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Summary 

We have prewously defined two lsozymes of neutral a-glucosldase ((~-D- 
glucoslde glucohydrolase, EC 3 2.1 20) on the basis of dlfferences m electro- 
phorehc mobility and designated these neutral a-glucosldase AB and a-gluco- 
sldase C (Swallow, D M ,  Corney, G ,  Harris, H and Htrschhorn, R (1975) 
Ann. Hum Gen. 38, 391--406) We now describe differences between the 
two lsozymes with respect to molecular weight, solublhty m (NH4)2SO4, 
glycosylahon, lsoelectnc point and substrate speclhmtms Neutral a-glucosl- 
dase C is prempltable m 40--60% (NH4):SO4, has a molecular weight of 
92 000, an lsoelectrm point of  5 5 and releases glucose from glycogen as well as 
from low molecular weight artlhcml and natural substrates containing a l -4  
glucosldm hnkages Neutral ~-glucosldase AB precipitates at 0--40% (NH4)~SO4, 
bmds to concanavalm A, has a molecular weight of greater than 150 000, and 
does not utilize a l -4  hnked glucose substrates larger than a dlsaccharlde 
Neutral a-glucosldase AB migrates more rapidly to the anode than a-glucosldase 
C when agarose, Cellogel, acrylamlde or starch are used as support medm. Both 
lsozymes are equally inhibited by Zn 2+ 

Introduction 

The glucosldases are a group of  enzymes which catalyze the cleavage of 
glucosldlc hnkages and which can be subdivided according to their pH optima 
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into acid and neutral forms Acid a-glucosldase (a-D-glucoslde glucohydrolase, 
EC 3.2 1 20) is a lysosomal hydrolase which primarily splits a l-4 glucosldm 
linkages, with glycogen as its substrate, and has been extensively studied and 
well characterized in mammals, including man [1--4]. Inherited deficiency 
of this enzyme results m glycogen storage disease Type II or Pompe' disease 
[4] Neutral a-glucosldase actlwty has not been well characterized in the past. 
Attempts have been made to define the neutral a-glucosldases [5--11] but 
often without a clear realization that there appear to be several different iso- 
zymes. 

We have prewously reported that a-glucosldase activity can be subdiwded 
into two forms on the basis of differences in moblhty following electrophoresls 
in starch gel We have called these two isozymes 'neutral a-glucosidase AB' and 
'neutral a-glucosIdase C' [12]. Dreyfus and Alexandre [13] have similarly 
described two isozymes of neutral a-glucosidase detected by electrophoresis of 
tissue extracts in Cellogel and staining for enzyme actlwty. Our recent studies 
have also shown that human neutral a-glucosldase C is genetically polymorphlc, 
with four alleles, including a 'null' allele and is coded for by a genetic locus 
provismnally, assigned to chromosome 15 [14,15] * and separate from that for 
neutral a-glucosldase AB An additional neutral enzyme has also been reported 
in renal tissue [13,16--19]. 

The presence of these neutral isozymes of a-glucosidase with broad pH 
optima has complicated prenatal diagnosis, heterozygote detection and quan- 
tltatlon of residual enzyme activity in Infantile and adult onset acid a-gluco- 
sldase defmiency disease [16,20--22]. Various maneuvers, including the use of 
anti-acid a-glucosldase antibodies and differential inhibition by turanose, Zn 2÷, 
K ÷, and ratios of activities at different pH, etc., have been used in an attempt to 
distinguish between glucosldase activity of the acid as opposed to the neutral 
lsozyme(s) m whole tissue extracts [16,23--29]. We have attempted to directly 
separate and characterize the neutral isozymes of a-glucosldase whmh we 
described earlier, and report here the results of these studies 

