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1. fntroduction

1.1. Physical characteri sti cs of aci d alpha-glucosidase

Mammal-ian lysosomal alpha-glucosidases hydrolyze both 1-+4- and

1-+6- glucosidic bonds found in their naturaL substrates grycogen,

maltose and isomaltose. rn addition, the enzymes are al_so capable of

hydrotyzing t,he artificialty derived substrates

A-methylumbelliferyl-al-pha-D-glucoside (MUG) and 6-bromo

2-naphthyl-alpha-D-gJ-ucopyranoside (Swallow et aI., 19TÐ.

At least two genetically distinct forms of human alpha-glucosidase

(alpha-D-glucoside glucohydrolase E.c.3.2.1.20) activity have been

recognized. Acid alpha-grucosidase, GAA, has a pH optimum in the acid

range , and is coded for by a locus assi gned to chromosom e 1T qzj+qter

(Sol-omon et al. , 1979; DtAncona et al-. , 1g7g; !üei1 et al., lg1g),

whereas neutral- alpha-glucosidases have a neutral_ pH optimum and the

gene focus for neutral arpha-glucosidase c has been assigned to

chromosome i5 (Martiniuk et a1., j980).

Human liver GAA is a glycoprotein (Belen'ky et al_., 19Tg) with a

mol-ecul-ar weight of 97,000-i03,000 (Auricchio et a]., j96Ti Swal_low et

â1., 19751 Bel-enrky et al., 1979). Data on the subunit structure of

GAA are conflicting. The GAA of bovine liver appears to have four

subunits of similar molecul-ar weight (25,000) held together by

noncovalent bonds (Bruni et aI., 1gT0) However, Belen tky and



Rosenfeld (1975) suggested that GAA from human liver consists of at

l-east three structurally distinct subunits with different N terminal

amino acids and differenl mol-ecul-ar weights as estimated by sodium

dodecyl sulfate (SDS) electrophoresis.

Swallow et al_.,(1975) were able to demonstrate that the GAA l_ocus

is porymorphic in man, using affinity electrophoresis, where the

electrophoretic separation of isozyme components depends on differences

in affinity of the components for the support medium rather than

mol-ecular size or charge. After starch gel electrophoresis three

phenotypes, GAA1, GAA2 and GAAi-2 were observed and attributed to two

al-1el-es GAAtÊ1 and GAAx2 with frequencies of 0.92 and 0.0J respectively

in Europeans. A third rare arlele, GAA|ç3, has been reported to occur

in Mal-aysians of Indian ancestry (Teng and Tan , 1979).

Column isoeLectric focusing of human placental samples revealed

that the isoel-eetric point, pI, of the GAAi isozyme, pH U.52, was

slightly more acidic than that of the GAA2 isozyme, pH 4.58, (Swallow

et al-., 1975). Belenrkii et al., (1975) determined the pr of GAA from

adult human liver to be between 4.58 and 4.60 while Fisher et aL.,

(1977) using human kidney and fetal liver found the pr to be 4.61

(4.45-4.78 range). Enzyme phenotypes were not determined in these

studies.



1.2. Polymorphism

A genetic polymorphism exists when the individual members of a

population can be classifíed into two or more distinct groups each of

which occurs more frequentry than can be explained by recurrent

mutation. rn practice, loci have been considered to be polymorphic

when the frequency of the second most common al-Lel-e is 0.01 or greater,

implying that 27" of Lhe population wil-l- be heterozygous at the l-ocus.

Harris, (1977 ) has revised the definition of polymorphism Lo describe

those situations Ín which a number of a]leIes add up to a frequency of

0.0'1, yet the frequency of the most common all-ele is not greater than

0.99. Specific activity stains together with gel electrophoresis,

which utilizes migration of probeins in an electric field to detect

sma1l differences in charge and shape, has been used extensivery to

study genetic polymorphisms. At least 25iÁ of the loci which determine

enzyme structure are polymorphic and the average level of

heterozygosity per gene locus detectabte by conventional unidimensional

electrophoresis has been estimated to be in the range of T-10% in man

and other vertebrates (Harris and Hopkinson, 1972). It is likeIy these

data are an underestimate of the true incidence of polymorphism and the

average heterozygosity per Ìocus, as electrophoresis can only detect

certaln types of mol-ecul-ar differences. since the genetic code is

degenerate, some single base change mutations will al-ter a codon

specifying a certain amino acid to another codon specifying the same



amino acid. A mutation of this kind does not produce a structural

change in the protein and hence will not be detected

electrophoretically.

Theoretically only about one third of the possible protein variants

due to single amino acid substitutions are expected to show a change in

charge which would be detectable by a change in electrophoretic

mobility (Harris , 1977). Electrophoresis will not detect protein

variants produced by two different amino acid substitutions in a

polypeptide that result in the same net change in electrophoretic

mobility. At some loci, variants which actually occur may not have

been detected because of the inadequacy of the technique, such as in

the case of placental alkal-ine phosphatase where two buffer systems at

different pHts distinguish six phenotypes (náuson and Harris , 1965)

while the previous system at one pH distinguished only three phenotypes

(Boyer , 1961). Al-l-eLes which result in a complete loss or marked

reduction in enzymic activity may afso go undetected with

electrophoretic techniques.

Some common allelic variants that are not detectable by standard

electrophoretic techniques can be differentiated by isoetectric

focusing (IEF). IEF separates proteins according to their pI , the pH

at which they have a net charge of zero, while electrophoretic

separations depend on comparing the relative mobility of proteins at a

particular pH, usually somewhat, removed from their prrs. rn the case

of phosphoglucomutase-1 (PGM1 ) after starch gel electrophoresis three



common phentoypes altributed to two common al-1eles are observed

(Spencer et al-., 1964) whereas after IEF ten phenotypes attributed to

four common alleles are observed (Bark et aL., 1976). A1so, additional

phenotypes of transferrin, (TF) (Kuhnl & Spiel_man, 19TB) and

group-specific protein (GC) (Constans et aL., 1978) that are not

detectable after electrophoresis have been identified after rEF.

1.3. Gene mapping

SeveraL different approaches have been used for mapping human

genes. The most widely used method involves interspecific somatic cell

hybrids, but this method is not generally satisfactory for mapping

several crasses of genetic markers such as blood group antigens, gene

products of highly differentiated cell types and, more importantry,

diseases of unknown molecular defect that can onry be diagnosed by

cl-inical criteria. Therefore, other approaches such as in situ

hybridization, gene dosage effects and exclusion mapping in persons

with aneuploidy, âs welI as classical linkage analysis are important.

Ferguson-Smith et al., (1973) were the first to use deletion mapping for

assigning a gene locus to a specific chromosome. In this case a person

with an unbal-anced autosomaL translocation involving a deletion of a

segment of chromosome 2 had apparen'u1y only one alrere al, the acid

phosphaLase (ACP1) l-ocus indicating this locus was within the deleted
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segment. conversely, in many cases of autosomal deletions

heterozygosity at a number of genetic marker l-oci can be demonstrated

thereby excluding the location of the structural gene from the deleted

segment (Ferguson-Smith, 1975).

Linkage is the occurence of two gene loci sufficientJ-y cfose

together on a chromosome such that their al-leles do not assort

independently. The distance between two loci on a chromosome can be

measured indirectly by the recombination that occurs between them: the

further apart loci are, the more like]y it is that recombination will
occur, with random assortment giving 50 percent recombination.

However, loci can be sufficiently far apart on the same chromosome that

they do not show linkage. Robson et al_.,(1973) and Cook et al., (1974)

demonsbrated linkage between Rh and PGM1, but not between PGMI and Fy

or between Rh and Fy although ali- of these loci are on chromosome 1.

rf one of the loci in a linkage group can be assigned to a specific

chromosome then it is possible to map the linkage group to that

chromosome. This approach has been used in obtaining the data

resulting in the assignment of 34 loci to specific chromosomes by the

time of Human Gene Mapping 5 (1979).

Linkage analysis of human data using the lod score method of Morton

(1955) makes use of simultaneously segregating markers. The fod score

method consists of comparing the likelihood of obtaining the marker

data on the assumption of various recombination val-ues between two loci

as compared with a recombination value of 0.50, i. e. independent
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assortment. Data from different pedigrees can be combined by adding

together the fod scores cal-cul-ated for each pedigree, as many families

and several- studies are often required to provide evidence for or

against linkage. lrlhen polymorphic loci are used as test loci, data can

be collected in a more efficient manner because more families are

informative. Lod scores of l-ess than -2.0 are sufficient reason to

reject linkage while a l-od score of greater than +3.0 is a reliabl-e

criterion for accepting linkage. The recombination fraction estimated

from the largest lod score is usually higher for femal-es than for

males. Renwick and Schul-ze (1965) were the first to demonstrate that

in data for nail-patella:AB0 linkage the femal-e recombination fractÍon

was greater than that in the male (the 95% probability limits of the

femal-e:mare ratio were 3.621 and 0.84:1). rn the Lutheran:Secretor

data t,he recombination fraction in women was approximately j.T5 times

that in men (Cook, 1965).

