muta cell line which failed to accumulate mature 

MCM in the mitoehondria due to faulty processing of the target sequence (119). This 

indicated that mutO mutations may result in either unstable or no prote in synthesis, 

unstable mRNA, or post-translational defects. 

4.8.1 Interallelic Complementation 

Unusual eomplementation within the mut subclasses has been recently 

described (2). Cell-fusion complementation of a muta cell line (WG 1130) was 

performed with cbIA, cblB, muta, and muf fibroblast celllines. As expected, this cell 

line complemented with eblA and cblB cells, but also complemented three of nine 

muta cell !ines, and four of five mut" cell !ines. Cloning and sequencing of MCM 

cDNA from WG 1130 characterized a homozygolls G3S4->A (R93H) substitution. 

Expression studies confirmed this change ta be the pathogenic mutation. Compared 

ta controls, there was no increase in [14C]propionate uptake after transfection into 

mutO fibrablasts with low MCM mRNA (GM 1673). The recombinant MCM 

expression vector carrying this point mutation was also introduced into mutO and mut" 

celllines which exhibited soma tic cell eomplementation with WG 1130. Observation 

of complementation between the mut subclasses suggests that heterogeneity exists at 

the MUT locus due ta interallelic eomplementation. Presently, WG 1130 

complements five of thirteen mutO lines and six of eight mut" lines tested (Table 1). 

4.8.2 Mutations at the MUT Locus 

Figure 6 deseribes the location of previously identified mut mutations 

with respect ta the MCM cDNA. A mutation in the leader sequence resulting in an 

amber termination signal (Cl28->T, Q17STOP), was identified in the cDNA from a 

muta cell tine FB552 (133). This mutation prematurely terminated the transcription 

of the mitochondrial leader sequence. This resulted in a highly unstable protein 
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TABLE 1 COMPLEMENTATION PATTERNS OF mut CELL LINES WITH 

WG 1130. 
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TABLE 1 INTERALLELIC COMPLEMENTATION WITH WG 1130 

COMPLEMENT WG 1130 DO NOT COMPLEMENT WG 1130 

WG 1517 ~WG 1511 WG 1510 WG 1599 

WG 1601 WG 1562 WG 1512 WG 1618 

WG 1609 WG 1610 WG 1602 

WG 1681 WG 1611 WG 1607 

WG 1713 WG 1613 WG 1608 

WG 1738 WG 1612 

WG 1727 

WG 1864 



_. smaller than the normal precursor. The CRM+ phenotype of this œil line retlected 

the initiation of translation downstream of the termination codon (133). Hence, the 

abnormal MCM was not c1eaved or imported into the mitochondria, and this was tht: 

ultimate cause of the mutO MMA irl this patient. Interestingly, the mutation was 

identified as a homozygous change in the cDNA; howewr, upon sequcncing eXCln 2 

of the genomic DNA, heterozygosity was observed at that position by the prt:scncc 

of the normal aIle le. This suggested that the heterologous allde was not rcprcsented 

in the mRNA. 

Compound heterozygous mutO mutations were identified in the cDNA 

from the cel1line WG 1607 (MAS) (134). A T 389->C transition resulted in a W105R 

change, and a C1200-> A transversion resulted in A378E change. 80th mutations were 

expressed and confirmed pathogenicity. The mutations occurred at evolutionary 

preserved sites, and were believed to disrupt the secondary structure of the enzyme 

because a negatively charged amino acid replaced a hydrophobie one (134). 

Recently, Crane et al. (1) identified a homozygous mutation in the 

cDNA of a muf ceBline WG 1611, which complemented WG 1130. A G2226->T 

transversion, resulting in G717V change, was determined to be the pathological 

mutation responsible for the mur phenotype, and was also able to complement the 

WG 1130 R93H mutation. This novel mutation occurred at a highly conserved MCM 

site, and was predicted to introduce an addition al a-helix rotation, thereby disrupting 

protein folding (1). Enzyme kinetic studies demonstrated an elevated Km' suggesting 

that the proposed molecular changes affected apoenzyme-cofactor binding (1). In 

addition, two other changes were identified as polymorphisms: A1671->O (H532R), 

and G2087->A (V6711). Subsequently, these three identical base pair changes were 

identified in two other muf celllines (WG 1610, WO 1613) which also complemented 

WG 1130 (135). AlI three cell !ines were derived from three-unrelated patients of 

African-American origin exhibiting similar disease phenotype (135). Interestingly, 

upon analysis of genomic DNA, only WG 1613 was identified ta be heterozygous for 

the G717V mutation (135). 

Other mutations Iisted in figure 6 have not been cited in the Iiterature, 
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but have been conveyed through personal communication with Wayne Fenton. These 

mutations have been identified only at the level of the cDNA. The G94V, and the 

R369H changes are heterozygous. The H678R, and the Y231N changes are 

homozygous. 
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FIG. 6 HUMAN MCM MUTATION. Letters represt!nt amino aciù change. 

X= polymorphism; *= muta; []= muf. 
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5.1 

CHAPfER 5 

MATERIALS AND METIIODS 

PATIENTS 

The fibroblast cellline WG 1681 is t'rom a mak infant of parent~ of 

African-American origin wirh no family history of MMA. Hl' was diagnoscd \Vith 

MMA after showing symptoms of lethargy, hypcraml1loncmia, and acidosis in the tirst 

week of life. He had several readmissions due to acidosis, and at 3 1/2 years of age 

had an approximate 6 months delay in his verbal and fine motor devclopmcnt. 

Cultured cells from WG 1681 demonstrated a lack of stimulation of 

[14C]propionate (New England Nuclear; Boston, MA) uptake in the presence of 

hydroxocobalamin. Thus, WG 1681 was defined to have a mutll phenotype (Tahle 

2A). 

WG 1130 is a weil characterized mutO œil line (2) t'rom a French 

Canadian Caucasian female who was diagnosed with MMA in the l'irst week of life. 

She had recurrent vomiting, dehydration, metabolic episodes, and died at 5 months 

of age. 

WG 1130 and WG 1681 have been observed to complement each other. 

An increase in labelled propionate incorporation was demonstrated by cells fused 

with PEG (S.T. Baker Chemical Co.; Phillpsburg, NJ) (Table 2B). The 

e4C]propionate uptake and complementation analyses were performed by Nom 

Matiaszuk in Dr. Rosenblatt's laboratory at McGilI University as described prcviously 

(2). 

5.2 CELL CULTURE 

Skin fibroblasts from control (MCH 24) and patients (WG 1130, WG 

1681) were obtained from the Repository for Mutant Human Cells at the Montreal 

Children's Hospital (Montreal, Que.). AlI celllines were determined tn be free t'rom 

mycoplasma contamination, and were grown as a mono layer in 175 cm2 tlasks 

(Falcon, Oxnard, CA). Cultures were maintained in 30 ml standard media consisting 
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TABLE 2A PROPIONATE UPTAKE FOR WG 1681. 

TABLE 2B INTERALLELIC COMPLEMENTATION BETWEEN WG 1681 

AND WG 1130. PEG= polyethylene glycol fusion (Both analyses were 

performed by Nora Matiaszuk). 
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TABLE 2A PROPION~TE UPTARE OF WG 1681 

CELL LINE [ 14C] PROPIONATE UPTAKE 
(nmolejmg proteinj18h) 

MCH 24 
(Control) 

WG 1681 

TABLE 

CELL LINE 

WG 1681 
(mutO) 

WG 1607 
(mutO) 

WG 1599 
(mut- ) 

WG 1588 
(cbIA) 

WG 1586 
(cbIB) 

WG 1130 
(mutO) 

2B 

enotes uptake 

without OH-Cbl with OH-Cbl 

9.6 9.0 

1.1 0.85 

INTERALLELIC COMPLEMENTATION BETWEEN 
WG 1681 AND WG 1130 

FUSIONS WITH WG 1681 

[ 14C] PROPIONATE UPTAKE 
(nmolesjmg proteinj18h) 

without PEG with PEG 

0.69 0.53 

*(1.7) 1.5 1.1 

*(0.86) 0.86 0.89 

*(1.5) 1. 05 4.0 

*(0.93) 0.79 :;.6 

*(0.56) 0.74 2.4 

values by cel 1ne 1tse f 

--------------_._._~- -



of Eagles's minimum essential medium with Earle's salts, ~-glutamine, and non­

essential amino acids (Flow Laboratories, Mississuaga, Ont.), supplemented with 10% 

(v/v) t'etaI bovine serum (Gibco Laboratories, Grand Island, N.Y.). Cultures were 

kcpt at 37°C in an atmosphere of 5% CO2, 95% O2, and 86% humidity. 

5.3 IDENTIFICATION OF MUTATIONS IN cDNA 

5.3.1 RNA Extraction 

The acid guanidinium thiocyanate-phenol-chloroform procedure (136) 

was used to isolate RNA l'rom fibroblast cell monolayers. The ce Us were extracted 

and denatured at room temperature in a 4M guanidinium thiocyanate, 25mM sodium 

citrate (pH 7), 0.5% sarcosyl, and O.lM 2-mercaptoethanol solution called solution 

D. Sequentially, 2M sodium acetate (pH 4), phenol saturated with water (1:1), and 

a chloroform:isoamyl alcohol (49:1) mixture were added to the lysate. After vigorous 

shaking and cooling on ice, the lysate was centrifuged at 23,281 x g for 20 min. at 4°C 

in a Beckman J2-21M centrifuge (Palo Alto, CA). The RNA-containing aqueous 

phase was precipitated for 1 hour at -20°C with 1 volume of cold isopropanol. RNA 

was sedimented according to the previous centrifugation parameters, and the pellet 

was resuspended in 1/10 volume of solution D. Another precipitation with 1 volume 

co Id isopropanol (same conditions as above) was followed by centrifugation for 10 

min. at 4°C in a Brinkmann 5415 Eppendorf centrifuge (We~tbury, NY). The RNA 

pellet was washed once with cold 75% ethanol, air dried, and resuspended in 50J.'1 

DEP-treated water with 40U of RNasin inhibitor (Promega, Madison, WI). 

Concentration was determined by measuring absorbance at 260nm in a Beckman 

DU-64 spectrophotometer (Fullerton, CA.). Quality of RNA was determined by the 

260nm/280nm absorbance ratio. 