Materials 

4-Methylumbelhferone, 4-methylumbelhferyl~-D-glucopyranoslde (4-meth- 
ylumbelhferyl~-glucoslde), fl-naphthyl-a-glucoslde, bovme serum albumin, 
ovalbumln, catalase, aldolase, transferrin, apoferritln chymotrypsmogen, 
a-methyl-D-mannoslde, maltose and a glucose determination kit (Cat. No 
510-A) were obtamed from Sigma Chemical Co; Sephadex G-100, G-200, 
Sephacryl S-200 (Superfine), Sepharose 4B and Con A-Sepharose from Phar- 
macla Free Chemmals, Bio-gel P-300 (100--200 mesh), agarose, acrylamlde, 
bisacrylamide, Temed and (NH4)2S2Os from Bio-Rad Labs; starch hydrolyzed 
from Connaught Labs Ltd., Canada, (NH4)2SO4 (Ultra-pure) from Schwarz- 
Mann; rabbit liver glycogen from Boehrmger-Mannheim, Statzyme-Glucose 16 
from Worthmgton, MnC12, ZnC12 and HgCl2 from J T. Baker Chemical Co.; 

* Neutra l  ~-g lucos ldase  C has  b e e n  destgnated  G A N C  by  the  I n t e r n a t i o n a l  S y s t e m  for  H u m a n  Gene  
N o m e n c l a t u r e  ( I S G N  1 9 7 9 )  In H u m a n  Gene  Mapping 5 ( 1 9 7 9 ) ,  Frith Internat ional  Workshop  on  
H u m a n  G e n e  M a p p i n g  B~rth De fec t s  Or ig ina l  Ar t t c a l  Series,  Vo l  15 ,  No 11  (The  N a t i o n a l  Founda-  
t ion ,  New Y o r k  1 9 7 9 ) ,  a l so  m C y t o g e n e t  Cell G e n e t  ( 1 9 7 9 )  Vo l  24  
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Cellogel from Kalex Science Co (Manhasset, NY), MgC12 from Fisher Scmn- 
tffm Co , RPMI 1640, fetal calf serum, glutamme and pemcflhn-streptomycm 
from Grand Island Bmlogmal Co , Lymphoprep from Accurate Chemical and 
Scmntfflc Co., PM-10 membranes from Ammon Corp ,  maltotrmse from Aldrmh 
Co and amphohnes from LKB. 

Methods 

Sample preparatmn Tissues (obtained within 24--48 h post  mortem and 
frozen at --60°C) were suspended m an equal volume of H20/g weight, homog- 
emzed m a Warmg Blendor for 5 mm at 4°C, somcated briefly (Heat systems-- 
Ultrasonics; Somfier-Cell disruptor) and centrifuged for 15 mm at 15 000 × g 
at 4°C For preparation of  a-glucosldase AB from placenta, the placenta was 
washed extensively with 0 1 M sodmm phosphate pH 7.5, for 3--4 days at 4°C, 
any connective tissue was removed and the placenta frozen at --60°C Pert- 
pheral blood lymphocytes  were isolated on Hypaque Flcoll gradmnts [30]. 
Lymphoid hne cells were grown m RPMI 1640 with 16% heat-reactivated fetal 
calf serum, washed, suspended at 108 cell/ml H~O freeze-thawed five times and 
somcated. 

Enzyme assays The 4-methylumbelhferyl°a-D-glucopyranosldase activity 
was determined essentially as described previously [12,16] Bovine serum 
albumin (1 mg/ml) was included for assay of  partially purified enzyme The 
fluorescence of  the free 4-methylumbelhferone produced was measured m a 
Turner fluornneter (Model 110) with a 7--60 exo t a tmn  filter and 2A/2ND 
emmsmn filters. 1 umt enzyme act lwty was defined as the productmn of 1 
pmol 4-methylumbelhferone/mm at 37°C For determmatmn of glucoamylase 
activity, 40 pl 100 mg/ml glycogen m either 0.1 M sodium phosphate, pH 7.5 
or 0.5 M CH3CO2Na pH 4 (contmnmg 3 mg/ml bowne serum albumin) and a 20 pl 
sample were incubated for 30--360 mm at 37°C and the reactmn termmated by 
boiling for 2 mm Glucose was determined with Slgma's glucose determining 
kit No. 510, modified according to Dr N Beratls by diluting the O-dmmsldme 
to 50 rag/20 ml H~O. 1 umt  was defined as the productmn of 1 pmol glucose/ 
mm at 37 ° C For determmatmn of maltase and maltotrmse actlwty,  40 p110 mM 
maltose or maltotrmse m 0.5 M sodium phosphate, pH 7 5, and a 20 pl sample 
were incubated at 37°C, for 30--180 mm and the reactmn terminated by 
boiling for 2 ram. Glucose was determined using e:ther the Sigma glucose kit 
No. 510 or the Worthington Statzyme-glucose 16 kit accordmg to the manu- 
facturer's d~rectmn Protein was determined by the method of  Lowry et al. 
[31] w:th human albumin as a standard. 