1.4. Pompe disease

Pompe disease Iglycogen storage disease type II (GSD type II)]

which has an autosomaL recessive pattern of inheritance (Sidbury, 196Ti

Loonen' 1979) is due to a deficiency of lysosomal GAA activity (Hers,

1963). Af leasb three different types of Pompe disease are

distinguishable by clinical features. The classical or infantile type
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of GSD type rr is characterized by massíve cardiomegaly, severe

hypotonia, hepatomegaly and muscu]ar weakness which may be present at

birth or devel-op during the first weeks of life. Most infants die of

cardiorespiratory failure by the age of one year (di sant Agnese et

â1., 1950). Both cross-reacting material (CRM) positive patients, in
whom a catalytically inactive enzyme protein is synthesized and CRM

negative patients in whom no enzyme protein is detected have been

described (deBarsey et al-., 1972:, Koster and S1ee, jgTTi Beratis et

âf., 1978). The late infantile or juvenil-e form of the disease begins

with slowly progressive muscular weakness during the first years of

life and patients die during the first or second decade (Zeltweger et

â1., 1965i smith et aL., 1967r swaiman et al., 1968). cardiomegaly may

be present in some of these patients. r¡ the adurt type t,he clinicar

manifestations are limited to skeletal muscLe. There is a generalized

weakness and wasting of the muscLes in the second to third decade with

death usually occurring in t,he forties (Hudgson et al., 1968:' Engel,

1970; Karpati et af", 1977). Reuser et al., (1978) have detected some

residual- activity of GAA (7-?27") in fibroblasts from patients with the

adult type, but not from patients with the infantile type of GSD type

II. The severity of clinical manifestations and the amount of residual

activity in fibrobl-asts appear to be correl_ated.

Assays using the fl-uorogenic substrate, MUG, have been used in the

postnatal- diagnosis of GAA deficiencv (sarafsky and l,fadler, 19731

Dreyfus and Poenaru, 1980). Swallow et el_., (1gTÐ, did not find any
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differences in the kinetic properties of the GAAl and GAA2 isozymes

(from crude pJ-acental- extracts) using MUG or maltose as substrates, bul

it is possible that differences might exist if macromolecular

substrates brere used. Beratis et a1.,(1980) used a partially purified

preparation of GAA from a GAAI-2 placenta, and found that the GAA2 had

reduced catalytic acti vity for glyeogen. However , there vras no

difference observed between the GAAl and GAA2 isozymes when MUG or

maltose were used as substrates.

1 .5. Aims

The purpose of this thesis is to help further the understanding of

the geneticaJ-1y determined qualitative, âs we]1 as quantitative

variation of GAA. The specific aims are as foll-ows:

1. To determine if the small difference in the pI of the GAA1 and GAA2

isozymes observed afber column IEF lvas demonstrable by flatbed

polyacrylamide gel IEF.

2. To use f latbed poì-yacryl-amide gel IEF

qualitative variation of GAA in a sampJ_e from

assess the amount of

Canadian population.

to

a

3. To test if the variation detected by the flatbed polyacrylamÍde gel
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ïEF technique was genetically determined.

4. To determine if a11e1es at the GAA l-ocus segregated independently

of alleles at a series of marker loci.

5. To determine if quantitative variation of GAA was associated with

qual-itative variation.

6. To determine if the Level of GAA activity r^ras af f ected by the

anticoagulant that had been used when the blood samples were col-1ected.

2. Methods and materials

2.1 . Sampl-es

2. 1 .1. Tissue sampi-es

Pieces of placentae (collected from healthy fu11 term del-iverÍes

over a four month period) and post mortem tissue were homogenized in an

equal volume of deionized water using a Polytron homogenizer (Brinkman,

Luzern, Switzerland). Debris i^Ias removed by centrifugation at 17,000 x

g. for 20 min" and the supernaLant stored aL -70oC until- used
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2.1.2. Whit,e blood cells

Blood samples were obtained from volunteers as weLl- as members of

families as part of an ongoing research project designed to map human

genes by family studies. The buffy coat from anticoagulated venous

bl-ood was removed after centrifugation aL 1640 x g. for 5 min. after

which most of the erythrocytes vlere removed by hypotonic shock. hrhite

blood celL (wbc ) petl-ebs collected by centrifugation r^Iere lysed by

freezing and thawing four times in a small- vol-ume of deionized water

(approx. 0.4 nr/10 ml of whole blood) and stored aL -3Ooc until-

examined.

2.1.3. Fibroblasts

Fibroblast cel1 strains obtained from The Human Genetic Mutant Cel-1

Repository, rnstitute for Medical Research, camden, NeuI Jersey were

cultured in McCoy's 5A modified medium with 107" fetal calf serum and

antibiotics. The cultures I^Iere passaged until there brere sufficient

ce1ls for analysis. hlhen the cell cul-tures were confluent, celJ-s were

harvested by trypsinization and then centrifuged at 3015 x g. for 5

min. to remove the trypsin. A small vol-ume of deionized waLer (approx.

0.15 ml per 150 mm plate of ceLl-s) was added to lhe cell pel-let, and
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after freezing and thawing four times the lysate was centrifuged at

1/,000 x g. for 10 min. to remove cel-l- debris.

Four Pompe cell strains were examined: GM244 from a 5 mo. old

femal-e with GSD type II, GM248 from a 4 mo. old maLe with GSD type II;

GM1935 from a 30 yr. ol-d femal-e with ]ate onset GSD type II, GM443 from

a 30 yr. old male with late onset GSD type Il (approx. 23% norma] GAA

activity), as well- as two cont,rol- cell strains: GM23 from a 31 yr. old

female and GM41 from an apparently normal 3 mo. old male.

2.2. Qualitative analysis

2.2.1. Neuraminidase treatment

Samples were treabed with neuraminidase prior to starch gel

electrophoresj-s and IEF. 40 ul of wbc lysate and 10 ul_ of

neuraminidase (Sigma Type V, No. N 2876 from Cl. pqrfringens, 1 U/3 nI

10 mM Na2Hp04,/ citric acid buffer pH 4.8) or 50 uI of tissue extract or

fibroblast lysate and 10 ul- of neuraminidase (1 U/0.5 ml buffer) were

incubated in seal-ed culture tubes overnight at 4oC or for one hour at

37oc.
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2.2.2. Starch geI electrophoresis

Horizontal starch geL eleclrophoresis was carried out using either

the Tris,/citrate pH 5.8 system or a phosphate buffer system at pH 6.5

(0.2 M Na2HPO4/NaH2pO4 bridge buffer, 0.01 M Na2HpO4,zNaH2pO4 gel

buffer) as described by Swa]low et aI., 1975. Gels were prepared with

117 hydrolyzed starch (Connaught Laboratories, Toronto, Canada) and

were electrophoresed at 4oC.

2.2.3. Isoelectric focusing

The LKB Mulliphor apparatus and LKB 2103 power supply were used for

al-l- rEF experiments. Thin rayer acrylamide gels containing 2 ml_ of

29.11' G/v) acrylamide, z nr of 0.97" G/v) N,Nr-methylene

bisacrylamide, 7.5 mI deionized water, 0.1 mI pH 3.5-10 LKB ampholyte,

0.5 mI pH 4-6 LKB ampholyte and 0.1 m] of 40 ng/" (w/v) riboftavin r,rere

poured between glass plates 12.5 cm x 12.5 cm separated by a thin

gasket ((1mm). After polymerization under fluorescent light, gels were

refrigerated approximately 20 min. to facilitate removal of one of the

glass plaLes. GeIs were routinety wrapped in plastic film and stored

at 4oc until used (l-ess than one week). sampJ-es i,Iere applÍed to the

gel 2-3 cm from the cathodal- end using 6 mm x 10 mm strips of filhatman

ll17 ehromatography paper. Cathodal- and anodal- electrode sol-utions were



1B

11"1 NaoH and 1M H3PO4 respectivel-y. Isoel-ectric focusing was carried

out at a constanl power of 12.5 l,'l , maximum vortage of 1200 v for 2.5

hours at a constant temperature of 16oc. chromatography papers were

removed for the last hal_f hour of the running time.

Determination of the pH gradient was carried out either by using a

surface electrode or by el-ution of the ampholines. The edges of the

rEF gel were stained to Locate the GAA isozymes and the gel was cut

horizontall-y into 5 mm slrips in the area corresponding to the

isozymes. The strips of gel r{ere eluted in 1 mI of deionized water

overnight and the pH of the eluate determined.

Thin layer gels measuring 25 cm x 12.5 cm vJere cast in the same

manner for rEF geì-s across the length to expand the gradient to

facilitate separation of the isozymes. Gel-s were prefocused for 1/2

hour at a pohrer of 15 lü, maximum vortage of 1400 v at a constant

temperabure of 16oc. samples were applied 5 cm from the cathoda] end

and focusing was carried out for an additionar 2.5 hours.