5.3.2 Reverse Transcription and Polymerase Chain Reaction 

The RNA was amplified using a modified combined RT/PCR procedure 

of Wang et al. (137). Primers were synthesized based on the published cDNA 

sequence of MCM. The primer sequences used for amplification and sequencing are 
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shown in Table 3A and B. The pos~tions of the primers with respect tn tht! cDNA 

sequence, and the fragment size generated are shown in Figure 7A. The RNA \Vas 

amplified separately in four overlapping fragments; fragment A bcing the Illast 3' and 

fragment D being the most 5'. Each SO,LLI reactian contained 0.5 to 1 ,LLg RNA, ·mu 
RNasin inhibitar, lJ,LM of e?eh flanking primer. 200J,LM each dNTP (dATP. dGTP. 

dCfP, dITP), IX Perkin Eimer Cetus reaction but'fer (lOmM Tris-Ilel pH Ho], 

50mM KCI, 1.5mM MgCI2, 0.01 % w/v gelatin), 2U Taq polymerase (Plmrmucia), and 

80U MMLV reverse transcriptase (BRL, Grand Island, NY). Samplcs \Vere ovcrlaid 

with SOJ,Ll of mineraI oil and placed in a Diamed Coy thermal cy1cr (Mississuaga, 

Ont.). Reverse transcription was carried out at 50°C for 10 min. followcd by heat 

denaturation at 94°C for 3 min. The prograrn then proceeded to PCR amplify for 

10 cycles of 94°C for 1 minute, 60°C for 1.5 minutes, 72°C for 1.5 minutes, and 20 

cycles of 94°C for 1 minute, 55°C for 1.5 minutes, 72°C for 1.5 minutes, l'ollowed by 

a final elongation at 72°C far 10 minutes. 

The amplified fragments were then isolated l'rom low ~ lelting aga rose 

gel using a glassmilk method (GeneClean, Bio 101) in arder to eliminate unamplified 

and degraded RNA. 

5.3.3 Cloning 

Each PCR fragment was Iigated to the pCR 1000 vector (Fig.8) provided 

by the Invitrogen TA Cloning Kit (San Diego, CA). This kit takes advantage of the 

terminal transferase activity of the Taq DNA polymerase which adds a single 

deoxyadenosine (A) nucJeotide at the 3' end of the PCR product (138). These A 

"overhangs" enable the direct ligation of PCR products to the T-tailed vcctar. The 

ligation reaction was performed as directed by the kit, and incubated at 12°C for 10 

hours followed by an enzyme inactivation at 65°C for 10 minutes. 

Transformation of INVaF' bacterial ceUs (provided with the kit) was 

carried out as instructed. lOO,LLl of transformed cells were plated on each of 3 plates 

containing 3.7% BHI, 1% agar (Difco Labs, Detroit, MI), 2.4% X-Gal, and 
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TABLE 3A SEQUENCES OF RT/PCR AND SEQUENCING PRIMERS. 

TABLE 3B SEQUENCES OF INTERNAL SEQUENCING PRIMERS. 
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PRIMER# 

21* 

16 

37* 

35 

30* 

23 

48* 

53 

* denotes 

PRIMER# 

17* 

15* 

34 

47* 

TABLE 3A RT/PCR AND cDNA SEQUENCING PRIMERS 

SEQUENCE FRAGMENT 

5'TACTCTCTTCTTTGATCATAAC 3 ' A 

5'GAGAAATCACAGATGCCCT 3' 

5'ATGAACCCTCTTGATAGCAGA 3' B 

5'TTTTGATGAAGCTTTGGGTTTGCC 3 ' 

5'CCTCCCCAAGGATCAGCCAC 3' C 

5'AGTTTCCATGACTATGAAT 3' 

5'AGAACTGGAATAACTGCTCC 3' D 

5'AGTCAGTTCTTATTTCTATTGGGTG 3 ' 

antisense primer 

TABLE 3B INTERNAL SEQUENCING PRIMERS 

SEQUENCE 

5'CCTCCACACATGACAAG 3' 

5'AGGGCATCTGTGATTTCTC 3' 

5'TTTCCTCCAGAACCATCCATGAA 3' 

5'GGCGGATGGTCCAGGGCCTA 3' 

FRAGMENT 

A 

B 

C 

D 

* denotes antisense primer 



FIG.7A 

FIG.1B 

POSITION OF RT/pCR PRIMERS. Numbers represent primers used. 

POSITION OF cDNA SEQUENCING PRIMERS. Flanking and 

internaI primers used are shown. 
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A 

REVERSE TRANSCRIPTION/ PCR 

5' ...................................................... ~AAAA 3' 

FRAGMENT D 
53 ~ ~18 

(626 bp) 

FRAGMENT C 
23 ___ ~30 

(731bp) 

FRAGt-1EN'1' B 
35 ~ ~37 

(649 bp) 

FRJ\Gt-IEN'l' l\ 
16....... .....21 

(628bp) 

SEQUENCING 
B 

..... 47 
pCR10~(~IO~~~ .......... ~ ____ _ 

53 ~ ~23 
FRAGMENT 0 

34. 
pCR10~OWO __ ~ .......... ~~ __ __ 

48....... .....35 
F'RAGHENT C 

~15 
pcrn O'O'O'O'O--__ ............ ~---

30 ___ ~37 
FRAGMEN'!' B 

..... 17 
pCR100Cu..1 ____ ~~ ........ ~!I_-_FRAUMEN'l' A 

16....... .....21 



FIG. 8 pCR 1000 CWNlNG VECfOR. Provided by Invitragen (San Diego, 

Ca.). 
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kanamycin (50j.4g1ml). IPTa was not necessary because INVaF' is a lac' bacterial 

strain. Plates were incubated overnight at 37°C. 

5.3.4 Siot Lysis 

A total of 24 white colonies for each fragment were separately grown 

in 0.5 ml of 3.7% BHI media (containing 50J,Lglml kanamycin) by incubating overnight 

in a shaking incubator at 225 rpm and 37°C. A representative self-Iigated vector (blue 

colony) was also grown. Siot lysis (Jansen, personal communication) of each clone 

allowed for a quick selection of those containing the proper ligated product. 1Oj.41 of 

each overnight culture were aliquoted into respective wells of a Falcon elisa plate 

(Becton Dickinson Co., Lincoln Park, NJ), and centrifuged in a micro-titre test plate 

swinging adaptor at 2500 rpm for 15 min. at 4°C in a Beckman TJ-6 bench top 

centrifuge (Palo Alto, CA). Each pellet was resuspended in 1Oj.41 of a protoplasting 

mix containing 260j.41 protoplasting buffer (0.03M Tris pH 8, 0.005M EDT A, 0.05M 

sucrose), freshly added lysozyme (0.05 j.4g1j.4 1) and RNase (O.096j.4g/ul). The 

resuspension was kept at 4°C for 45 min.. 2j.41 of Iysis buffer (IX T AE, 2% SDS, 

O.25g sucrose, 0.04% Bromophenol blue, and 3.lml water) was applied ta each lmm 

thick weil of a 20 X 25 cm 0.8% agarose gel (IX T AE, 0.5% SOS). Ta lyse the ceUs 

directly in the wells, 9J.L1 of the refrigerated samples were added. 

The samples were electrophoresed for 3 hours at 115 volts. The gel was stained for 

45 min. in IX TAE, 0.5mglml ethidium bromide, and then photographed under UV 

illumination (Fig.9). 

5.3.5 Plasmid DNA Minipreparation 

For each fragment, a total of 16 appropriate clones were chosen and 

separately grown in 3 ml of LB media containing 50j.4g1ml kanamycin by shaking 

overnight at 225 rpm at 37°C. Plasmid DNA mini-preparations were performed on 

3ml of a single clone and 3mL of a pool of 15 independent clones by using the 

Promega Magic Mini-Preps DNA Purification System (Madison, WI) as instructed. 
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FIG. 9 EXAMPLE OF SLOT LYSIS. V=lane containing plasmiù without 

insert. Remaining lanes contain separate clones of PCR fragment A. 
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e. Each minipreparation was tested for quality by restriction digest of each fragment by 

an enzyme which eut within its sequence. 

5.3.6 Double Stranded Sequencing 

PCR and internaI primer sequences used for sequencing are listel! in 

Table 3A and 3B. The relative positions of PCR primers and internaI s~qucncing 

primers for each amplified fragment are shown in Figure 78. Each single and 15-

combined plasmid DNA preparations for each fragment were subjected ta double­

stranded sequencing according to the procedure recommended by the Pharmacia T7 

Sequencing Kit with slight modifications. An initial denaturation of 2J.'g of plasmid 

DNA was performed as directed, and the pellet was resuspended in 9J.'1 of watcr. For 

each sequencing reaction, 3J.'1 of a 1.2J.'M primer stock, a nli lOJ.'Ci of 35SadATP 

radiolabel (Amersham, Arlington, IL) were lIsed. A 6% sequencing gel containing 

7M urea, IX TBE, 6% Bis Acrylamide (2:38) was prepared lIsing wcdged-spacers 

(0.25rnm-0.75rnm), and a shark-toothed comb. Samples were denatured at 83-85!1C 

for 3 min., and 310'1 were immediately applied ta electrophores for 3 1/2 hours at 1300 

volts in the Poker Face SE 1500 Sequencing apparatus (San Francisco, CA). The 

gel was dried for 1 hour at 80°C, sprayed with Krylan's Crystal Clear Acrylic Spray 

Coating (Borden Company Ltd., Willodale, Ont.), and exposed to X-fay film 

overnight. 

Double stranded sequencing directly on PCR amplified exons 9, Il, and 

12 from genomic DNA of WG 1681 was also performed according ta the instructions 

of the BRL dsDNA Cycle Sequencing System (Grand Island, NY). Genomic PCR 

primers (see section 5.4.2) were used as sequencing primers. Annealing temperatures 

for cycle sequencing were identical ta those used for genamic PCR (see Table 4). 

5.4 FAMILY STUDY 

5.4.1 DNA Extraction 

Confluent fibroblast monolayers from WG 1681 and WG 1130 were 

harvest.!d from 175 cm2 flasks by washing the cell surface twice with IX PBS buffer. 
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Ce)Js were released from the surface of the flasks by exposing to 0.25% trypsin for 

10 min. at 37°C. Trypsinization was terminated by addition of normal culture media, 

anù cells were then collected three times by centrifugation at 1500 rpm for 8 min. at 

room temperature in an IEC HN-S centrifuge (Needham, Mass.). Between each 

collection, the pellet was resuspended in IX PBS buffer. The cell pellet was 

resuspended in 5001-'1 PBS and underwent a final centrifugation at 14,000 rpm for 5 

min. at 4°C. The pellet was then gently resuspended in 3501-'1 solution A (ImM Tris 

pH 8, ImM EDTA, ImM NaCI). 3501-'1 of solution B (solution A, 2% SDS), and 

proteinase K (0.25 mgll-'l) were sequentially added. After a 3 hour incubation at 

37°C, DNA was extracted once with equal volumes of Tris-phenol (Maniatis et aI., 

1989), once with phenol:chloroform, and once with TE:chloroform. DNA was 

precipitated by adding 1/25 volume of SM NaCI and 2 volumes of cold absolu te 

ethanol. The precipitate was dissolved in sterile water, and concentration was 

determined by measuring the absorbance at 260nm. Quality of DNA was determined 

by measuring the 260nm/280nm ratio. 

DNA was also extracted from blood samples obtained from family 

members of the WG 1681 patient. Samples were centrifuged at 1900 rpm for 10 min. 

al 4°C in a Beckman TJ-6 centrifuge. The plasma was removed, and the nucleated 

cells were resuspended in IX RSB (lOmM Tris pH 7.6, 10mM KÇI, lOmM MgCI2), 

lysed with Nonidet P40 non-ionic detergent and centrifuged at 2500 rpm for 10 min. 

at 4°C, The pelleted ceU nuclei were resuspended in IX RSB and Iysed with an SDS 

solution containing IX RSB, O.4M NaCI, 0.5% SDS and 2mM EDTA. DNA was 

extracted once with an equal volume of Tris-phenol and twice with an equal volume 

of chloroform. DNA was precipitated with 2 volumes of co Id absolute ethanoI. 