Column chromatography Sephadex G-100, G-200, Sephacryl S-200 and Bin- 
Gel P-300 column were eluted with 0.05 M sodmm phosphate, pH 7.5. The 
Bin-Gel P-300 column was run at 4 ml/h for 60 days [32] prmr to use Col- 
umns were calibrated w~th s~ndard  markers and also w~th endogenous enzyme 
markers (purme nucleoslde phosphorylase, Mr 8 9 0 0 0 ,  peptMase B, 54000 ,  
adenosine deammase, 35 000 and adenylate kmase, 24 000) when whole tissue 
extracts were apphed. 

Electrophores~s Electrophoresls m starch gel (10 1% hydrolysed starch m 
0.01 M sodium phosphate pH 6.5) was performed as prewously described [14] 
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Horizontal slab agarose (1%) or slab polyacrylamlde (5%) electrophoresis was 
carned out m 0 04 M sodium phosphate, pH 7.5, 10 V/cm for 3.5--4 h for the 
agarose gels and 0.05 M sodmm phosphate, pH 6.5 or 7.5, 9 V/cm for 4 h at 
4°C for the acrylamlde gels using the LKB Multlphor apparatus. Cellogel was 
presoaked and prerun in 0.04 M sodium phosphate, pH 6 5, samples applied 
and electrophoresed at 15 V/cm, 6 mA for 3 h Isoelectnc focusing m horizon- 
tal slab gels was performed as previously described [14]. Enzyme actlwty was 
detected as described for starch gel electrophoresls, except that Cellogel was 
also used to incorporate the stain following electrophoresls in Cellogel. Vertmal 
slab polyacrylamlde gel electrophoresis (4% stacking, 6% running gels) for the 
kidney lsozyme was performed in a Pharmacla Apparatus GE-4 using 0.05 M 
sodmm phosphate, pH 7.0, with constant current of 45 mA per slab for 18 h at 
4°C. Enzyme activity was detected by stammg with/~-naphthyl-a-D-glucoside 
and fast blue B at pH 5.6, as previously descnbed [ 12]. 

Con A-Sepharose binding and elut~on. Samples were applied to a 5 ml Con-A- 
Sepharose column prevmusly equilibrated in 0.1 M glyclne/1 mM MgC12/1 mM 
MnCl2, pH 7.0 The column was then washed with 0.1 M sodmm phosphate/1 
M NaCl, pH 7 0 (100 ml at 60 ml/h) and the bound glycoprotem eluted by 
addltmn of 1 M a-methyl-D-mannoside to the wash buffer. 

Productmn of  rabbit antz-placental acid a-glucos~dase Punfmd human 
placental acid a-glucosldase was prepared by a modlfmation of the method of 
de Barsy et al [1]. After homogenIzatmn and centrlfugatmn, excess hemo- 
globm was removed by addmg CM-Sephadex C-50 to the sample (prevmusly 
adjusted to pH 5.0) and sttmng for 30 mm at 25°C, mmntammg the pH at 5.0. 
The mLxture was filtered on a Buchner funnel and the filtrate acidified to pH 4 
with slow addltmn of 2 N HC1, while stirring Completmn of the purifmatlon 
was ldentmal to that prewously described [1 ]. 