Chromatography papers used for sample application were removed for the

last half hour of running time.

2.2.4. Detection of enzyme activÍty

GAA activity was detected after starch gel- el-ectrophoresis using a

fiLter paper overlay technique with the substrate MUG ( 1 ng/nl
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dissolved in a small- amount of acetone and dil-uted with 0.2 M sodium

aceLaLe/acetic acid buffer pH 4.0; contaÍning 100 mM KCl). Gel-s were

incubated in a plastic box at 45oC and enzyme activiby monitored under

long wave uv Iight. rf required, NH4OH was used to intensify the bands

of GAA actì.vity.

After IEF GAA acbivity was detected in a simil-ar manner except the

MUG was heated with the buffer at 50oc for approximately 2 hours to

increase the amount of substrate dissolved. Acetone v,¡as not used

because its presence in the reaction mixture made the isozymes

indistinct. Gels were incubaLed in a plastic box at 45oC for 20 min.,

after which concentrated NH4OH solution was applied to the geJ-s and the

excess carefully blotted. The fifter paper was removed and the bands

of enzyme activity viewed under long wave UV light.

2.2.5. Photography

Gels were photographed under Ìong wave uv light with a Polaroid

MP-4 land camera using a green filter and Kodak Pl-us-X pan 4rrx5w black

and white sheet film.
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2.3. Markers for linkage anal_ysis

Red cel-l antigen typing r¡ras carried out by lhe Rh Laboratory of

ltinnipeg or the canadian Red cross in htinnì.peg using standard

bechniques. Secretor status was inferred from Lewis phenotypes. Red

blood cell- and white blood cell enzyme phenotypes were determined in

Dr. P.J.McAlpiners Laboratory using the methods described by Harris and

Hopkinson, (1976) with minor modifications. Serum proteins were

analyzed in a number of different laboratories as part of a

col-l-aborative study. Dr. D.l,{. cox of Hospital for sick children,

Toronto analyzed samples for c3, Pr, and GC. Dr. Arthur steinburg of

case i'lestern universit,y, cleverand analyzed sampres for IGHG and IGKC,

and Dr. E.R. Giblett, King county centrar Bl-ood Bank and school of

Medicine, University of !'lashington, SealtLe analyzed samples for C6 and

ORM. HP, PLG and rF were anaryzed in Dr. P.J. McAlpiners laboratory

usi-ng the following methods: HP (Gibtett , '1969 ) , pLG ( Raum et aI. ,

1980) and TF (McAlpine, 1982). The number of markers tested helped to

confirm that the family rel_ationships were as stated.

2.4. Linkage analysis

GAA segregation data

program of côt6 (1975)

were tested for linkage using the Mark III

which is based on Edwards I marker algebra
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(1972). This program utilizes the lod score method of Morton (1955)

and calcufates the 1o910 of the odds of obtaining the given results at

specific varues of the recombination fraction,€, as compared wit,h the

probability of obtaining the same data when 0=0.50, i.e. there is
independent segregation. For the data presented here lod scores lrere

cal-culated at 0= 0.05, 0.10, 0.20, 0.30, and 0.40. Lod scores were

separated into paternal, maternal, and intercross information and were

summed separately. Recombinant and nonrecombinant counts were made

from the phase known data.

2.5. Quantitative analysis

White bl-ood cell lysates for assays were prepared from

anticoagulated venous btood as described above. The anticoagulants

ethylenediamine tetraacetic acid (EDTA), acid cibrate dextrose (ACD),

and heparin brere used initiarry, but all- subsequent sampres $Jere

collected in heparin only. Just prior Lo anal-ysis the wbc lysates were

centrifuged in 1.5 m] Eppendorf microcentrifuge tubes at 3015 x g for

10 min. at 4oc. 200 u1 of supernatant were diluted with 300 ut of 30

mM acetate buffer pH 4.0. This buffer vJas prepared from a stock

solution of 0.3 M acetate pH 4.0 which was made using approximate]_y 40

ml 1 M NaAc and brought fo pH 4.0 with i M acetic acid, then diluting 3

volumes of buffer to 10 vol-umes with deionízed water. SmalL aliquots
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of the stock buff er r^Íere stored frozen. 50 ul- of the diluted

supernatant were pipetted into four glass test tubes (three tests and

one blank). 100 ul of substrate mixture (4 mM MUG in 30 mM acetate

buffer pH 4.0 healed for 2 hr. at 60oC to dissolve the MUG) were

pipetted into the test samples which vrere incubated in a circulating

water bath at 37oC for t hour. The reaction was stopped with 5 ml of

0'3 M glycine/NaOH buffer pH 10.6. Blanks were incubated for t hour at

37oC without substrate, after which 0.3 M glycine/NaOH buffer pH 10.6

and 100 uL of substrate mixture r¡rere added. Fl-uorescence was

determined with a Turner fl-ourometer (primary or emission filters 478

and 3 and secondary or excitation filters 107" and 260). A standard

curve was constructed daiJ-y using 4-methylumbelliferone (0-3.0 mu

moles). Protein concentrations on the diluted samples were determined

according Lo the method of Lowry et aI., (1951). Enzyme activity was

expressed as mu mol-es of MUG hydrolyzed/ mg of protein,/ hour(1 unit= j

mu mol-e MUG hydrolyzed/ mg protein,l hour.

2.6. Nomenclature

Genetic notation is presented using the designations of the

rnternational System for Human Gene Nomencl-ature (shows, et a1.. 1gT9i

Shows and McAfpine, 198Ð.
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3. Results

3.1. DescriptÍon of phenotypes

The isozyme patterns of the 201 placental samples observed after

starch geL electrophoresis were the same as those described by Swallow

et al-., (1975), where the GAA'I showed a single isozyme which migrates

slightly anodally, the GAA2 showed a more anodal- isozyme, while the

GAAl-2 showed both the GAAi and GAA2 components (Fig. 1). Examination

of the same samples by flatbed polyacrylamide ge1 rEF revealed an

additional phenotype. 169 of the 189 sampJ-es (89.uf") that were typed

GAA1 by starch gel electrophoresis showed a major band with a slightly

weaker' more anodal, band of GAA activity after IEF and were designated

as GAAI (Table 1). The remaining 20 (10.67") showed two major zones of

GAA activity after rEF suggesting a heterozygous phenotype. one of

these zones of activity corresponded to the 1 isozyme of the most

common phenotypic cl-ass by both methods of analysis, whereas the second

major isozyme which was cathodal- to GAA1 has been designated GAA4. All
placental samples that were GAAl-2 by starch geI electrophoresis showed

a two banded pattern after IEF; one of these isozymes corresponded in

pr to GAA1, while the second major zone of activity was cathodaì_ to it,
arthough anodaL to the GAA  isozyme. vlhen the pH gradient of the gel

was determined, the area to which GAAl migrated (pH 4.90) appeared Lo
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Fig. 1.

ffi m@d@

€- @ r ågãss

€ffiËÛræde

Photograph of starch gel electrophoresis at pH 6.5 showing

the patterns of GAA activity seen in placental extracts.

Lanes 1, 2 and 4: GAAI; Lane 3: GM1-2.
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Tab1e 1. GAA variants deÈected in
gel electrophoresis and

a survey of placentae using sEarch
IEF.

Phenotvpe by starch
ge1 electrophoresis
r l-2 Total

Pheno type
by IEF

Totaf

I

7-4

1-2

169

20

0

189

0

0

I2

I2

r69

20

72

20r



24

be 0.05 pH units more acidic than the area to which GAA2 migrated (pH

4.95) and approximately 0.12 pH.units more acidic than the area to

which GAA4 migrated (pH 5.02)(Table 2)"

when wbc lysates ulere examined by rEF, three additional phenotypes

not observed in the placental samples were found: GAA2 and GAA4 which

had been predicted on the basis of the analysis of the placental

samples (Fig. 2) and an additional phenotype that has tentatively been

called GAA1-5. The GAA1-5 showed a two banded pattern with one isozyme

corresponding in pI to the GAAI isozyme and the second major zone of

activity being cathodaf to the GAA4 isozyme. 0n1y one wbc lysate from

the population survey showed this phenotype and family studies were not

possibre. The GAA2-4 phenotype, although theoretically possibJ"e, was

not observed. When there vlras any doubt, about distinguishing the GAAl-4

and GAA4 phenotypes or the GAA1-2 and GAA2 phenotypes a '12.5 em x 25 cm

ïEF get r¡Ias run across the length.