Sterile water was used ta resuspend DNA, and the concentration was deterrnined as 

described above. 
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TABLE 4 SEQUENCES OF PRIMERS USED FOR GENOMIC PCR AND 

DIRECf SEQUENCING. 

50 



TABLE 4 GENOMIC PCR PRIMERS 

EXON PRIMER# SEQUENCE ANNEAL ICYCLES 
TEMP. 

2 112 5'AGCTCCTATTCCACCCCTCTTC 3 ' 54°C 30 

70* 5'AAAATCTCACCTTAATGTTGTCC 3 ' 

9 9-1 5'CCTTTCCTTGACTTTTTC 3 ' 51°C 40 

9-2* 5'TGCCATTACCCTCTTTTG 3 ' 

Il 11-1 5'ACTTGAAGATTTGCTGTG 3' 4SoC 30 

11-2* 5'TGCTGTCATCATTTTACTAC 3 ' 

12 12-1 5'CAGGGTTTTTATAGTCATTA 3 ' 50°C 30 

12-2* 5'CAAGATTCCCATCACAGT 3 ' 

* denotes antisense primer 
NOTE: primers were used in direct sequencing, and annealing 
temperatures were kept the same. 



--- - -----------------------

5.4.2 Genomic Polymerase Chain Reaction (PCR) 

Primers were designed using OLIGO Primer Analysis Software 

(National BioSciences). Amplification of genomic DNA \Vas performeù uSÎng 

oligonucleotides specifie for exons 9, Il, and 12. Each 50J.41 reaction containcd O.5/-Lg 

DNA, IJ.LM of each 5' and 3' primers, 200J.4M each dNTP (dATP, dGTP, dCTP, 

dTTP), IX Perkin Elmer Cetus reaction but'fer (lOmM Tris-HCI pH 8.3, 50mM KCI, 

1.5mM MgClz, 0.01% w/v gelatin), and 2U Taq polymerase (Pharmacia) or 2U 

Amplitaq (Perkin Elmer Cetus). Samples were overlaid with 50J.41 mineraI oil and 

subjected to amplification in a Diamed Coy thermal cycler. Al' ter an initial 

incubation at 94°C for 4 min., each amplification consisted of 30 cycles of 94°C for 

1 minute, annealing temperature for 1.5 minutes, and 72°C for 1.5 minutes. The 

primer sequences, temperatures used for annealing, and sizes of proùllcts are 

described in Table 4. Due ta non-specifie bands, amplification of exon ~ was 

performed according ta a modification published by Yap and McGee (139). 10 cycles 

of amplification were performed as described above, fol1owed by an additional 30 

cycles using a denaturation temperature of 88°C for l minute. 

Exon 2 was simiJarly amplified from WG 1130 and l'rom a control DNA 

sample (normal half-sister of WG 1681). 

5.4.2.1 Restriction digest analysis of Exon 2 from WG 1130 

101J.ls of PCR amplified exon 2 from WG 1130 and from control was 

incubated overnight at room temperature with 7.2U of Bbr PI restriction enzyme 

(Boehringer Manneheim) and no buffer. In addition, 5J.L1 of PCR amplified cxon 2 

was incubated for 1 hour at 37°C with 15U of Pvull restriction enzyme (Pharmada) 

and IX reaction buffer. Uncut and eut samples were analyzed on a 1 % agarose gel. 

5.4.3 Allele Specifie Oligonueleotides 

Allele specifie oligonucleotides were designed for the G703R, G623R 

changes and the H532R, V671I polymorphisms. The oligo sequences, hybridization 

and washing temperatures are shawn in Table 5. 1OJ.L1 of the PCR amplified 
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TABLE 5 SEQUENCES FOR ALLE LE SPECIFIC OLIGONUCLEOTIDES. 

e Numbers of ASO correspond to the specifie change being studied. 
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TABLE 5 CONDITIONS FOR ALLELE SPECIFIC OLIGONUCLEOTIDES 

EXON 

9 

11 

12 

12 

ASO 

PN532 

P532 

623N 

623M 

703N 

703M 

PN671-2 

P671 

SEQUENCE 

5'GGCTGAACATTGTCTT 3' 

5'GGCTGAACGTTGTCT 3' 

5'CAAAAATGGGACAAGAT 3' 

5'GCAAAAATGAGACACAAGA 3' 

5'TGTGTGGAGGGGTGAT 3' 

5'TGTGTGGACGGGTGAT 3' 

5'TGTGGGCGTAAGCA 3' 

5'CTGTGGGCATAAGCAC 3' 

HYBRIDIZATION WASH 
TEMP. TEMP. 

P=polymorphism, N=normal allele, M=mutant allele 



FIG. 10 PEDIGREEOFWG 1681. (a)=mother; (b)=father; (c)=half-brother; 

(d)=half-sister; (e)=sister; arrow=WG 1681 proband. 
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productsfrom exons 9, Il, and 12 were dt:natured by 100J.'1 of a O.4M NaOH, 2SmM 

EDTA (pH 8) solution. The denatured DNA was blotted onto a wet nitrocellulose 

membrane by vacuum using the Schleicher and Schuell Minifold II Siot Blot System 

(Keene, NH) with slight modifications to the procedure described by the 

manufacturer. The nitrocellulose membrane was soaked in water and the wells were 

washed with 1001-'1 of 20X SSPE (Maniatis). After transfer of sarnples, the 

membrane was baked for 1 1/2 hours at 80°e. 20J.'M of each oligonucleotide was 

end-Iabelled with SOJ.'Ci gamma.32PATP, 9U of polynucleotide kinase (Pharmacia), 

and IX Promega kinase buffer for 45 min. at 37°C, 5J.'1 of end-Iabelled 

oligonuc1eotide was hybridized for 1 hour to the membrane pre-soaking in 5X SSPE, 

0.5% SDS, and 5X Denhardt's (see Table 5 for hybridization temperatures). The 

membrane was washed twice in a 2X SSPE, 0.1% SDS solution for 5 min. each (see 

Table 5 for wash temperatures). The blot was placed between two intensifying 

screens and exposed to Kodak X-ray film for 2 hours at -70°C. The blots hybridized 

to the "normal" and V6711 polymorphie ASO were exposed the identical way for 3 

days. 

5.4.4 PCR-Based Polymorphie Analysis 

The gene encoding the human neurofilament-heavy chain subunit 

(NEFH) has been localized to chromosome 22q121-q131 (140). The polymorphism 

located at the 3' phosphorylated region of the NEFH gene (141) was amplified from 

genomic DNA of WG 1681 and family members. Primers were provided by Dr. Guy 

Rouleau. A standard 100J,'1--PCR reaction consisted of lx PCR buffer, 0.2mM 

dNTP's, 650ng of each primer, water, and O.5J,'g of genomic DNA. After a hot start 

at 94°C for 8 minutes, 6.25U of Taq polymerase (Pharmacia) was added. 

Amplification consisted of 30 cycles of 94°C for 1 minute, 60°C for 1 minute, and 

72°C for 3 minutes. PCR products were digested for 2 hours at 37°C by 7#Jol of a 

PstI/PvuII and butter mix. The mixture contained IJ..LI (15U) of each restriction 

enzyme (Pharmacia) and 5J..LI of lOX One-Phor-AlI buffer (Pharmacia). 25#Joi of each 
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digested product was loaded onto. a 8% medium polyacrylamide gel (39: 1), unù 

electrophoresed in a BioRad unit. Electrophoresis was performed in 1 X TBE for 24 

hours at 100 volts, or until the xylene dye was near the bottom. The gel was staineù 

for 20 minutes in an 0.5mglml ethidium bromide/lXTBE solution, and photographed 

under ultraviolet illumination. 

Primer sequences: 544 5'gggatagaattcgtggtggagaagtctgagaa 3' 

545 5'gggggagcctttgactttcacctcctggg 3' 

5.5 EXPRESSION OF MUTATIONS 

Expression vector and subcloning cassettes were provided by Dr. Fred 

Ledley at the Howard Hughes Institute. The expression vector, pCMV-hMCM, was 

constructed by inserting human MCM cDNA into the pNassCMV plasmid (142). 

This vector utilizes the cytomegalovirus (CMV) immediate early promoter, SV40 

polyadenylation sequences and SV40 late viral protein splice donar and acceptar 

signaIs (Fig.11). Subcloning cassettes were constructed by inserting either the 5' 

(NotI/NsiI fragment) or the 3'(NsiI/SalI fragment) end of human MCM cDNA into 

the pGEM 5Z+ plasmid (2) (Fig.12). 

5.5.1 Subclone Constructs 

Mutant subclones were constructed by combining mutant segments of 

the peR sequencing-clones (section 5.3.3) with normal segments of either the 5' or 

3' cassettes. Mutant and normal segments were extracted From PCR and subclone 

cassettes, respectively, by double restriction digests. Restriction enzymes were chosen 

so that respective cutting sites were represented once in the MCM cDNA sequence 

and were not found in the pGEM 5Z+ vector sequences. 18-20U of each enzyme 

was used as suggested by the manufacturers. Stratagene's lOX Universal Buffer was 

used at the required concentration suggested by the manufacturers for each enzyme 

used in the double digestion. Figure 13A lists the restriction enzymes used and the 

generated fragment sizes. Two different restriction enzymes could not be identified 

to extra ct the G 703R change by itself. Therefore, the 703 + P671 clone was digested 
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FIG. 11 pCMV-hMCM EXPRESSION VECfOR. SD= SV40 splice donor 

site; SA= SV 40 splice acceptor site. (Figure provided by Ana M. 

Crane) 
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BamHI 
Notl (bp 1) 

cmv-hMCM 
(5798 bp) 

Sali (bp 2998) 

,\Otl ( bp 2800) 

SV40 polyadenylation 
signal 

Nsil (bp 1747) 



FIG. 12 5' AND 3' pGEM 5Z+ SUBCLONING CASSETIES. ori= origin of 

replication; amp= ampicillin resistance genet (Figure provided by Ana 

M. Crane). 
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with St yI, which cut once in the cDNA sequence and once in the subclone vector. 

HindIII could be used to isolate the H532R polymorphism by partial digestion. Using 

the QlAEX extraction kit (QIAGEN, Chatsworth, Ca.), fragments of interest were 

isolated from 1 % aga rose gels as directed. Isolated fragments carrying each putative 

mutation singly or in combination with the V671I polymorphism were substituted for 

the equivalent normal segment in the subcJone cassette by ligating for 10 hours at 

14°C. A subcJone carrying only the H532R polymorphism was also constructed. 