Rabbits were rejected lntradermally with purffmd placental acid a-gluco- 
sldase (0.5 mg protem/ml in complete Freund's adjuvant), boosted with 0.25 
mg protem m complete Freund's adjuvant 4 and 6 weeks later and then subcu- 
taneously at 8 weeks with 0.125 mg antigen in complete Freund's ad|uvant. All 
rabbit serum, followmg the hrst booster, contained antibody to acid a-gluco- 
sldase as detected by Ouchterlony double-immunodlffusion and staming of 
preclpitm hnes for enzyme actiwty with ~-naphthyl-a-D-glucoside (1 mg/ml) 
and fast blue B (2 mg/ml) m 0.1 sodmm citrate, pH 4.6 [12]. The rabbit anti- 
body to human placental acid a-glucosldase (obtamed at 8 weeks) was attached 
to CNBr-actlvated Sepharose 4B. The Sepharose antibody column (1 × 10 cm) 
was equilibrated with phosphate-buffered saline at a flow rate of 10 ml/h 
Samples (0.5 ml) were apphed, 1 ml fractions collected and fractions con- 
taming neutral a-glucosldase activity pooled, concentrated and reassayed for 
both neutral and acid a-glucosldase actlwty 

Results 

Electrophores~s m starch and polyacrylarnzde gels and detection of  ~so- 
zymes of  neutral a-glucosldase Electrophoresls of extracts of tonsil, liver, 
lymphoid line cells and peripheral blood lymphocytes In starch gels reveals two 
major areas of a-glucosldase activity when the gels are incubated with 4-methyl- 
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Fig  1 A E lec t rophores l s  is s t a rch  gel o f  neu t r a l  ~*g]ucosldases Tlssue e x t r a c t s  were  e l e c t r o p h o r e s e d  m 

s t a r ch  gels and  the  gels i n c u b a t e d  wi th  4 - m e t h y l u m b e l h f e r y l - ~ - g l u c o s l d e  a t  neu t r a l  o r  ac ld  p H  in o r d e r  to  

v~suahze a-glucosadase  actlv2ty.  Channe l s  i and  3 c o n t m n  an  e x t r a c t  o f  h u m a n  tons i l  and  c ha nne l  2 an  
e x t r a c t  o f  h u m a n  p l acen t a  Channe l s  1 and  2 have  b e e n  s t a ined  a t  neu t r a l  p H  The  m o s t  anoda l ly  

m l g r a t l n g  a rea  Is usual ly  seen  to cons ls t  o f  t w o  bands  of  e n z y m e  ac t lv l ty ,  bu t  in  thls  p h o t o g r a p h  t h e y  have  
been  b lu r red  in to  a slngle a rea  (channe l  1) a l t h o u g h  a sugge s t i on  o f  a s econd  b a n d  can  be seen  m 

2 These  t w o  b a n d s  have  b e e n  p rev lous ly  cal led ~-glucos ldase  A and  B A s e c o n d  m a j o r  a rea  of  e n z y m e  

ac t iv l ty  is seen  m l g r a t m g  m i d w a y  b e t w e e n  the  o r l g m  and  the  A-B | s o z y m e  and  has  p r e w o u s l y  b e e n  cal led 
~-g/ucos ldase  C Thls I s o z y m e  Is usual ly  o f  w e a k e r  i n t e n s i t y  t h a n  ~-glucos ldase  AB in m o s t  t i ssues  or  cells 
o t h e r  t h a n  tonsd ,  i nc lud ing  hver ,  k i d n e y  and  f lb rob las t s  In p l acen t a  (channe l  2), t he  C i s o z y m e  Is bare ly  

de t ec t ab l e  When  the  s a m e  e x t r a c t s  are s t a ined  at  acld pH  (channe l  3), a s ingle a rea  o f  e n z y m e  ac t lv l ty  Is 

seen  wluch  r e m a i n s  close to the  o r l g m  (acld a-glucos~dase)  B. Elect rophores~s  m p o l y a c r y l a m l d e  of  
va r lous  t i ssues  s t a ined  at  pH  5.6 fo r  ~-napthyl -~-g lucos ldase  ac t lv l ty  and  d e m o n s t r a t i o n  o f  t he  renal  ISO- 