Repeated freezing and thawing of samples with heterozygous

phenotypes resulted in the appearance of an additional isozyme of

intermediate pI. i,rlhen lysates of different tissues (brain , liver ,

adrenal-, heart, lung, jejunum, spleen and kidney) obtained post mortem

I¡Iere analyzed by IEF all tissue extracts from the same individual-

showed the same phenotype.
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Table 2. pI of GAA isozymes determined
polyacrylamide IEF ge1s.

from three different fLatbed

MeÈhod used to
determine pI GAAI CAA2 GAA4

surface electrode

sÈrip meEhod
(rríâl ilt)

strip method
(rria1 #2)

mean

4.90

4 .6s

5. L4

4.90

4 .95

L7)

5. i8

4.95

5.00

4.81

s .24
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FÍg. 2

o node

cothode

Photograph of flat bed polyacrylamide ge1 IEF showing the

patterns of GAA activity seen in wbc lysates from ind.ividuals

of 5 different phenotypes. Lanes 1 and 7: GAAI; Lanes 2 and.

6: cM1-2; Lane 3: GAA2; Lane 4: GM1-4; Lane 5: cAA4.
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3.2. Population and famíly studies

Family data from this study (Tabte 3) indicate that six phenotypes

are generated from homozygous and heterozygous combinations of three

aLleles at the GAA focus. GAA1, GAA2, and GAA4 represent individuals

who are homozygous for the al-1eles designated GAA*1, GAA*2 and GAA*4

respectively, while the GAAl-2, GAAl-4 and GAA2-4 represent the

heterozygous combinations indicated by the phenotypic nomenclature.

Segregation ratios among Lhe Z0T offspring from the 61 matings examined

were in keeping with MendeLian expectations.

Table 4 shows the distribution of GAA phenotypes in a sample of the

generaJ- population sel-ected from pl-acentae and unrelated spouses of

family members. Among.the 633 individuals examined 5ZB ß3.4%) !,rere

found to be cAA1, 69/633 (10"9Ð were cAA.t-4 , 32/633 $.17") were

GAAI-2,2/633 rc.3r') were GAA4 and 2/633 rc.31") were GAA2. From these

data the frequencies of GAA*1, GAA*2 and GAA*4 alleres have been

estimated to be 0.91, 0.03 and 0.06 respectively. The distribution of

the phenotypes observed is not statistically different from that

expected on the basis of Hardy-lrieinberg equilibrium ( t' =6.56,

0. 50<p<0. 25 ) .
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Tabfe 3. DisLribution of GAA phenorypes in 6I fami-lies.

Chi ldren
Type of
Ifa ring

No. of
Famifies ) 1_t, Totalr-2 ¿- ¿1

1..1

Ixl- 2

lx2

lxI-4

l-2xI-2

1-4xl-4

I-2xI-4

lx4

To tals

II

16 19

-5

zó

Ôr4t

7

1l

125 26

- 7r

-35

-5

_ 59

-4

325

-¿

-6

3 201

T9

9

2

20

1

7

1

2

6t I

31

15

6

52
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Table 4' The disEïibution of GrlA phenotypes in placentâ.r and r¡hite blood ceflexEracts from a random sample of a Canadian population. ¡E*po"r.ddisEriburion :i1:ytirîg-from rire gene frequencies: cAAr,i 0.914;cÀA/r2 0. 028; GAA".4 O. 058. )

Observed ExpecEed

Pheno type Number Incid ence Number Incid ence

Total

0. 834

0.051

0. 003

0. i09

0.000

0.003

r.000

J¿O.Ô

32.4

0.5

67.L

)1

2.7

633. 00

0.835

0.05i

0.001

0.106

0.003

0. 003

0.999
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3.3. Qualj-tative analysis of fibroblasts from GSD type rr patients

Lysates prepared from fibroblasts of patients with infantile and

aduLt onset GSD type rr were examined by flatbed polyacrylamide gef

IEF. The two cel-l- strains from patients with the infantile onset form

of the disease (GM248 and GM244) as wel_l_ as one cell strain from a

patient with the adult form of the diease (GM1935) showed no detectabl_e

GAA activity after rEF. one cell slrain from a patient wit,h adult

onset GSD type II (GM443), which was reported to have Z3i/- activity (The

Human Genetic Mutant CeI1 Repository) appeared indistinguishable from

GAAl after IEF. Both control strains, GM23 and GM41 had appreciable

GAA activity and both appeared to have the GAA1-2 phenot,ype.

3.4. Excl-usion mapping of GAA

A patient has been described with the karyotype 46xy,

r(17)(p13q25), which involves a deletion of the distal portion of the p

and q arms , including q25->qter ( Chudley et al_. , 1gBÐ. White bl_ood

cel-l- lysates from the patient and his karyotypicatly normal parents,

were examined by IEF (Fig. 3). Both the pabient and his mother showed

the GAAl-2 phenotype whire the father showed the GAAl phenotype. The

patient apparently inherited the GAA*2 from his mother and the GAA*I

from his father. The demonstration of heterozygosity for a locus knorvn
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Fig. 3. Photograph of flar

GAA phenorypes of

GAA1 control; Lane

patÍenr with r(17)

Lane 5: mother of

bed polyacrylamide ge1

the r17 patÍenr and his

2: father of patient,

(p13q25), cAAl-2; Lane 4

patienË, GMI-2.

qnode

cqfhode

IEF shor,¡ing rhe

parents. Lane l:

GM1; Lane 3:

: GAA1 control;
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to be assigned to chromosome 17 (Solomon et aL., 1gT9l DfAncona et al_. o

1979i l^leil- et al-. , 1979) indicates that GAA cannot be in the region

q25-+qter of chromosome 17.

3.5. Linkage studies on the GAA locus

Paternal- and maternal- l-od scores for GAA vs. the following l_oci :

Colton blood group (Co),complemenb component-3 (C3), complement

component-6 (c6), Diego blood group (Di), Dombrock bl-ood group (Do),

glut ami c -ox aloac eti c transaminase (mitochondrial ) (G0T2),

glutamic-pyruvic transaminase (GPT), immunoglobulin t heavy chain

(IGHG), immunoglobulin K chain, constant region (IGKC), Kidd blood

group (Jk), Lutheran bLood group (Lu), orosomucoid (oRM), p blood group

(P), alpha-1-antitrypsin (PI), plasminogen (PLG), ABH secretÍon (Se),

and transferrin (TF) all of which were either unassigned or had

provisional or tentative chromosomal assignments when this study $Ias

initiated are shown in Table 5. The categories of chromosomal_

assignments are based on those adopted by the InternationaL Workshops

of Human Gene Mapping Iiz= provisional: data are provided by onl-y one

group of invesbigators, confirmed: data are provided by at least two

independent groups of investigators and tentative: data have not

reached formal levels of significance. Paternal lod scores for GAA and

C6, Di, Do, IGKC, Jk, Pf, PLG, Se, and TF were (-2.0 at O=0.05, thereby
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indicating that cLose Iinkage

marker loci is unl-ikeJ_y (Fig.

excLuded from Ìinkage with the

paternal lod scores were <-2.0

segregation data for Co, GOT2,

between the GAA locus and any of these

4). fn addition, Do and Jk can al-so be

GAA Locus at values of S(0.10 as the

aL this recombination fraction. Mal-e

GPT, IGHG, Lu, and ORM have not reached

formal levels of significance. Mal-e Ca and t data are slightly
positive, but more data will be required before there is enough

information to accept or reject linkage with GAA.

3.6. Quantitative data

lrlhite blood cel-1 samples from 52 unrerated people including zu

pregnant females were analyzed for GAA both qualitatively, by rEF, and

quantitatively (Table 6). In the samples with GAAl phenotypes from the

non-pregnant group GAA activities were found to range from 20-2OO units

with a mean activity of 66.42 units and a standard deviation of + 48.68

units. fn the 11 samples with GAA1 phenotypes from the pregnant women

GAA activities were found to range from 19-63 units with a mean

activity of 35.45 units and a standard deviation of + i6.12 units. In

the six samples with GAA1-4 phenotypes from the non-pregnant group GAA

activities blere found to range from 14-'106 units with a mean activity
of 45.33 units and a standard deviation of + 36.37 units. In the nine

samples with GAAi-4 phenotypes from the pregnant women GAA activilies
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were found to range from 2B-102 units with a mean activity of 55.u4

units and a standard deviation of + 26.06 units. rn the three sampres

with GAAl-2 phenotypes from lhe non-pregnant group GAA activities were

found to range from 13-54 units with a mean act,ivity of 32.33 units and

a standard deviation of +20.60 units. In the four samples with GAAi-2

phenotypes from the pregnant women GAA activities hrere found to range

from 12-37 units with a mean activity of 25.71 units and a standard

deviation of + 15.63 units. To determine if the data from the pregnant

women could be pooled with the other data, a two taifed t-test r¡¡as

performed to compare the distributions of GAA activity in samples from

pregnant !üomen vs. the distribut,ions of GAA activity in samples from

non-pregnant people crassified by phenotypic group. No statisticalry
significant difference was found between the two groups at a 957"

confidence interval ( GAAl: L=2.543, df=24; GAAi-4: t=-0.588, df=B;

GAAl-2: t,=0.879, df=l) and thus the data were bhen pooled for further

analysis. The variance seen in the distribution of activity of the

samples from the pregnant women was notably less than that seen in the

other samples (Table 6).

rn the pooled data, the 30 samples with GAAl phenotypes had GAA

acivities ranging from 19-200 units with a mean of 55.06 and a standard

deviation of + 42.32 unit,s (Fig. 5). fn the 15 samptes with cAAl-4

phenotypes, GAA activities were found to range from 14-106 units with a

mean of 5i.40 unÍts and a standard deviabion of + 29.TB units. The

seven samples with GAA1-2 phenotypes had GAA activities that ranged
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from 12-54 units wÍth a mean of 25.71 units and a standard deviation of

+ 15"63 units.