Ligation products were c10ned in DH5a bacterial ce Ils (Gibco BRL) as directed, 

however, agar plates did not contain X-Gal. Four colonies for each subclone were 

chosen and grown separately overnight in 3ml LB media containing 50ILgiml 

ampicillin. Plasmid DNA minipreparations were prepared as directed by Promega. 

Subclones were subjected ta double stranded dideoxy sequencing as described in 

section 5.3.6 to confirm the absence of artifactual sequence changes. 

5.5.2 Expression Constructs 

SalI/NsiI fragments and/or NotI/NsiI fragments were substituted from 

mutant subclones into the normal expression vector by sequential multi-part ligation 

(Fig. 13B). Expression constructs containing each putative mutation singly or in 

combination with bath polymorphisms were thus made. An expression construct 

carrying only the H532R polymorphism, and a reconstructed normal MCM expression 

vector were also made. These served not only as experimental contrais, but also as 

contraIs for construction methodology. Transformation of DH5a bacterial ceUs, 

plasmid DNA minipreparations, and double-stranded sequencing were conducted as 

described above. AlI six expression constructs were individually grown overnight in 

200ml of LB media containing 5 OJLg/m 1 ampiciIlin. Plasmid extractions were 

performed using the Promega Magic Maxiprep Kit with slight modifications. The first 

two centrifugations were at 1879 x g for 10 min. and 20 min., respectively. Plasmid 

DNA was pelleted in 30ml carex tubes at 8816 x g for 15 min .. IILI of each plasmid 

DNA elution was cut with BamHI restriction enzyme to check for plasmid quality. 

Each maxipreparation eluate was then precipitated overnight with 1/10 volume 3M 
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FIG.13A 

,e 
CONSTRUCI10N OF SUBCLONES. 1) G623R change aJonc; 2) 

G623R and V6711 poJymorphism; 3) G703R change aJonc; 4) G703R 

and V671I polymorphism; 5) H532R poJymorphism aJone. 
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FIG.13B CONSTRUCfION OF EXPRESSION CLONES. 1) G623R change 

alone; 2) G623R, and H532R and V6711 polymorphisms; 3) G703R 

change al one; 4) G703R, and H532R and V6711 polymorphisl11s; 5) 

H532R polymorphism alone; 6) normal MCM consensus sequence. 
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NaAcetate pH fi and 2 volumes ahsolute ethanol. Plasmid DNA \Vas pt'lktcd hy 

centrifugation and washed twice with cold 70% cthanol. Reslispension of C;ll'h 

expression plasmid DNA in lOOJ,.LI sterile water rcsulted in 4-7J.,g./J..LI cOllcentration l\lI 

measured spectrophotometrically at 260n01. 

5.5.3 Expression Studies 

Expression constructs were sent to Dr. Fred Ledley's laboratory at the 

Howard Hughes Institute in Baylor, Texas. Expressioll studics were perfor Illcd hy 

Ana M. Crane as described before (1,2,134). The mutant clones were intlmluccd via 

electroporation into GM1673 cells (mutD cell line \Vith very low MCM mRNA), 

MCM activity of the transfected cells were assayed by [14C]propionate incorporation 

into TCA-precipitahle material, and eH]Leucine incorporation \Vas rneaSlIl cd tu 

normalize for constitutive protein synthesis. The effect of ChI on expression ni 

transfected cells was assayed by O1easuring uptake of [14Qpropionate in the preseIlC(' 

of 1.0J,.Lglml OH-Cbl. Results are expressed as the O1ean nano1l1oles of propionate 

per micromoles leucine incorporated in triplicate samples. 

5.6 ANAL YSIS OF INTERALLELIC COMPLEMENTATION 

This experiment was also conducted hy Ana M. Crane as dcscribcd 

previously (1). Equal concentrations of plasmids carrying the G623R, G70JR, 

H532R, G717V, G623R+ both polymorphisms, or G703R + hoth polymorphisJl1s 

were electroporated into GM1673 mutO cells in combinution with the R<J311 constl ucl. 

p4C]propionate incorporation was measured in the absence of Cbl. In addition, the 

R93H and the G717V constructs were also electroporated, intkpendently, inlo Wei 

1681 fibroblasts. 
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6.1 

CIIAlyrER 6 

RFSULTS 

HOMOZYGOSITY OF R9JII MUTATION IN W(J 1130 

The R93I1 lllutatlt)(1 \1t WCi 1 U() h.l~ IK'l'l1ldt'lllltlt'd III tlle cDN.\ 1111111 

this cellline (2), but 11l)l1lozygt1~1ty hat! Ihlt IlL'l'Il \l'IIIIt'd III th\' ~l'I1\ll1l1l' DN.\ 1111'> 

mutation eliminate~ a Shr PI 1~~trtCtlt1Il ~Ite. P('R .1I11pldlvd \'\\111 :! 1111111 gt'lhll1l1l' 

DNA of \VG 1130 anù trom control gl'1]()1111C DNA gl'l1l'I.1tnl a ISo) hp II;lglllt'l1l. 

Upon digestIon with Bhr PI, two expected tr:lgll1l'llt~ ut .'IlS hp .Illd 117 hp \\Cll' 

generated from the control, mdicatlIlg tllL' prl'~t'IlCe ot a 11l1l1ll.1I Il'~lllt·tlllll "'lll' 

However, this restnction site wa~ ahsl'nt In WG 1130 a~ Illdlcatl'd hy .111 llill'ul ISo) 

bp fragment (Fig. 14A). This contirmed that thl' R9311 Illlltall\lIl wa ... a 11I)(!Il1/)!-!UlI ... 

change in the WG 1130 cell line. Sll1Irlar dlgl'~tl()l1~ wlth Pvull gt'llt'l:ltcd thl' 

expected 242 hp anù 244 hp fragIl1enl~ !rnll1 hOlh ClJl1trul alld wei 1 uo. AltIHlll!',1J 

the 1% agarme gel was unable to dl~tinglll~h betwlTII the IWIl ~lIllll;lIly '>l/t'lI 

fragments, the distinction hetween eut and uneut produet was l'kar (FIg 14B). 

This demonstrated that another re~triction end()nuclea~e ~ite 111 exon 2 t 1<1111 W(; 

1130 was unaffected. 

6.2 IDENTIFICATION OF MUTATIONS 

With re~pect to the comemus MCM cDNA \equence, four dJlterl'nCl'~ 

were observed hy sequencrng the tour overlapprng cDNA tragllll'lIt~ trolll W(j 1()~1. 

An a 1671->g (H532R) change was Identltled 1f1 tragment H, and thlel' l'hangt'~ Wl're 

identified in the mmt 3' fragment A: g~I)I17·>a (Y()711), gl'II>->a ((j()23R), alld g2PiI­

>c (G703R). Sequencing the pooled clone~ authenllcated any change... ()h~ervLd III 

the sequence of the ~lf1gJe clone, mmlml7lng l'rroro; due to PC'{{ or c!Olllllg artIfa('l~ 

(134). When two bands comlgrated In the po()led prep (IInplylllg hetefo/ygmlty) ;II]() 

the single clone ~howed a hand of the normal alIcJe, 1I1(],vldual clone,> wele prepdrecl 

and sequenced untrl a clone was tound that ~h()wed the changed é111e1e. The !l(J[!lI:t! 

aile le was not present In the sequence ot pooled c1()ne~ for the f-/532R and V()71 1 
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FIG. 14 RESTRIcnON DIGEST ANAL YSIS OF EX ON 2 OF WG 1130. (A) 

Re~lIlb ot Bbr PI dige~t. Lane] = lambda dlge~ted with HindIII 

(mmker): 2= lImllgested exon 2 of control: 3= exon 2 of control 

treated wlth Bbr PI; 4= lIndigested exon 2 of WG 1 ]30; 5= exon 2 of 

WG 1130 treated wlth Bbr PI. (B) Re~lIlts of Pvu II dige~t. Lane ] = 

iambda dige~ted with HindIII (marker); 2= lIndigested exon 2 of 

control: 3 = exon 2 of control treated with Pvu Il; 4= undigestcd exon 

2 ,)f WG ] 130; S = exon 2 of WG 1] 3D treated with Pvu II. 
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FIG. 15/\ cDNA SEQUENCING RESULTS FOR G623R CHANGE. 

FIG. 15B cDNA SEQUENCING RESULTS FOR G703R CHANGE. 
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FIG.16A DIRECT SEQUENCING RESULTS FOR 1I5J2R 

POL YMORPI IISM. 

FIG.l6B DIRECT SEQUENCING RESULTS FOR V671I 

POL YMORPHISM. 
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~uh~titutJ()m. indlcatmg hCJmozygmity. The~e two changes have been previously 

lucntllIed :1:, flClfnlal MCM p()lymorphi ... m~ (1) (~ee ~ecti()n 4.8.2). Putative 

hctC!Ot.ygCl"lly Wei'" oh.,erveLl lor the nove! G6DR ami G703R changes. The pooled 

cl()lll'~ ~ll()wLlf tW{) equally II1ten~c co-mlgratrng hands ('oml:-.tcllt with amino acids 

glyclIll' and <llglnJllC al pu,>1l10!1 (123 ~)nd 703 (FIg.15A and ISH, respectlvely). 

The f 1532R, G623R, and hoth G703R anLl V6711 c:Janges are wlthin 

t>>.OIl'l (), Il, ;:nd 12. re~pectlvely. The ba~e paIr changes oh~erved In the cDNA were 

ventlct! Ifl gel1Clmic DNI\. hy llireet ~equenell1g of PCR-amphfled cxors. FIgures 16A 

and B ~11OW example:-. of direct ~equenell1g re~ults for the H532R and V671I 

poIY/llorplw'dl1"', rc'>pect Ive Iy. 

6.3 FAMIL Y STUDY 

The tamily members w,ed 111 thls study are identified in fIgure 10. PCR 

:lI11pIIlICd ex()n~ 9, 11, and 12 l'rom the~e inLlividuals and l'rom \VG 1681 were 

analyzcd l1y allèle ~peeitJc oligonucleotldes (ASO) (Flg.17 A). Haplotypes were th en 

generated for each member as shown in figure 17B. Due to non-paternity (see 

~ectlon 6.4), the pedigree for the WG 1681 family was re-drawn. The new pedigree 

a~!>lI/lle!> that there exists a tOllrth mate tor individual (a). WG 1681 showed 

heterozygmlty for hoth G623R and G703R change~, and homozygosity for both 

115J2R :tnd V6711 polymorphisms. ThiS conhrmed cDNA ~equencing results. The 

f110ther \Vas heterozygolls for G703R. H532R, and V671 I, and dld not possess the 

(i623R change. The tather was homozygolls for the H532R and heterozygous for the 

V6711 polymorrhl!>I11~. He also did not carry the G623R change. A c1imcally normal 

sl~tl'r and half-bmther were bath heterozygous for G703R and V671I, and 

hOl1l0ZygOllS for 11532R. A cIimcally normal half-sister dld not possess any of the 

Ilkntlfied changes. 