z y m e .  Channe l  1 c o n t a i n s  p u n f l e d  h u m a n  p lacen ta l  ~-glucos ldase  ( ~ G L U ) ,  channe l  2 = h u m a n  k i d n e y ,  
channe l  3 = h u m a n  hver ,  channe l  4 = h u m a n  p lacen ta ,  channe l  5 = h u m a n  tons i l  and  c ha nne l  6 = h u m a n  

l y m p h o i d  hne  K i d n e y  d e m o n s t r a t e s  a ve ry  p r o m i n e n t  g lucos ldase  ac t i v i t y  wh ich  Is c lear ly  s e p a r a t e d  f r o m  

the  acld  ~-glucosadase actlv~ty (Neu t ra l  ~-glucos ldase  AB and  C are n o t  v~suallzed wl th  th~s s t a in )  

umbelhferyl-~-D-glucoslde at neutral pH (7 5) (Fig. 1A). The more anodally- 
migrating double-banded lsozyme has been designated a-glucosldase AB, while 
the usually weaker-stam,ng, more slowly migrating ]sozyme has been designated 
a-glucosldase C [12]. Placental extracts do not  exh]b]t easily detectable 
a-glucosldase C actlvltms under these conditions. The acid a-glucosldase ]so- 
zyme (detected by staining at acid pH) m]grated minimally to the anode m all 
tissues used m these studies (Fig 1A) and a genetmally polymorphm rare allo- 
zyme of acid a-glucos]dase [12] was not  present m any of  the tissues utlhzed 
m these studms 

In contrast to the above tissues, extracts of  k,dney exhibit an additional lso- 
zyme This lsozyme migrates m starch gel to a point either between the ongm 
and the common allozyme of acid a-glucosldase or to a positron very shghtly 
anodal to that  of acid a-glucosldase and is often difficult to vlsuahze separately. 
The kidney lSozyme can be most clearly dffferentmted from the acid a-gluco- 
sldase by electrophorems m 6% vertmal slab polyacrylamlde gels, pH 7 and 
stammg with /3-naphthyl-~-D-glucoslde at pH 5 6. K]dney extracts exh]b]t a 
double band of enzyme activity migrating near the omgm (Fig 1B) and this lso- 
zyme is not observed m any of the other tissues examined. Under these condl- 
tmns of  electrophoresls and staining, the acid a-glucos,dase is clearly separate 
from the kidney lsozyme and migrates more rapidly to the anode while the 
neutral a-glucosldase AB and C are not vlsuahzed. 
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Finally, platelet-rlch buffy coat preparatmns exhibit an additional 4-methyl- 
umbelhferyl~-glucosldase actwlty wslble, in starch gel following electro- 
phoresls, as a less clearly defined area of activity extending from the a-gluco- 
sldase C regmn through the a-glucosldase AB region, with greatest intensity be- 
tween the two lsozymes. The following studms deal only with the a-glucosldase 
AB and C lsozymes. 

Neutral a-glucostdase actlvlty The total neutral a-glucosldase activity at pH 
7 5, as determined with 4-methylumbelhferyl~-glucoslde as substrate, was 
very similar m homogenates of  the varmus human tissues or cultured cells 
tested Thus, long-term lymphoid hne cell extracts had a specific actwlty of 
0 71 +- 0 06 U/g (n = 5), tonsil of  1.5 -+ 0 5 (n = 9), hver of  0.6 (n = 2) and pla- 
centa of  0.54 (n = 2). 

Separatzon of  ~sozymes on Sephadex G-IO0 and determination of  relatwe 
electrophoretm mobthtles m agarose, acrylamzde and Cellogel When extracts 
of  human hver, tonsil or lymphoid hnes were chromatographed on Sephadex 
G-100 columns, the neutral e-glucosldase actwlty eluted as two major peaks 
(F]g. 2). The hrst  peak eluted over a broad range with an apparent molecular 
weight of  152 000 -+ 9800 (n = 4), while a second peak eluted with an apparent 
molecular weight of  92 250 + 9800 (n = 4). 