Using the GAA activity values obtained above an attempt was made to

estimate the GAA activity per allel-e. GAAIç1 appears to be associated

with 27.53 units of activity per allel-e on average, while GAA*4 is

associated with 23.88 units of activity per alleIe on average. Since

the mean activity of the GAAl-2 phenotype is l-ess than the average

activity calcul-ated for the GAA*I allel-e, the GAA*2 a11ele appears to

have an inhibitory effect on GAA activity in GAA'l-2 heterozygotes. rt

was not possible Lo determine if the activities per alLele were truly

additive as samples from homozygous GAA2 and GAA4 indÍviduals were not

available for assay.

Analysis of variance $Jas used to determine if there v\¡ere

There was

phenotypes

difference in activÍty between phenotypic classes.

statistical- evidence for a difference in activity between

a 957 confidence interval (F=1.835, df=2).

Assay results from samples obtained from seven individuals that

were collected using ACD, EDTA, and heparin as anticoagulants are

ill-ustrated in Figure 6. The GAA activity of wbcts when ACD was the

anticoagulant I^Ias, on the average, 727" of that obtained from wbc when

heparin v'¡as the anticoagulant. !'lhen EDTA bras employed, the GAA

activì-ty of the wbcrs was on the average 148% of that of heparinized

samples. Statistical testing of these data using analysis of variance

revealed that the variance between individuals for each anticoagulant

a

no

aL



30c.

.coF
¡l-. v
o
o.
o)

!-E ^
=.NF.Oõ<È
4

öcl 4

Þ
U'

_4,
o

^,È¿l

Ã
b

Fis" 6

Ë-lepanin

ANTICOAGI,.'LANIT

Graph showing the effect of diffenent anti-
coagulants on GAA activity. Solid llnes show
the relailve GAA activity for each lndlvidual,
T'he dashed line shows the relatlve r¡lean
^À 

aL?r{l{ acr¡v¡fles.

EDT'A



31

was not statisticall-y significant (F= 1.75, df=6) , but GAA activity

showed statisticalJ-y significant differences according bo the type of

anticoagul-ant used (F=7"19, df=2, P<0.01).

4. Discussion

4.1. Population and family studies

In a survey of 201 placental samples reported here, most that were

GAAl by starch geL erectrophoresis showed a major band of enzyme

activity wiLh a slightly weaker? more anodar band when subjected to

IEF. However , some samples that r¡Iere GAA 1 by starch gel

electrophoresis showed two major bands of enzyme activity, implying a

heterozygous phenotype involving a previously unrecognized aI1ere,

GAA*4, a notion supported by family data. One r+bc lysate showed what

has tentatively been called GAAl-5, but further studies witl be

required to determine if the isozyme pattern observed is due to another

a1l-ele at the GAA locus in heterozygous combination with GAAl or

perhaps due to post-translational modification. From data collected in

this study of an ethnically heterogeneous random sample of the Canadian

population the allel-e frequencies of GAA*1, GAA;Ê2, and GAA*4 have been

estimated to be 0.91, 0.03, and 0.06, respectively, which are in cl_ose

agreement with those obtained by Swallow et aI. (1975) where the



frequency of GAA*I was 0.97 (this wou]d incLude GAA*1 and GAA*4) and

the frequeney of GAAlt2 was 0.03. There was a suggestion that

a11ele might be more common in peopre of oriental descent

persons of lnlestern European origin.

the GAA*4

bhan in

rn the porymorphism of GAA demonstrabl-e by starch get

electrophoresis, separation of GAA isozymes appears to depend on

differences ín the affinity of the enzyme components for the support

medium in which the electrophoresis $Ias conducted rather than

differences in mol_ecul_ar size or charge (Swalfow et aL., 1gTÐ. After

electrophoresis at pH 6.5, the GAA'l isozyme showed as a single,

slightly anodaÌ band of enzyme activity, whereas the GAA2 üJas more

anodal, indicating that the type 2 isozyme did not bind as firmry as

the type 1 isozyme to glucose polymers such as dextran or starch.

Forlowing rEF, when the pH gradient was measured using two

different techniques, morecul-es coded for by GAA*1 appeared to be 0.05

pH units more acidic than those relating to GAA*2, and o.12 pH units

more acidic than t,hose relating to GAA*4. These data are consistent

with those obtained by column IEF, which despite the actuaf plts being

different, indicated that the pr of the type 1 isozyme was 0.06 pH

units more acidic t,han that of the type 2 isozyme (swallow et al_.,

1975). More recent data obtained from DEAE-cellulose column

chromatography confirmed the notion that the type 2 isozyme is more

basic than the type 1 isozyme, as the type 2 isozyme r^ras eruted from

the column at a lower Nacl concentration than the type 1 isozyme
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(Beratis et a1., 1980).

The type of qualitatíve variation of GAA isozymes that was observed

in this study could have resul-ted from single amino acid substitutions,

where an acidic amino acid in the type I isozyme coul_d have been

repraced by a neutra] amino acid in the type 2 isozyme and a basic

amino acid in the type 4 isozyme. A single amino acid substitution in

an area where the Itaff inityrr of the enzyme for the starch woul_d be

affected cou]d account for the difference in relative mobilities of the

type 1 and type 2 isozymes between starch gel electrophoresis and IEF.

For the type 2 isozyme, where a neutral amino acid substitution is
proposed, there is an increased anodal mobil-ity in starch gel

electrophoresis relative to the type 'l isozyme that has been attributed

to increased affinity of this isozyme for the supporting medium. rn

t,he type 1 and 4 isozymes, where different charged amino acid

substitutions have been postulated, but no mobility difference after

starch geI electrophoresis has been observed, it is assumed that the

affinity for starch is masking the charge difference between the type'i

and 4 isozymes that is demonstrable by IEF.

IEF which separates proteins according to differences in their plrs

has become a usefuÌ technique for studying genetic variation because of

its ability to resorve proteins which differ by as rittl_e as 0.01 pH

units (Righetti and Drysdale, 1974). The high resolving power of this

technique has been effective in demonstrating qualitative differences

between GAA isozymes thab were not detectable by previous methods.
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similar demonstrations of an increase in the number of phenotypes

detected after rEF have been reported for pGM1, TF and GC (Bark et al.,
1976; Kuhnl- and spielman, 19TB; constans et af., 19zB). rn addition,

analysis of samples by ftatbed polyacryl-amide gel IEF has the advantage

that multiple sampl-es can be analyzed in a short period of time and the

arnount of sample required is less for each test than that required for

starch gel eJ-ectrophoresis.

U.2. Subunit number

The electrophoretic pattern observed in both natural and artificial
heterozygotes can often be used to estimate the number of subunits per

mol-ecule. Assuming random association and equal leveLs of activity,
the number of subunits present is usually one l-ess than the number of

isozymes observed in heterozygotes. There is evidence that bovine

liver GAA has four subunits of equal mol_ecular weight (Bruni et al_.,

1970) and if human GAA is simil-ar in this respect, one might expect to

see a five banded pattern of enzyme activity in heterozygotes under

ideal condiLions. However, after starch ge1 electrophoresis or IEF of

human GAA, only the two primary isozymes are seen; bands wit,h

intermediate mobilities or pf t s that woul-d represent heteromeric

isozymes containing both allel-ic products are not observed routinely.

ïf sampres from heterozygoles are frozen and thawed many times (>10)
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one additionaÌ isozyme with intermediate pI is observed, but if GAA is

a tetramer one woul-d expect to observe a total of five bands in a

heterozygote, not three. rf the enzyme is a multimer the absence of

theoretically expected heteromeric bands in het,erozygotes may be

explained by dissociation of the protein inLo subunits, so that during

analysis the heteromeric forms are lost, as in the case of the

hemoglobins (Benesch et aL., 1966). Alternatively, there may be some

special structural feature of the alternative polypeptide chains which

prevents or l-imits their association in the same muLtimeric molecul-e

such as in mitochondrial and solubLe forms of certaÍn enzymes

(glutamate-oxalate bransaminase, isocitrate dehydrogenase, marate

dehydrogenase and mal-ic enzyme (Harris, 1g7T).