6.3.1 PCR-based Polymorphie Analysis 

ASO analy:'ls ~1.lgge~ted that there may be a possible caSt of non­
• 

patermty. Polymorphie analysls was performed with ail family members. Figure 18 
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FIG.17A ALLELE SPECIFIe OLlGONUCLI':OTIDE RFSlJl:l~. 1 t'tlt'I'> 

corresponù to inùivlLluals III fig, 10, N _:0 IHlIlll:t! :t!IL:k; i'vl IlIllt.lllt 

aile le; + = presence ot pC1 lymnrphlsm; - == ah~l'nl'l' nt polYI11!H plW.I11, 
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FIG. 17B HAPLOTYPE OF WG J(~I FAMILY. (,1) 11llltll"1 (h) I.ltllt'l (lI 

mÙlvlùual (e), (c)= h:dt-hrothcr: (d)o: h.ill-\I\tl'l . .II Ill\\' W(i IIISI 

probanù; (e)= ~1\tlT ~1= lllut:lIIt alkk, N Illllmt! ,t1iL'k, ! 

presence uf plllylllorpll1~lT1: -= ,iI)\CIICl' Il! polYI11<JI ph":!I,' t :111 Il'I 
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FIG. 18 PCR-BASED POLYMORPHIe ANALYSIS. Lane 1= "Ialhel"; 2-= 

WG 1681 prohand; 3= sister; 4= mothcr; 5= hall-~i~kr; 6= hall­

brother. 



D~~I~ 
o [] 

1 "2 3 4 

-178 bp 



shows the results of this analy~is. The PCR prodl1ct wa~ LI kh in ~ill" hut dl~l'~t\ll\l 

with PstI and Pvu II re~l1lted ln four fra~l11ents. l'hl' hu ma n Ill'Ulot lia ml'nt -hc:!\'\' 
~ . 

chain subunit gene polymorphism was ob~l'r\'l'd in thl' Iargl'!'. t ot the IlHll fl.lpllt'Ilb 

(anow). The other fragn1t'nts of J8R bp, 17~ br. alld Itl2 hp ((lll pll'turl') .Ill' 

constant hands. The nl1mber~ and 2 wert' a~~lglll'd tll thl' 1.1Igl'l :!nd ,>m.llkt 

polymorphie allèles, re~pectively. GenutYPlng rl'~lI1t!'. ail' ~11\1\\'11 hl! cadI lalllll\' 

member. WG 1681 (2), his mother (4), half-w,tl'f (5) a III 1 halt-hlllthl'l (Il) \\'l'Il' 

homozygous for the lower allele. The slstl'r (3) wa!\ hctl'W7ygoIlS, \VIllie the l:ttÎll't 

(1) was homozygous for the larger allele. Thll~. the bluod ~al11pll' uhtalllcd \V:t~ Ilot 

from the hlological father of WG 1681. 

6.4 EXPRESSION STlJDIES 

Expre~sion of the G623R or G703R changc,> ~ll1gly, and III l'lllllhlllatHll1 

with bath H532R and V671I polymOlphbrm are :-.hOWll III ligure I();\' 'l'hl' (lM Ib7.\ 

mutO cells, which express IDW l'vlCrvlme,>:-.age, \l,en: tral1!'>lccted with the:-.e C()Il!'>tllll't ... , 

and [14C]propionate incorporatIon was measured ln tripltcate. Rl'!'>lIlts III the hlilnk 

column are for nonelectroporated relis, and thus del10te the b:t:-.al MCM actlvlty (lI 

GM 1673. As expected, tram,fectton 01 the CMV expr e~~I()l1 Vl'I'tor alolle (110 llI!'>l'rt) 

did not affect MCM actlvlty In GM 1673. I-Iowever, the tramlectloll (JI the 1101 III a 1 

MCM consensus sequence 0:- the !'>Ingle 1 1532R p()lymorplmm cOI1!'>lderably Iflclea,>ed 

e4C]prophmate uptake. ThiS mdlcated that the f 1532R ,>uh\lltutIOll 1'> a nOfm,tI 

polymorphlsm. In companson to the!'>e pmltlve cOl1trol .... the "lIlgly tran~kl'Il'd 

G623R and G703R c1onc~ dld not !'>tlmulatc a ~lgllltIcallt Iflcrea~e III IIIC]pl()PHlilatL: 

uptake. This was also oh'lerved Vith those clones that cafflnl both P()lyllHlrpltl:-.m ... 

in additIOn tel the putative mutations. Therelorc, G(>23H and Ci703R are lllutatl()l1 ... 

which affect MCM function. An expre~~I()n COr1\truct carrylllg the V(>711 

polymorphlsm alone wa~ not made due to difltculty In Itnùll1g a re:-.tncll<JlI .... lle. 

However, such a construct was prevlously made hy Crane (1) from ;)(lOther cellllllC. 

Propionate uptake slmilarly increased upon transfection a') ()h~erved ln po.,ltlve 

contraIs. 
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Expression ~tU(jjes in the presence and absence of It.tg/ml OH-Cbl were 

pcrformed for ttlC 'iingle clones in order to ascertain if the G623R and G703R 

mutéltl()n~ werc rc~p()n'llhle for the mutD phencl'fpe exhiblted by \VG 1681 fibroblasts 

(Fig ]<.113). Tht: (j623R or G703R clones dld not ~Igmflcantly ~tlmulatè (1 taIl T-test, 

p«J.()S) Incorporation of lahelled proplonate m the pre~ence of OH-Cbl. However. 

1JlcorporatlOn, attcr tran~tectIon of the comtruct carrymg the normal consensus 

MCM, ~lgIJlfIcalltly Incrca~ed lf1 the presence of OH-Cbl (p<0.05). In addition, the 

c()-trall~fcctlon ot the C()n~trllcts carrying the G623R or the G703R mutations did not 

a/lect proplOlléltt.: uptake lf1 the pre~ence or ah~ence of OH-ChI. 

6.5 INTERALLELIC COMPLEMENTATION 

Somatle œil complementatlon analysl~ has demonstrated that WG 1681 

IS able to complement WG 1130. In ~'rder tn m,certam which of the tWd alleles 

(G623R 01 G703R) 1'1 re:-.pon:-'Ible tor thl~ phenomenon, each clone of WG 1681 was 

co-tran~fectèd wIth an R931-1 con~truct (2) ot WG 1130. Results Cire shown in figure 

20A. T-test analysis (p<0.05) indicated that the co-transfection of the construct 

carrymg the 11532R polymorphbm wlth the R93H con~truct dld not show a sigmficant 

Increa~e III proplonate uptake when compared to uptake wlthout R93H co­

tran:-.fectIlH1. Tlm II1dlcated that the H532R polymorphlsm did not complement the 

R ()3 li muta t Ion. as expected. However. the co- tramtections of the constructs carrying 

the G623R or G703R. or G717V mutatIOns with the R93H con!'.truct significantly 

~t1Illl1latèd (p«W5) proplOnate Il1cOrporatlon. ThIS tndlcated that G623R and 

G70JR were Il1cl ependently capable of complernentll1g the R93H mutation. 

Transfeetlon orthe R93H construct into WG 1681 flbroblasts resulted in a significant 

If1crea:-.e lf1 labelled proplonate II1corporation. but the tran~tectlon of the G717V 

(mur Illutatlon charactt'nzed by Crane) construct (1) into WG 1681 fibroblasts did 

not :-.till1ulate :-'lgf1lÏJC.lnt Ilh:,)rporatlon (flg.20B). These re~ults are consistent with 

the SOm,IlIC L'ell rompkmentatton data. Interestingly. complemèntation at the 

somatll: cell lèvel (fIg.ZOB) IS less eVldent than at the mol~cular level (fig.20A). Co­

tran~fectlOll expenrnents are perfmmed wlth equal concentrat;ons of each clone 

71 



carrying the specifie mutations ~o that presumahly, equal suhulllt mnlar ratllh l·Xl~t. 

Thus, in co-transfection experime:1ts. more of the stablli.led dinlL'rs are tort1lL'd 

bet\veen the two mutant subunits rather than 111 singk tramfel'tlom. into tlhll1bla~t~ 

where Jess dimers are presumahly formed, This lllay lw dul' to the ullcqual 

concentrations, and suhsequent ùecrea~cd molar ratios, of mutant ~Uhll!1lh pll'~l'Ilt 

during single transfections. 
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FIG. t'lA EXPRt~)sION OF CONSTRUcrs. hivlCM = normal clone with MCM 

c()nsen~lIs ~equence; 623 = clone carrymg G623R change alone; 

623+P= clone with G623R+V671I+H532R; 703= clone with G703R 

change alone; 703+P= clone \VIth G703R+V6711+H532R; POL532= 

clone with H532R polymorphism alone; CMV= expressIOn veetor 

without msert; BLANK= non~eleetrnporated eells; T~bars= standard 

error (Expenment performed by Ana Crane). 
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FIG. 19b EFFECf OF 01 !-Cbl ON EXPRESSION. hMCM = normal consensus 

sequence; MUT623= clone with G623R change aJone; MUT703= 

clone with G703R change alone; CMV= expression vector without 

Insert; BLANK= non-e\ectroporateù ce Ils: 623 + 703 = co-transfection 

of MUT623 and MUT703 c\one~; T-bars= standard error. 

(Experiment performeù by Ana Crane). 
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FIG. 20 INTERALLELIC COMPLEMENTATION ANALYSIS. (A) Co­

tran~tectlon ot each clone wJth R93H construct. hMCM= normal 

consensus sequence; 623+ P= G623R change with bath polymorphisms; 

MLJT623= G623R change alone; 703+ P= G703R change with both 

polymorphlS1l1S; MLJT703= G703R change alone; POL532-= H532R 

polymorphl~m; R93H= clone wlth WG 1130 mutation; G717V= clone 

wlth \VG 1611 mutatIon; CMV= expre~sion vector without insert; 

BLANK= non-e1ectroporated cells; T-hars= standard error (B) 

Expression of clones in WG 1681 tïhroblasts. (Experiments performed 

by Ana Cralle). 
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CIIAfYrER 7 

DISCUSSION 

1 have d~!'>cnhcd 1\\0 Ih)\'elll1utatl()lI~ ll1\ol\L'd Illllltl'l.t1klll' \lllllpll'lIll'Ilt.III\\I1 

at the MUT Inem in tlhrohla~b tWill a ~Illgle patll'llt \\ Ill! i\1i\1:\ Tilt' j1lh\lhk 

nature of the novel lllut I11Ulatlnf1S ln i\1i\1:\, dlltl tlll'il Icln.III1.'l' III IIlll'l.lIklIl 

compJcm~ntation have hcen cxall1lI1cd. 