If human liver GAA does consist of at least three structurally

different subunits with different N-terminal amino acids and different

molecular weights as suggested by Belen'ky & Rosenfeld, (1975), one

might expect to observe three bands of GAA activity after

electrophoresis or rEF. The phenotype of the GAA in their study was

unknown, but it, is possibre a phenotypic variant was studied with two

of the bands relating to a heterozygous phenotype such as GAAl-2,

GAAl-4 or GAA2-4 and the third band the resul-t of a post translational

modification of one of the primary polypeptides or perhaps similar to

the band of GAA aetivity seen after repeated freezing and thawing of

the sample. Further analysis is required to resol-ve this conflict.
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4.3. GSD type II fibrobl-asts

Pompe disease fibroblast strains were examined by IEF to determine

if patients with adult onset GSD type If had a qualitative variant of

GAA that was responsible for the quantitative variation. One

fibroblast strain from a patient with adult onset GSD type fI, reported

to have 23% acLíviLy showed a phenotype that was índistinguishable in

pI from GAAl, whiLe in another fibroblast strain from a different

patient with GSD type II the GAA activity after IEF was below the l-evel-

of detection. The two control lines chosen for these experiment,s both

appeared to be GAA1-2 which couLd have been a problem had quantitative

studies using glycogen as the substrate been done because the GAA2 has

a reduced catalytic activity towards glycogen (Beratis et al_., 1980).

These data demonstrate the Ímportance of phenotyping controLs before

proceeding with further quantitative studies as qualitative variation

can make an important contribution to quantitative variation.

4.4. Excl-usion mapping

fn many cases of autosomal deletions, heterozygosity at a number of

genetic marker loci can be demonstrated thereby excluding the l-ocation

of the structural gene from the del-eted segment. The accumul-ation of
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such data for a wide array of del-etions shoul-d aLl-ow the assignment of

a l-ocus by a process of excl_usion (Ferguson-Smith , 1gTÐ. GAA from the

wbcrs of a patient with the karyotype 46Xy, r( 1Z) { p13q?5) as well as

his karyotypically normal parents i^rere examined by rEF in order to

obtain additional- information on the chromosomaL locali zaLion of GAA.

The patient and his mother showed the GAA1-2 phenotype while the father

showed the GAAl phenotype. The demonstration of heterozygosity for a

locus assigned to chromosome 17 in a patient with a deletion of t,his

chromosome alLows the GAA Locus to be excluded from that portion of the

patient I s chromosome 17 LhaL was missing (1Tq?5+qter ) . Since the GAA

locus has previously been local-ized on chromosome 1Tqz1-+qter (!üie] et

âf., 1979) the demonstration of heterozygosity in this patient a1Iows

the assi gnment for the GAA l-ocus to be reduced to 17 qz1+qz5 (Figure

7)"

4.5. Linkage analysis

The extension of the GAA potymorphism by IEF results in an Íncrease

in the frequency of detection of heterozygotes to 16f", a more than

three-fold increase over that observed after starch gel

electrophoresis. This extensive variation makes GAA a useful- marker

for chromosome 17 in cfassical_ J_inkage analysis of family data as the

other genes (thymidine kinase, galactokinase and virus associated
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markers) assigned to chromosome 17 to date, are unsuitable for family

stud i es .

Paternal lod scores for GAA and the following loci: C6, Di,

Do,IGKC, Jk, Pr, PLG, se and rF, al-l of which were either unassigned or

had provisional or tentative assignments at the beginning of this study

were (-2.0 at 0=0.05, thereby indicating that cl-ose linkage between the

GAA locus and any of these marker loci is unlikely. Do and Jk can al-so

be excl-uded from linkage with the GAA locus at vaÌues of 0(0.10. Cl-ose

linkage of GAA with co, cPT, Gor2, IGHG, Lu or oRM is unlikely because

at least one recombination has occurred between GAA and each of these

marker loci. Although paternal lod scores for GAA and C3 and t are

srightly positive the data are insufficient to accept or reject

linkage.

The lod scores obtained from this study are consistent with data

presented at Human Gene Mapping 6 (i981) as most of the loci tested for

linkage with GAA hrere, at l-east tentativery, assigned to chromosomes

other than 17. However as the chromosomal assignments of co, c6, Di,

Do, Jk, GPT and rF still remain uncertain, the possibility of loose

1-inkage between one or more of these marker loci and GAA cannot be

excluded at this Lime.
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4.6. Quantitative analysis

GAA activity was assayed using the synthetic substrate MUG in order

to determine if different leveLs of activity are associated with the

three common GAA alleles. As 24 of 52 samples assayed were obtained

from pregnant vlomen the data blere tested to determine if the resul-ts

f rom the pregnant r¡romen couLd be pooled with the data from the

remainder. No statistically significant difference was found between

the two groups of samples so the results were pooled prior to further

analysis. The variance in the samples from the pregnant women r^ras

notably l-ess than that seen in the other group of samples. This l_ower

variance probabJ-y refrects a more uniform manner of handling, as the

other samples had been obtained from a number of different sources and

handled in a variety of ways. Using the pooled data no statistically

significant difference r¡ras found in the activity of the three

phenotypes tested using MUG as a substrate. Beratis et al-., (1980)

found that when GAA was assayed using MUG and maltose as substrates no

difference was observed between the GAAl and GAA2 isozymes that ürere

purified from a heterozygous pracenta. However, the GAA2 isozyme had

reduced catalytic activity for grycogen, as the activity of GAA2 was

only 8.6% and 19.21" of GAAl when assayed with non-saturating and

saturaLing concentrations of glycogen respectively.

It has been proposed tnat individual-s homozygous for GAA*2 wouLd
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have a decreased catalytic activity towards glycogen and might develop

muscular dystrophy-like disease in l-ate life (Beratis et al-., 1980).

To test this hypothesis, GAA2 individuals who are expected to occcur in

the population with a frequency of approximately 0.00i , could be

studied to see if they showed any signs of muscurar disease as they

aged. Alternatively, a sample of individuars with muscular

dystrophy-Iike diseases could be screened for GAA phenotypes to

determine if there were an increased frequency of individuals with the

GAA2 phenotype" Since both the GAA1 and GAA2 isozymes are effective in

creavi.ng ma]tose and MUG, an enzyme deficiency of this type would only

be detected with the naturar substrate, glycogen. Another example of a

discrepancy between resul-ts with natura] and artificial substrates has

been described for hexosaminidases where the Tay Saehs ItVariant ABrr

enzymes hydrolyzed synthetic substrates, but not the natural substrate

(Sandhoff et aI., 1971). Therefore, the importance of using the

natural substrate when looking for al-terations in catal-yt,ic activity of

enzymes cannot be underestimated.

Early in the experiments involving estimation of GAA activity in

wbc, a variation in activity was noted that appeared to depend on the

anticoaguJ-ant that had been used when the blood sarnple was collected.

To test if the variation observed þJas due to the anticoagulant used,

bl-ood sampl-es from each of seven persons were collect,ed into tubes

containing three different anticoagulants. The variation in GAA

activity between individuaLs for each anticoagulant r{as not
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statistically significant. However, a very significant statistical

difference i^Ias observed between anticoagulants, with GAA activity being

greatest in samples where EDTA had been used, less in sampì_es where

heparin had been used and l-east in samples where AcD had been used.

The difference in GAA activity between anticoagulants was sufficiently
significant that it woul-d have been observed without having used

samples from the same individual.

To explain the differences in GAA activity observed between

different anticoagul-ants one could hypothesize that, different
popuJ-ations of wbcfs are invol_ved. Leukocytes (mostly granulocytes)

contain both GAA and renaL maltase, an isozyme of alpha-gtucosidase

normally present in kidney ce11s, whiJ-e rymphocytes contain GAA and

little or no renal mal_tase (Broadhead and Butterwort,h, jgTïi potter et

al--, 1980; Dreyfus and Poenaru, 1980). The activit,y in some samples

may be in part due to renal isozyme despite attempts that were made to

minimize contamination by this isozyme. lrlhereas, GAA is afmost

compJ-etely extracted with water, renal maltase remains al-most entireJ-y

in the sediment after water extraction and requires a more rigorous

extraction involving the use of a detergent such as Triton (Dreyfus and

Poenaru, 1980). Therefore, aqueous, centrifuged extracts were prepared

prior to GAA determinations. More studies wil-1 be required to resolve

the question of whether different populations of cel1s are involved and

if so, which anticoagulants will give a better estimation of GAA

activily without interference from the renal isozyme. Further
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experimentabion coul-d involve the use of density gradient separation of

wbets to determine if different anLicoagufants cause a shift in the wbc

population that is used for assays. Also the use of anti-renal mal-tase

antiserum before assaying wbcrs from samples collected in different
anticoagulants couLd eliminate the activity due to the renal isozyme

and al-low for a more reliable estimate of GAA activit,y.

An alternate hypothesis to explain the difference in GAA activities
that v'ras observed with different anticoagulants is that the

anticoagul-ants could be either inhibiting or enhancing GAA activity in

some manner. Further experimentation to investigate the effect of

anticoagulants on GAA activity mÍght involve the isoLation of wbc flrom

defibrinated bl-ood as well as the addition of different, anticoagul-ants

prior to the determination of GAA activity.

Reliabl-e determinations of the level of GAA activity are important

in studies involved in carrier detection for GSD type II where one is
looking for a decrease in activity. There is a remarkabl-e difference

in GAA activity observed between samples col-lected in different
anticoagulants and for this reason it is important that all- samples,

including control- samples, be col-lected using the same anticoagul-ant.

Perhaps further studies wilr elucidate if one anticoaguJ-ant is
preferable for these determinations.

The increased detection of heterozygosity at the GAA

than three-fold increase over that observed after

electrophoresis, nìây be of help in the investigation in a

l-ocus , a more

starch gel

more detailed
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manner the genetic basis of expression of GAA activity in normal and

disease phenotypes. Pompe disease already demonstrates all-el-ic

diversity, where differences in the precise genetic defects resul-t in

the same cl-inicat phenotype as there are both cRM positive patients, in

whom a eataJ-ytical1y inact,ive enzyme protein is synthesized and cRM

negative patients, in whom no enzyme protein has been detected (oe

Barsey et al-., 1972; Koster and S1ee, 1977; Beratis et af., 19ZB).

By screening t'he parents of chÍldren with Pompe disease it might be

possibl-e to find decreased activity, as weLl as heterozygosity at the

GAA locus. Such an observation couLd be a starting point for

determining if the lack of GAA activity were due to a mutation at the

GAA locus or at other Ioci, possibly involved in post-transcriptional

control (Brown, 1981) or production of a protein which activates the

primary translation products of the GAA locus.

5" Summary

1. A new method to analyze acid atpha-glucosidase (GAA) activity in

human tissues by flatbed polyacrylamide geI isoel-ectric focusing has

been devised.

With this method the GAA polymorphism has been extended from three

six commonly occurring phenotypes.

â¿.

to
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3. After isoelectric focusing the GAA2 isozyme

with respect to the GAAi isozyme, whereas with the

electrophoresis method their relative positions are

mi grated

previous

reversed.

cathodally

starch gel

4. The six phenotypes are generated by three common aI1eles, GAA*1,

, 0.03 and 0.06, respectivelyGAA*2 and GAA*4 with frequencies of 0.91

in a sample from a Canadian popul_ation.

5. The one fibrobl-ast cel-l- strain from a patient with adult onset

glycogen storage disease type rr that had sufficient activity to be

detectable with the rEF method developed in this study showed a

phenotype indistinguishable from GAA1.

6. Paternal lod scores for GAA and the following toci: c6, Di, Do,

IGKC, Jk, Pr, PLG, Se and rF, all of which hrere either unassigned or

had provisional or tentative assignmenbs at the start of this study

were (-2.0 at O=0.05. These data indicate that close linkage between

the GAA locus and any of these marker loci would be unlikely. Although

the data did not reach formal leve1s of significance cl-ose linkage of

GAA and co, G0T2, GPT, ÏGHG, Lu, oRM or I is unJ-ike1y because at least

one recombination has occurred between GAA and each of these marker

loci.
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T. The chromosomal- ]ocal-ization

17q21-+qter to 17q.21-+q25 using

defetion of chromosome 17.

of the GAA locus has

exclusion mapping in

been reduced from

a patient with a

B. Using the artificial substrate 4-rnethyumbel I i fery 1

alpha-D-glucoside, no statistically significant difference was observed

in the GAA actÍvity of three different phenotypes, GAA1, GAAl-2 and

GAA 1 -4.

9. The l-evel of GAA activity in white blood cell sampì-es was found to

vary wilh the anticoagulant used when the blood samples were coLl-ected.

!'lhite bLood ceLls from blood samples coLlected in EDTA had the greatest

level of activity, while those from heparinized samples had

intermediate GAA l-evels and those where ACD was the anticoagulant had

the lowest 1evels of activity.



46

6" References

Auricchio, F. , Bruni, C.
and characterization of
161-167.

B. and Sica, V. (1968). Further purification
the acid d.-glucosidase. Biochem.J. 108:

Bark, J.E., Harris, M.J. and Firth, M. (1976).Typing of the common
phosphoglucomutase variants using isoelectric focusing--a ne$,
interpretation of the phosphoglucomutase system. J.Forens.Sci.soc. 162
1 15-120.

Belentkii, D.M., Tsukerman, D.B. and Rozenfeltd, E.L. (1gTÐ.
Purification and properties of acid d-glucosidase ( r -amylase) from
human fiver. Biokhimiya. 40: 927-933.

Belenfky, D.M., Mikhajlov, V.I. and Rosenfeld, E.L. (197Ð.
carbohydrate content of acid a-glucosidase ( f -amyl-ase) from human
liver. Clin. Chim. Acla. 93: 365-370.

Belenky, D.M.
-amylase) from

and Rosenfeld , E. L. (1975) " Acid d, -glucosidase (t
human Liver. Clin. Chirn. Acta. 60: 397-400.

Benesch, R., Benesch, R.E" and Tyuma, f. (1966)
ligand binding II. The mechanism of al_l_osteric
Proc. NAtl. Acad. Sci. USA.56:1268-1274.

. Subunit exchange and
effect in hemoglobin.

Beratis, N.G., LaBadie, G.U. and Hirschhorn, K. ( 19ZB).
Characterization of the molecular defect in infantile and adult acid*
-glucosidase deficiency fibrobl-asts. J. Clin. Invest. 622 1264-1274.

Beratis, N.G., LaBadie, G.U. and
acid d,-glucosidase wibh reduced
J. Hum. Genet. 322 137-149.

Hirschhorn, K. ( 1980)
catalytic activity for

An isozyme of
glycogen. Am.

and placentae.Boyer, S.
Sci ence.

H. (1961). Alkali.ne phosphatase in human sera
1 34: 1 002-1 004.

Broadhead, D.M. and Butterworth, J. (1928). pompets disease: diagnosis
in lcidney and leukocytes using 4-methylumbelliferyl-a(

1 3: 504-5 1 0.-D-glucopyranoside. Clin. Genetics.

Brown, D.D.
667 -67 4 .

( 1981 ). Gene expression in eukaryotes. Science " 211;

Bruni , C. B. , Sica , V. ,
kinetic and structural

Auricchio, F.o and
characterization of

Covelli, I. (

the lysosomal
1970). Further
ct-D-glucoside



47

gl-ucohydrolase
470-477.

from cattle l-iver. Biochim. Biophys. Acta" 2122

Chudley, 4.E., Pabello, P"D. McAlpine,
M.H.K. (1982). Ring chromosome 17 in
cIinicaI, cytogenetic and biochemi.cal
Genetics. In press.

P.J., Nickel, B.E. and Shokier,
a mentall-y retarded young man:
investigations. Am. J. Med.

Cook, P.J.L. (i965). The Lutheran-Secretor recombination fraction in
man: a possible sex difference. Ann. Hum. Genet., Lond.28:393-401.

Cook, P.J.L., Robson, 8.R., Buckton, K.E., Jacobs, p.A. and polani,
P.E: (1974). Segregation of genetic markers in families vrith
chromosome polymorphisms and structural- rearrangements involving
chromosome 1. Ann. Hum. Genet.,Lond. 37:. 261-274.

Constans, J., Viau, M., Cleve, H., Jaeger,
Pal-isson, M. J. ( 1978) " Anal-ysis of the Gc
populations by isoel-ectric focusing on
Demonstration of subtypes of the Gc1 all_efe
variants. Hum. Genet. 41: 53-60.

31:156-165.

diSantrAgnese, P.4., Andersen,
(1950). Glycogen storage disease
in siblings with chemical- and
402-424 

"

G., Quilici, J.C. and
polymorphism in human
polyacrylamide gels.
and of additional Gc

man. Ph. D. thesis,Cote, G.B. (1975). Centromeric
University of Birmingham.

linkage l_n

DtAncona, G., lnlurm, J., and Croce, C.M. (1979). Genetics of type II
grycogenosis: assignment of the human gene for acid o(-glucosidase to
chromosome 17" Proc" Natl" Acad. Sci. USA. 762 4526-4529.

deBarsey, T., Jacquemin, P., Devos, P., and Hers, H.G. (1972). Rodenb
and human acid d-glucosidase: purification, properties and inhibition
by ant'ibodies: investigation in type rr glycogenosis. Eur. J. Biochem.

D.H., Mason, H.H. and Bauman, W.A.
of the heart. I. Report of two cases

pathological findings. Pediatrics. 6:

Dreyfus, J.C. and Poenaru, L. ( 1980). White blood celLs and the
diagnosis of 4-glucosidase deficiency. Pediatr. Res" 14: 342-344.

Edwards, J.H. (1972). A marker algebra. Clin. Genet. 3: 371-380.