The 1'll1roblast cell linc, WG 1()~1. ha!'> Î1L'ell oh..,clvt'd tll \ lllllpkllll'III ,1 

previously eharacterized mut" cell 11l1L', WC; JUO. W( i 1 ()S 1 1., cl,I..,\;! Il't! .1\ ,1 1II111" 

cell Ime on the hasis of low prop iona te Il!COI pOfa Il< III III l'tIl 1111 l' W Ilil Il dl Il'''' IIlll 

respond to OI-l-Cblm meùlulll, Scqucncll1g ot thl' i\1( 'i\1 l'l )1\'/\ ,lllli gt'lllllIlH 1 )NA 

from WG 1681 H.lentifted H532R and V6711 a!'> two hllIllll/ygllll!'> \ ;1I1.lllllll." \VIIII 

respect to the consensu~ MCM cDNA ~equencc. TI1t'~e ~lIh~tltlltll)(l'" have IWCIl 

previously identified as polymorphbm., 111 mut cc IIlmc<; tWill 1 li fCC li III l'la Inl AIIICIIl­

American pa:ients (1,135). Although WG 16~1 I!> a l'l'II II/lt.~ llhlaml.'d hlllll ail 

African-Amencan male mtant, we cannot presume that 115J2R and V6711 are 

population-a:,socwted polymorphlsms due to the small ~amplc !>l/l'. Ilowl'wr, the 

H532R and V6711 polymorplmrns have heen round 111 tlHec othn lIlut rclllIlIt'~, \Y( j 

1511, WG 1599, and Yale 515 (per:,onal communication by Wayne Felltoll), wIth 

unknown ethnictty. The exprc!>!'>lon of my H532R COf1~trucl III (,M J{)7J Cl'II,> 

sigmficantly Jncrcased ['.tC]proplOnate II1corporation, Thl~ Il)dlcatc~ that tilt' 1 1) ~2R 

substitution identified in WG 1681 i~ a normal polymorphl"lll a~ IdClltdlt:d IHl'vJ()I).,ly. 

Although 1 \Vas unable to con!>truct a clone carrymg the V()711 :-'lIh.,tllUlllll1, pl l'VIC lU., 

expressiOn studles by Crane (1) indlcate that lt I~ abo a normal p()IYI11()1 phl~1I1 III 

additIon, G703R and G623R were Identlfled as two nove! ch:lllgt'!> III W( i 1 ()~ 1 

These heterozygou~ changes result 111 the suh~tltutlon ot a large ha~lc re\ldue for ,t 

small hydrophobie amine) acid near the earboxy-termIrlu\ ut the MCM polypeptide. 

Because phase could not be establi~hed by 'iequencmg d:lta ;t!of1e, a farnlly "Iully W(I'> 

performed. 
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AlleJe ~pecific oligonucleotides, used in the family study, verified the 

~equencll1g n:~ult'. for WG 16Hl by Identlfying the two polymorphlsms and lhe two 

change~ a\ IlOllHl7yg()U'> and heterozygoll'>, re~pectIvely. It ~r()uld he noted that the 

Il10ther 111 ttm \!udy 1:, commun to WG 16K1 anu hl~ half-~Ibltng~. Analy-;b usmg 

ASO Itknttlled the Illotller a~ the camer ot the G7U3R change: the G703R change 

w;t,> ()h..,erveu a,> weil 111 a cllnlcally normal ~Ister and hall' brother of the proband. 

f JaplotYPlng re'>tJlh '>UIIlIll,1fI7Cd lf1 tlgure 178 ~how that the~e (hal1'-) sihlings of WG 

lM,l al..,o Illheflted at the 11532R and V6711 p()lymorphlsm~. ThIS mdicated that the 

Ci703R change, II1hellted trom the common mother, ~egregated Ifl cis wlth both 

polymorpl1l\lm Thl~ oh"ervallon wa~ 1'urther ~upported by the haplotype of the 

cIlfllcally normal h(t1t-~I~ter. She dlù IlO! Illheflt the G 703R change or the two 

T)()IYll1orpl1l'll1\ from 11er mother. 

Con~eqLlenlly, the ASO ~tudy contlflned the hypothe~is that none ofthe (half-) 

~Ibllllg!'> woulu carry the G623R change. Surpnsmgly, this ammo acid substitution was 

also nOI luelllltleù III the father. At least two possible reasons for this outcome were 

suggestcd: J) the G623R change was a de nova mutation, possibly arising in the 

pat!~rnal gonad; or 2) thl~ was a case of non-pa ternit y, eventhough the father carned 

both H532R and V671I polymorphisms. The latter hypothesls was tested by 

allalyzlllg polymorphlc tragmenb generated trom P~tI/PvuII restriction digests of the 

PCR amplttled 3' rcglon l'rom the NEFH gene. Figure 188 shows that the father (1) 

and mother (4) have a 1, 1 and 2,2 genotype, respectlvely, while the proband, WG 

16Rl (2), ha~ a genotype of 2,2. ThIS suggests that the blood sample obtained from 

mdlvldual ( 1) wa~ probably not from the hlologlcal father. This would also explain 

why he dit! not carry the G623R change. However, the proband's sister (3) is 

hetero7ygoll~ tOI the polymorplllc aile les. 

The ASO rt'~ults sllpported the hypothesis that the G703R and G623R 

changes are Hlhented 111 trans, le. each change is encoded separately within èither 

suhunit ot the MCM homodimer of WG 1681. In arder to demonstrate that these 

changes were 111 fact pathogemc mutatIons, expression studies were performed. 

Transfectlol1 uf con~trllcts \VIth G703R or G623R singly, or in combination with both 
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polymorphisms, resulted in reduccd incorporation of [1-tC]proplnnate to S,S-! Yi nt 

that observed \Vith tram.fectlon of control i\ICi\1 L'on~trUl't~. In ad'\IlIU!l, huth (J 70.11{ 

and G623R comtrllct~ \Vere unahk tu ~tll1lulatl' pIOplOI1,ltL' upt,lkt' 111 tltt' pl l'\CIIl't.' 

ofOH-Cblm medtum alter tr~ll1~tcctIOl1, III cllntl;t!'>t, CI.IIlt' l'! ,II. (1) Il,IH' pll'\lllll\ly 

~hown that tramfectlon of a mut mutation. Ci717V, Il'lIl (,i\\ Ih73 ll'll\ 1l'~1I1tl'd III 

a signifIcant tncrea~è III propillnate uptake 111 the plè~l'nt'l' (li 011·( 'hl 1\1 llwdllll11 

These obscrvation~ Indlcate that the Ilovc\ G/123R ami (i iO"R aIL' Il1U!" IlI11Lltlllll\, 

Due to the undetcctahk el17)I11C actlvlty 111 ccII ntl:tL't\, KM ~tlldll'~ ul 1\1( '1\1 

from mutO Ime~ have heen dlftIcult 10 pèl'form, l'hl' l11ut" 11ll:tatIOll\ h:I\l' !Wl'lI 

proposed to involve defects at the catalyttc or ~llhul1lt dlllll'rt/:ttH11l ~I1t''' 0\ f\\( '1\ t (2), 

However, this lioes Ilot Cl1l1111late the pmslhllity that l'olartor llllldlllg \Itl'~ 111.ly ,d\ll 

be affected hy mutO mutatIons (12g), perhar~ to a gre,llt'I l'\tCllt than hy the l11ut 

mutations, Another POSSlblhty IS that mut" 11111tatIon~ Illay altert pllltt'Ill loldlllg ()I 

stability, This may he truc for thmt' mut" cell hne" whlch are euher CRM, havt' 

very low level of detectable CRM, or which have Imv kvel" 01 prutèlll 'l'hl' natlVl' 

three-dimensionaI structure of a polypeptide may alsn he dt'tmcd hy po"t-tramlattonal 

processing, attachment Dt cofactors and hgal1d~, and mtramo!ecular Illter:lctlom. ( )·lJ), 

Therefore, ammo acid alterations attectlllg Cfltlcal !'>Ite~ or ~lIbl1l1lt mgal1lla!l()11 Illay 

result in what has been defined a~ a mut" phenotype: the undetectabe ell/y/Jl~ 

activity in cell extracts, even m the pre~ence ot exce~~ AdoChl colactor, and the lack 

of stimulatIon of propionate uptake In culture. In the pre~ence olOf 1-( 'hl. 

Due ta the unknown tertiary or qUélternary "tructure" (lI the MCM apOelll.ylllt', 

one can only speculate a~ to the nature ot the G623I{ and G703R mutatIon." The 

glycines at positIon 703 and 623 are comerved 111 hUlllan, and ll111flm~ MCM 

sequences, and In p..5/zemwllii MUTB ~eqLlence~, ~l1gge"tmg IIl<1t the.,e "Ile" may hl' 

consequentml ta MCM ~tructure and functton (tlg 21), PredictIon ot "ecCll\dary 

structure may provlde pOSSIble expia natIons tor the Importance Cli the"e LOr1'>erved 

sites, Based on the predictive model for ~econdary ~tructllre of protelll" hy Chou and 

Fasman (144), 1 analyzed the 623 and 703 ammo acid reglon'> 01 hUl1lan MeM for 
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FIG. 21 HOMOLOGY OF G623 AND G703 SITES. 
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~c~ SE~üENCES 

~O~O~OGY A~ G623~ SI~E ~O~OLOGY A~ GÎ03~ SI~E 

EU!11u'J 
.. .,. :<"'G"...... ........................ -.-. \,' ... ...:.._-..._,- 'x!~-..=.:-.. --' 

• ~'''"', .... G··~......, ...... ') 
\l.l'-'-= \ .1:'=~ 

MOUSE VAK~':GKDG :-:::J VMCC-GVI P?Q 

S.cinnamonensis VAKMGKDG:-iD IVVGGVIPPQ 

S.erythraea 
VAKlvlGQDGHD ITVGGVIPP.q 

P. sherman.ii 
LAKMGQDGHD ITVGGVIPEQ 

E.coli 
IAKMGQDGHD WAGGVIPPQ 
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putative a-helJcaJ and B-sheet formation. Glycine and praline are considereà tG be 

~tr()ng a-hcllx hl()cker~. The glycine rcsiùuf at position 621 may possibly be involved 

in the termmatlr)fl of an a-hclix, which was predicted in this reglOn. The suhstltution 

of a larb~' P()~ltlvely charged argll1lOe at dm pmltlon may permit the extension of the 

m!Jacent a-hcllx Uward!\ the C-termll1us hy three extra resldlles. If thls predicted 

~ec()nùary change 1'> correct, then p()~!\lhly the aSSOCiation \VIth other a-he lices in the 

protem !\uhunJt may be hllldered, resultmg III improper folùing anù com.equently in 

altcrcù !'JlIhllnJt ~trLJctLJre. Alternatively, the extra helical rotation may Itself disturb 

a de/Illet! caté/lytlc, hlfldll1g or dlmenzatlon determmant due to the large hydrophilic 

n:~J(.ILJe III place of a ~mall llncharged ammo acid. In cc ntra~t, the glycllle at pOSition 

703 l11ay he Il1volvcd III f{-~heet formation. Charged re!'Jldue~ rarely occur at the C­

terrnlllal 01 B-~trands (144), therdore, the pre~ence ot a posItI\ely-charged argllline 

lTlay di~rupt B-~Wli1(j IllteraCtIon and thereby dlsrupt f3-sheet formation. 

C()n~cqllel1tly, proper prote III foldlllg or Important determinants may be altel'ea. The 

decrea~ed propHmate IIlcOrporatlon in celb transfected by c1one~ carrymg the G623R 

and G703R mutations slIggest that these mutations each result in defective subunits. 