Engel, A. G. ( 1970). Acid maltase
cases of a syndrome which may
myopathies. Brain. 93: 599-616.

deficiency in adults: studies in four
mimic muscul-ar dystrophy or other



48

Ferguson-Smith, M.A. (1975). Gene mapping by exclusÍon.
Mapping 2 Rotterdam Conference, Birth Defects: Original
The NationaL Foundation, New York. 13(3)z 126-129.

In Human Gene
R rticte Ser:-es.

Ferguson-Smith, M.4., Newman, 8.F.,
Ril-ey, I.D. (1973) " Assignment by
phosphatase gene locus to the short
27 1-27 4.

ElIis, P.M", Thomson, D.M.G. and
deletion of human red cel-L acid
arm of chromosome 2. Nature. 243:

Fisher, R.4., Putt, W., and Harris, H. (1977). The dislribution of
isoel-ectric points of human soLuble proteins and in particular enzyme
products of BB human gene loci. Ann. Hum. Genet., Lond. 40: 371-384.

Gibletb, E"R. ( 1969).
Scientific Publications,

Genetic Markers in Human BLood. B1ackwell
Oxf

Harris, H. (1977 ). The Principles of Human Biochernical Genetics Second
revised edition, North-Holland Publishing Company, New York.

Harris, H. and Hopkinson, D.A. (1972)" Average heterozygosily per
locus in man: an estimate based on the íncidence of enzyme
polymorphisms. Ann. Hum. Genet., Lond. 36: 9-20.

Harris, H. and Hopkinson, D.A. (1976) " Handbook of Enzyme
ELectrophoresis in Human Genetics. North-Hol-land Publishing Company,
Amsterdam.

Hers, H.G. ( 1963). Glucosidase deficíency in generalized
J. B6:11-16.glycogen-storage disease (Pompets disease). Biochem.

Hudgson, P., Gardner-Medwin, D., I'lorsfold, M., Pennington, R.J"T. and
Walton, J.N. (1968). Adult, myopathy from glycogen storage disease due
to acid maltase deficiency. Brain. 91: 435-460.

Human Gene Mapping 5 (1979): Fifth International- tr'lorkshop on Human Gene
Mapping. Birth Defects: OriginaL Article SerÍes XV, 11, 1979. The
National Foundation, Nep York.

Human Gene Mapping 6 (1981): Sixth International liorkshop on Human Gene
Mapping. Birth Defects: Original Article Series, 1982. The National
Foundation, New York. fn press.

Karpati, G. , Carpenter, S. , Eisen, A. , Aube, M. . and DiMauro, S.
(1977) . The adult form of acid maltase (al-pha i,A-gtucosidase)
deficiency. Ann" Neurol. 1: 276-280"



49

Koster, J.F. and Slee, R. G. (1977)
acid d-glucosidase. Biochim. Biophys.

. Some properties of human l-iver
Acta. 4B2z 89-97.

. (1951).
Chem. '193 :

Kuhnl, P. and Spielman, Vrl. (1978). Transferrin: evidence for two
common subtypes of the Tfc all-ele. Hum. Genel. 43: 91-95.

Loonen, M.C.B. (1979) " The variabil-ity of Pompets disease. A

clinical, biochemical and genetic study of glycogen storage disease
Lype 2, or acid maltase deficiency. Proefschrift, Erasmus University.
Rotterdam.

Lowry, 0.H., Rosebrough, N.J., Farro A"L. and Randall-, R.J
Protein measurement with folin phenol reagent. J. Biol.
265-275.

Martiniuk, F., Hirschhorn, R. and Smith, M. (1980). Assignment of the
gene for human neutral alpha-glucosidase C to chromosome 15. Cytogenet.
Cel-1 Genet. 27 z 168-175.

McAlpine, P. J. ( l9B2) . Personal communication.

tests for the detection of linkage.Morton, N.E. ( 1955). Sequential
Am. J. Hum. Genet. T:277-318.

Potter, J.L., Robinson, H.B.,Jr., Kramer, I.D. and Schafer, I.A.
(1980). Apparent normal leukocyte acid maltase activity in glycogen
storage disease Type II (Pompers disease). Clin. Chem. 262 1914-1915.

Renwick, J.H. and Schulze, J. (1965). Mal-e and female recombination
fractions for bhe nail-patella:AB0 linkage in man. Ann. Hum. Genet.,
Lond. 28: 379-392.

Reuser, A.J.J., Koster, J.F., Hoogeveen, A. and GaIjaard, H. (1978).
Biochemical, immunological and cell genetic studies in glycogenosis
type II. Am. J. Hum. Genet. 30: 132-143.

Righetti, P.G. and Drysdale, J.W. (1974). Isoelectric focusing in
gels. J. Chromatog. 98:271-321"

Raum, 0., Marcus, D. and
human plasminogen. Am. J.

Robson, 8.8., Cook, P.J.L., Corney, G.,
Cleghorn, T.E. (i973). Linkage data on
Fy from family studies. Ann. Hum. Genet.

A1per, C.A. (1980). Genetic polymorphism of
Hum" Genet. 32: 681-689.

Hopkinson, D.4., Noades, J. and
Rh, PGM1, PGD, Peptidase C and
, Lond. 36: 393-399.

Robson, E.B. and Harris, H. ('1965). Genetics of the al-kal-ine



Ãn

phosphatase polymorphism of the human placenta. Nature. 207: 1257-1259"

Salafsky, f. S. and Nadler , H. L. ( I 973) . A fluorometrÍc
alpha-glucosidase and its application in the study of Pompefs
J. Lab. CIin. Med. B1: 450-454.

Sandhoff, K., Harzer, K., WassJ-e, W. and Jatzkewitz, H. (19f1
al-terations and lipid storage in three variants of Tay-Sachs
J. Neurochem. 18: 2469-2489.

assay of
disease.

). Enzyme
disease.

Shows, T.8", A1per, C.4., Bootsma, D., Dorf, M., Douglas, T., Huisman,
T., Kit, S., K1inger, H.P., Kozak, C., Lalley, P.4., Lindsley, D.,
McAlpine, P.J., McDougall, J.K., Meera Khan, P., Meisler, M., Morton,
N.8., OpiLz, J.M. , Partridge, C.W. , Payne, R., Roderick, T.H.,
Rubinst,ein, P. o Ruddle, F.H., Shaw, M., Spranger, J.W. and !'leiss, K.
(1979). fnternational system for human gene nomencl-ature (1979)
ISGN ( 1979). Cytogenet. CeIl Genet. 252 96-116.

Shows, T.B. and McAlpine, P.J. (1982). The 198.l catalogue of assigned
human genetic markers and report of the nomencl-ature committee. Human
Gene mapping 6 (198i): Sixth fnternational lrlorkshop on Human Gene
Mapping. Birth DefecLs: Original Articl-e Series, 1982. The National
Foundation, New York. In press.

Sidbury, J.B. (1967). The genetics of glycogen storage diseases. In
Progress in Medical Genetics, VoI.4., A.G. Steinberg and A"G" Bearn,
eds., Grune and Stratton Inc., New York.

Smith, J., Zellweger, H. and Afifi, A.K. (1967). Muscular form of
glycogenosis, type fI (Pompe): reporb of a case with unusual features.
Neurology. 17: 537-549.

SoLomon, E., Swallow, D., Burgess, S. and Evans, L. (1979). Assignment
of the human acid <t-glucosidase gene ( 4GLU) to chrornosome 17 using
somatic cell hybrids. Ann. Hum. Genet., Lond. 42: 273-281.

Spencer, N., Hopkinsono D.A. ,

Phosphoglucomutase polymorphism in man.

Swaiman, K.F., Kennedy, I'1.R. and Saul-s,
acid maLtase deficiency. Arch. Neurol. 1B:

and Harris, H.
Nature. 2042 742-745.

( 1964)

H.S. (1968). Late infantile
642-648.

H. and Hirschhorn, R. (1975). Acidq
in man demonstrable by taffinityt
Lond. 38: 391-406.

Swallow, D.M., Corney
-glucosidase: a new
electrophoresis. Ann.

Teng, Y.S. and Tan,

, G., Harris,
polymorphi sm
Hum. Genet.,

s.c" (1979) Acid o(-glucosidase in Malaysians:



51

population studies and
2-4.

the occurence of a new variant. Hum. Hered. 292

tr'leiI, D., Cong, N"V", Gross, M.-S. and J" Frezal. (1979). Localisation
du gene de I I d.-glucosidase acid (*GLUa) sur Le segment q21+qter du
chromosome 17 par Ithybridation cel-lulaire interspecifique. Hum. Genet.
52: 249-257.

Zetlweger, H., fllingworth-Brown, 8., McCormick, W.F. and Jun-bi, Tu.
(1965). A mild form of muscular glycogenosis in two brothers with
alpha-104-gì-ucosidase deficiency. Ann. paedj.at. 205: 4i3-437.