Thus, the ob~erved ùecreaseù lIptake upon co-transfectlon of both mutations is 

consistent wlth the a~~lll11ptl()n that the a~~)()ciatlon ot the G623R and G703R subunits 

le~ult III ùetectlve MCM apocnzyme, Althollgh the precise mechamsm for enzyme 

IIHlctlvatlon by the~e glycme to arglnln~ ~ub~tJtlltlons awalts further knowleùge of the 

tertlary ~trllcture ot the MCM polypeptide, the functlonal d'feets of these amine acid 

changes on dlIl1cnZalio!l, cofactor hlllùing and catalytlc function can be tested by 

biochellllc,d techmques lI ... lllg cells transtecteù with the expres~ion construets 

ùescnheù l!1 tlm the~ls. 

The mmt IIlterestmg aspect of the G623R and G703R mutations of WG 1681 

IS the correlation to the mtcrallelic complementation observed at the somatie cell 

kvd. Table () !\h()w~ the complementation pattern ofthose celllines whose mutations 

have becn lùcntlfleù. Interallehc (Illtragemc or intracistronic) complementation has 

bcen descnheù mmt often ln proteins with multiple subunits (145). This includes the 

heterotetramenc proplOnyl CoA carhoxylase (PCC) (146), the homodimeric alkaline 
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phosphatase (147), the homotetramenc B-galactosiùase (14H), thc hnlllotC'tranll'nr 

argininosuccinate Iyase (149), the homnhe:\americ glutamate dchydmgl'IJa~l' (ISO). 

and the heterodimenc tryptophan synthetasè (145). 

Interalle\ic complemcntatlon hctwecn Illutatlun~ of the hOllmdll1ltTir 1\1('1\\ 

apoenzyme was fir~t descnhed by RaiT et al. (2). As dlscu~~ed III ~l'rtHlll 4X 1. the 

mutO celllIne \VG 1130 has beell ob~l'rved tu comph.'ll1l'llt tlVl' ul thlltl'l'Illlllll" 11I1l'~ 

and six of elght mut Imes. Intere~tmgly, RaiT ct al. (2) rl'pui tell that 

complementatIon ahihty between mut ceillmes and WG 1 DO dit! Ilot dcpend Olt l1lut 

or mutO phenotype~. Therefore. the ()h~ervati()n that the mut" cdl hlll' \VCi lhHI 

complemented the mutO cell line WG 1130 was not of mOlllilnental ~111 pll~C. Table 

6 indicate~ that as of yet, WG 1MB ha~ demon~trated cUl1lpkmclltatlun \Vith W(i 

1130 and WG 1618 only. 

To ascertam whethcr hoth Gô23R and G703R mutatilHl~ 01 WG 1<>~1 or only 

one was responslble for mterallehc complementation wlth the h()(llOl.yg()lI~ R(nll 

mutation of WG 1130, co-transtection ~tudles were pertormeLl. Re~lIlts ~hown III 

figure 'WA indicate that hoth G623R and G703R are ~eparatcly cap:\hle 01 

complementing the R93H mutatIOn. A slgnitlcant im:rea~e 111 proplollatc uptake W,IS 

observed after co-transfection of dlHerent alldes. Co-tram!ectHIIl ul each COIl~trl1ct 

carrying the G623R or G703R mutatIon mto GM 1673 (tlg. 19B) IlILhl':ltcd that the 

novel mutation~ Dt WG 1681 do not complement each other, a~ predll'ted. The 

R93H construct transfected mto WG 16Hl tJh[()bla~t~ conhrmed that the WCi IIJO 

construct could complement the WG 16Rl ccII Illle. 

Thus, interalleltc complementatlon wa~ dcmon~trated hetwcen the~e dIflerent 

mutO mutations at the ~omatic ccli and molecular \eveb. In addItion, the tran~fectloll 

of the G717V construct mto WG 16Rl dcm()ll~tratLlI that this lTlutcltlO/l coulll 11(,1 

complement thls cell1me. ThIS I~ consl~tent wlth the oh~ervatl()11 that the mut ccII 

Iines, WG 1610, 1611, and 1613. whlch carry thb mutatlon, do not complement WCi 

1681 (Table 6). 

Why do the G623R and G703R mutO mutatIon!'> complement the RIJ,I J mut" 

mutation? It is instructive ta examllle theoretlcal models for the underlymg 
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IlItcrallcltc c()/llplcIncntatiol1. The flr~t plausihle modells reterred to as homologous 

correctlOll (J 51). It 1'" a!'>sumed that the dclective rcglon in one monomer of a 

multilllene enzyme call he eorreeteù with the normal hOIlIOlogous region of another 

IllOIlOIllCr. 1 Il tlm CéI!'>(" active ~Jte~, cofacto[ blI1ding sites, and subunit dimerization 

!'>Ites of multimene protelf1s are the mmt Ilkely regiol1s il1\'olved in illterallclic 

complemclltatio/l (145). /\ variation of this moùe) conslùcrs the case where an 

important !'>Ite I!'> the re!'>lIlt of the association of lullf-sites from monomcrs (151). A 

~ec()nd plau~lblc hyp()the~ls II1fcrs conformation-correction (152). Presumably, 

rnutatl()l1~ Ilot dlf('cl/y a",socIatcd with dctrimcntal sites may be involved in protein 

folùll1g and stahllll.atioll. Thcrefore, ~lIhunit interactbn may lead tn important 

conlormatlol1al chal1ge~ that may be vital for function (151,153). Altered subunits, 

whcll formel! as hyl)! id~, may resllit lf1 thc proper conformation or stability of the 

protelll (152). l'lm. wa!'> postulated by Coddington et al. (150), when mutants from 

NCIIIO.\/}()/li (/{/\\U dell10nstrated a "conectioll of c,mformation" when hybrid protcin 

was formed. The tlmd and genel ally accepted model postulates that interallelic 

complement" t ion IS a consequent of hybrid protein formation (152,153). The normal 

h0l1101l1111tllllCflC enl.yme is the re~.;ult 01 the as!'>ociation of two or more iùentical 

polypeptide l'hains (153). Therefore, rc:-.toration of flll1ction of the protein must 

involve the Illter:tct[OIl of the dl1lcrcntly altcred polypeptide chains as a hybrid or 

heteromcflc pllltcin' (152). This was observed in an expcriment with E.co/i mutants 

of alkalllle phosphatase in which one subunit t'rom each of various mutants was 3~S_ 

Iahc\kd (ISl). Rc~toratloll of functional activity by different mutant subunits was 

ohserved J[J heterodllllenc as!\()ciation. 

/\s !'>tatcd J[J section 4.H, mutO mutations may result in either unstable or no 

plOtelll syntllcsis, 11l1~tablc mRNA, or post-l" .u1slational defects. If WG 1681 and 

WU IIJO pl e!\ent mut" phellotypes duc to o:fferent mutational effccts, as 

listcd, thl'II the fOlm.ttH)Jl of G623R + R9311 and G703R + R93H heterodimers may 

Il'stlll 111 thl' l1lok~l1lar stablliwtiol1 ot each ùefect (155). Protein and mRNA levels 

havc not yct bl'en !\tudied in WG 1681. The R93H mutation of WG 1130 is near the 
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NHz-terminal of the primary l\tCM sequence. Predictive analy~is (144) nt sccondary 

structure dues not indicate any speciflc conformation. Pulst'-I,llwlltng ~tudie~ with 

["5S]methionine demonstrated no differenœ 10 i\lCM l'mI1l WG 1 \JO whl'nl'Ompall'd 

ta other mut" œIl lines (2). Hmvever. Wc~tcrn hlot an.lly~i~ \VIth i\!( 'l\1-~11t'l'111,' 

antibody has de,nonstrated a hand inten~Ity of IO<;'é relative to the mut l'l'II 11IlL' W(; 

1599 (normal kveb of CRM and protcin) (119). Ont' C,1l1 glln~ thilt tlw, lllutlltlll11 

may affect protem stahility with re~pect to plOtCI!1 turnover. ()J wllh rl'~pt'ct 10 

subunit dimerization. The G623R and G703R mutations, as dlSCll~St'd III the PIl'VIUlIS 

pages, may affect protein ~tabiiity, or Important active, hilldlllg or JIIlICII/.ltloll ~itl'~. 

It is pOSSIble that the G623R monomer Illay stabiltze Ihe R<J3II nllllHHllel attLT 

dlJnerization, and the RCJ3H monomer may contnbute it~ normal dctt'll11ll1:1nt 101 

G623R in a heterodimer. Thl~ hypothesis may abo hold lor the (,701R and R<)JI 1 

heterodimers. 

Alternatlvely, complementation between Ci623R, G703R and R9311may occur 

due ta the alteratlon ln the net surface charge of MCM. The ~llh~tltlltlll!l 01 a 

positively-charged arginine for glycme may change the net surface charge 01 each 

encoded subuntt, thereby inactlvating MCM III WG }(,RI. Ilowever, formatIon 01 

heterodimers with R93H may re~tore the proper ~urlaœ charge, thèrchy re~lorlllg 

enzyme activity. This torm ot II1terallellc complementatlu!l wa~ ()!J'>t'rved !Jelweell 

mutations ot the glutamate Cl ~hydrogena~e enzyme t!()1l1 Nt'um\/}()J(J (/tJ.\.\lI (15(,). 

The amI') mutatIon in thls homohexamenc enzyme re~lIlted III a!JlJ()IInal 

electrophoretlc mobility due to a ~ub~tItlltl()n ot ly~ll1e lm m..:thl<l!ll!ll'. 1 Iuwever, 

mobihty was re~tored to normal upon formation ot hybmb wlth ail ami Illutatlon 

which affected the enzyme active site. Enzyme actlvlty was cOI1,>equelltly actlv:lted, 

th us indicating that II1terallehc complementatlon hetween the~e mutant,> was due 10 

a stabilization of net surface charge by hybnd torma tlon ( 1 S6). 

The II1teralleiIc complementatlon pattern between WG 1 130 and other mut 

celllines IS qlllte puzZIIIlg. It has been pr()po~ed that the mO!1omer Irom WC; II:Hl 

is capable of providlllg Cbl-bmdIIlg determmants, III a heteroc..lrmer, 10 mut 

monomers with defective Cbl-bmctmg (2). ThiS theory may he true for mut 
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TABLE 6 COMPLEMENTATION BETWEEN mut CELL LINES. + indicates 

complementation: - mdicates no complementation; ND indicates 

colll}1lementation not done; htz= heterozygous mutation; hmz= 

homozygous mutation; htz, cDNA= heterozygosity obseved at cD NA 

level; hmz, cDNA= homozygosity observed at cD NA level. 
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mutation!-. ~uch a~ G 717V whlch complements R93H (1). This rnay also be 

concclvahk for complementatÎon oh~erved hetween other mutO and mut" ceIl Hnes 

~Llch a~ WC; 1 M~ 1 and WG 1618, respectively. However, there exists a suhset of mutO 

amI mur alkle.., that complement neither WG 1130 nor each other. Although the 

Il1dt" pattern ot complcrnentation has not heen studied ln much detail, it was 

~lIggL:~ted that only thme mutO with dccrea~ed mRNA would not complement each 

other. f !owever, thi~ may he not the case. Ledley et al. (115) studied mRNA levels 

trom ccrtam mut" and mur œil lines. Of the Il mutO œil lines studied, only WG 

1(i()6 (fIAL), WG lô07 (MAS), WG 1608 (POU), WG 1609 (REG) and FB522 had 

lIormal Ieveb of MCM mRNA. Of these lmes, WG 1607 and WG 1608 do not 

complemL:nt WG 1130. Complementatlon for the other mutO lines have not been 

a~sL:ssed. Thus, mutO lines with low mRNA showing complementatIon wlth WG 1130 

have not heen descnhed yet. 

Complemcntatlon hetween m.lttl and mut" lines may relate to the position of 

the dlfferent mlltatlon~ wlth re~pect to each other at tl:e tertwry level, or it may 

relate to the specltïc ammo aCld substitution involved. Recently, studies on 

interallclJe complementatlon between E.coli trp repressor mutations mdicated that the 

~pecllic éIIllmO aCld alteratlon ln the tryptophan-bmding poeket of the dimeric prote in 

lkterrnlllL:d whethcr or Ilot t\\'o mutations complemented each other (155). A T44M 

rnutatllHl wa.., able ln complement G~5R. G85W, and G8SK mutatIons in the binding 

pocket, hut wa~ unabk to complement a GS5E mutation. The possihlilty that the 

presellce llt a pmltlve ch:lIge or IIldole f1ng determll1ed complementatlon between 

trp rcpr~~~ol mutations wa~ ~ugge~ted (155). Mut mutations IdentltiL. in celllines 

wlllch t'XhJl11t InterallelJc l'omplementatlon to WG 1130 do not seem 0 exhibit any 

specltlc pattern ot charge or ammo al' Id structure. 

The relatlonshlp between amll10 aCld pOSition of a mutation. mut phenotype 

and 1l1terallehc complementatlon wa~ analyzed. The positions of mutD and mur 

mutations at the pnmary ammo aCld level IIldicates putative clustenng of mur 

mutations at the C-termll1us and mutO mutations at the N-term1l1us. However, this 

observation IS Ilot absolute as certam mut mutations do not fall into the respective 
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cIusters. Interestingly, a G94V change results in a mut phL'lhHypl' (pl'lwn.t1 

communication by Wayne Fenton) whlle the R9.:n 1 l11utatllHl lL'Sldts III a Illut" 

phenotype. The G623R. G703R. and Gh3llE Illut" Illut.ltlll[l., lall '\I\hlll thl' mut 

cluster at the C-terr11lnu!'>. Recently in our lab. a Illut l'l'II 1 III l'. W(I 1511 (I1117SR 

mutation). was shown to complemcnt two othl'r mur l'dl 111ll':-'. \H, Ihll and W(; 

1613 (bath G7l7V mutation) (1). Therd'ore. Ile!ther IllUt"/Illllt phl·ll11tvpe:-. III II 

interallelic complementatlo:l can be predlcted Ily the rèlall\'l' ]1111l1:1I)' allllllO .Ielll 

position. Complementation is ùepenùellt Ilot only Oll ,11l1lat111ll pll!'.ltHHI, huI alw (Ill 

the specific amll10 aClù sub~t1tutlon and the cOIl!'.el]UL'111 etlert (lIl the tt',II:IIV 

structure. 

Although J:ttle is known about l\1CM terllary !ltlUl'turt', Iht' gl'IlL'IIC !'.llIdy 1I1 

interallelic complementatlon hetween mut mutatlollS may otkr !'>OI1It' r111l'~ a!'> III 

prote in structure-function relationshlp!'>. Interalle1lc COmplèl11eIltalHlIl cali hl' hL'lpllll 

in assigning functions to dlfferent portIons 01 polypeptH.1è cha Ill!'>, thelehy ddllllllg 

specific domains (145). Usmg lllterallehc (lI1tracI!'>truIlIC) cOIllpkllll'lllatHI(I, 

Dobbelstein et al. (157) have recently locahzed a novel actlvlty to the DNA-hindlllg 

dama In In SV 40 T antlgen. This nove! activlty was able ln coopel ale will! 

retinoblastoma-supprt'!'>~or protèlll and tU1l10lJ[ supprcssor p5.1. The <ll1ll1ty 01 T 

antigen mutatiop:; and deletlons to ~tllnulate DNA !'>ynthcsl!'> III qllle~cent rell~ 

determined that at lea~t three dltferent functlolls ot T arlllgen were IIlvolved III 

growth stimulation an cell transformatIOn: Rh-binding, DNA-bmdlllg, and C-lernllllai 

p53 binding domaJl1s. A S 189N mutatIon ln the DNA-hmdll1g dOIll:1I1l W:I\ ahll' to 

complement a E 107K mutation lf1 the Rh-bll1ding domalll a~ weil a\ ICl trullc:lted 

peptides. The S 189N mutatI<m atfected an unknown élnd nove! actlvlty wlllch 

cooperated in growth ~tlmulatlon (157). Therelore, Il one examlllC!l the pattern 01 

compkmentatlon hctween mut mutatiom, then pO!'.~lblc ~trllctllre-functl()1l 

relationships may be establj~hed. WG 1007 IS a mut!) cell IlI1c whlch doc\ /loI 

complement WG 1130 or WG loS1. Its mutatloll~ were IdeIlldlcd a~ compound 

heterozygous W105R and A378E (134). Thus, the~e mut(J mutall()ll~ an; unahle 10 

complement the R93H, G623R, and G703R mutal1on~. Pm)~,lbly, the MCM regIClIl 
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betwecn <)3 anù 35H is e~!lential for protein stahiIity or prote in conformation. The 

W J05R éll1Ù A37RE mutation may result in monomers less stahle than the R93~-I 

1T10fl(lIner!l, rC!llIltmg in taIlllre to complement the G623R anù G703R monomers. 

Recently It ha!l bcen !lhown ln our lab that mur cell Ilne~ carrying the G717V 

lT1Ut'ltIOW, (WC; 1610, 1611, anù 1(13) are capahle of complementing another mut" 

cell Ill1e Wei 161X (mutation unkllown) (table 6). However, WG 1618 rails to 

C<lmpl~ment WC; 1130 ln somatle cell experiments (table 1). Shapira et al. (158) 

have ~tuùlcd WG 1 /) 18 bbrobl:t!lts anù have sugge!lteù that it IS an atypical mur line. 

Blm:!1ellllcal ana1y~ls has ~hown unùetectable enzyme activity hy in vitro assay of 

cellular extracb, howcver proplonate incorporatIon in the presence of excess OH-Cbl 

I~ 2.5 fuld hlgher a~ compared to other mur ccII Imes. Therefore. the Cbl-binding 

~ite in WG 1618 may be indirectly affected, and could pos~ibly he stahilized dunng 

heterodimer tormatlon. Heterodimers formed hetween WG 1618 and those lines 

wlth the G717V mutation apparently restore proper Cbl-bindmg. This may suggest 

that the MCM region 717 may be a functJ<mal part of the Cbl-bindmg determinant. 

ln contrast, no tunetlonal enzyme results from an mteractIon of R93H and WG 1618 

(mutation unknuwn) dlfllers. It wc presume that WG 1130 monorr ers are unstable, 

thl'n WC; 1618 lT1onomers may not be able to restore propcr CbJ-l'lnding centres in 

a heterodlmcI. There1me, both WG 1130 and WG 1618 r:illnomers may remain 

1I11stable and tad to complemcnt. 

The G623R and G703R mutatIons of WG 1681 are novel mutO alleles which 

may hc mdependently attectmg a-helical or f3-sheet structures Important ln either 

~lIbllnlt tolùll1g. ùlinenzatlon. or MCM catalytlc abillty. Ascertainm~nt of tertiary and 

ljllaternary strm:tllres of the apoenzyrnc will a~slst m explmnmg the nature of MeM 

mutations. as WIll blOchemlcal ~tudles on celb expre~sJng mutant protein. The 

observeù cnmplementatlon \VIth WG 1130 (mut ll R93H mutation) and WG 1618 

(mut mutation unknown) ~ugge~b that the heterodl!T1er~ formeù between mutant 

subu!llts are clther able tn compen~ate tor an Important site, or stabihze protein 

structure. The stuùy ot II1terallelic complementatlOn promlses to contnbute a great 
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denl to our understanding of th~ structure anù fUllctio!1 l)f tht.' ~ 1('\ 1 pul) l'L'pU dt'. .lIld 

ultimately to the ùlagnosl~ <1\H.1 treatment of ~t\tA patlL'l1b. 



SUMMARY 

Thi.., ~tudy ha~ inve~tigatt!d mutations at the methylmalonyl CoA mutase locus 

lrom Cl mut" celill/le, WG 1681. It ha~ also inve~tJgated the contribution of the novel 

Illut:lti()!l'> to 1I1ter:1Ilellc complementation. Two homozygous normal polymorphisms, 

H5J2R and Y(l711, were ldentilIeJ trom WG 16S1. In addition, two novel compound 

hetero7ygoll~ Illut:tllon'i G(l23R and G703R, were identlfled. These novel mutations 

were JemOI1:-.trateu tn he re:-.pom,lhle for the mutO phenotype of the WG 1681 cell 

IJne. The G703R mutatIon was Inheriteu In cis wlth both polymorphi~ms from the 

l110ther nt the WG 16X 1 prohanù. Due to non-paterl1lty. the ongin of the G623R 

Illutatlon I~ unknown Both novel mutations were able to complement another mutO 

l11ut:ltlOn, ){<J31 I. trom WG 1130 at the moJecular level, replicating the 

complemelltat!On pattern oh!'!crved at the ~omatic cell Jevel. These results indicate 

that heterogeneity at the MUT locu~ is more extensive than thought. Further studies 

Dt mut Tllutallons ùemon~tratmg interallelic complementatlon will aid in the 

determrnatlon of the relationship between the structure of the MCM polypeptide and 

ItS functlon. 
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CLAIMS TO ORIG INALlTY 

1) This thesis descrihes the iùentlfication of two novel l11utatlllIl~ fTlHll a Illut" 

fibroblast cell line showmg mterallelic complt'ml'ntat101l III I11l.'thylmah \1 Ill' 

aciduria. 

2) The novel mutations, G6_3R and G703R, are dell1lJl1stIatl'l1 ((l hl' pll.'~l'l1tl'd 

in trans, and are responsihle for the mutO phenotype. 

3) The mutD cell line WG 1681 is capahle of complel11l'ntlIlg the mut" l'l'Il 11I1t' 

WG 1130, and this phenolTIenon was replicated at the molc:culal kvel. Tht' 

nove] G623R and G7U3R mutatlom of WG IMO were Illdcpendel1tly capahle 

of demonstrating mterallelic complementatlon wlth the prevHHI"ly descnhed 

R93H mutation of WG 1130. 
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