Fractmns containing each of  the two peaks separated by chromatography on 
Sephadex G-100 were concentrated and electrophoresed m starch gels. The 
150 000 molecular weight peak migrated rapidly to the anode as two bands of  
enzyme actlwty corresponding to neutral a-glucosldase AB lsozyme found in 
whole homogenates. The 92 000 molecular weight peak migrated less rapidly to 
the anode and migrated to the same position as the a-glucosldase C lsozyme m 
whole homogenates. There was some cross contamlnatmn m each of the frac- 

a. Glu A 8  a,g iu C 
I ~, ~, 05) ,® \ -  

- , /\ x 

:%03  L "" 
E , d \ ~ ,~o ~35 ~6o ~e5 21o 

100 110 120 150 140 . 150 160 170 180 

FRACTION NUMBER 

Fig. 2. Sephadex  G-IO0 (2 5 × 100  c m )  c h r o m a t o g r a p h y  of  h u m a n  l y m p h o l d  hne  ex t r ac t  Two  m a j o r  
p e a k s  o f  neu t r a l  ~-glucosldase ac t lv l ty  4 -me thy lumbe lh f e ry l -~ -g lu co s ld e  (4 -MUF)  a t  pH 7 5) were  
o b s e r v e d  w l t h  a p p a r e n t  m o l e c u l a r  weights  of  152  0 0 0  a n d  92 000 ,  respec t lve ly .  F rac t lons  115 - -131  a n d  
1 3 6 - - 1 5 5  (1.5 m l / f r a c t s o n )  were  p o o l e d ,  c o n c e n t r a t e d  a n d  e l e c t r o p h o r e s e d  m starch  gel  The  1 5 2 0 0 0  
p e a k  c o - m ~ ' a t e d  wl th  the  m o s t  r ap ld ly  m ~ r a t m g  a n o d a l  e n z y m e  b a n d s  (a-glucosadase AB, a G I u A B ) ,  
w h d e  the  92 000  p e a k  co -mlg ra t e d  wl th  the  least  a n o d a l  mzg~atmg e n z y m e  b a n d  (a-glucosldase  C, ~Glu )  
Ident l ca l  resu l t s  w e r e  o b t a m e d  using ex t r ac t s  f r o m  h u m a n  h v e r  and  tonsl l  
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Fig 3 Sephadex  G-200  c h r o m a t o g r a p h y  (1 5 X 100 c m )  of  par t ia l ly  pttmfled h u m a n  neu t ra l  c~-glucostdase 
Each l sozym e  was partaally pur i f ied  f r o m  h u m a n  hve r  The  c~-glucosadase AB (¢*-Glu AB) peak  (as d e t e r -  
m i n e d  by s tarch  gel e lec t rophores l s )  e lu ted  wi th  a n  a p p a r e n t  molecu la r  weight  of  152 0 0 0  and  ~-gluco- 
sidase C (c~Clu C) (as d e t e r m i n e d  by s t a r c h  g e l  e l e c t r o p h o r e s a s )  e lu ted  wi th  an a p p a r e n t  mo lecu la r  weight  
of  95  600  Iden tmal  resul ts  were  o b t a i n e d  wi th  pa r tmUy pur i f ied  mate r ia l  f r o m  h u m a n  tonsil ,  l y m p h o i d  
lines and  p lacen ta  (a-glucos~dase AB on ly )  

tlons. The higher molecular weight peak (152 000) will now be referred to as 
'neutral a-glucosldase AB' while the lower molecular weight peak (92 000) will 
now be referred to as 'neutral a-glucosldase C'. 

Since two lsozymes of  neutral a-glucosldase have been previously defined by 
electrophoresls in Cellogel [13,29],  we also determined the relative moblh ty  of  
the neutral a-glucosldase AB and neutral a-glucosldase C lsozymes on non- 
starch-contammg support  media Electrophoresls of  whole homogenates m 
agarose or polyacrylamlde gels as well as m Cellogel revealed two sharp bands 
of  neutral a-glucosldase activity When the two lsozymes were separated by 
chromatography on Sephadex G-100 and then electrophoresed, the neutral 
e-glucosldase AB migrated most  rapidly to the anode on all three support  
media, as it did on starch gels, but  only a smgle, rather than a double band 
could be distinguished Neutral a-glucosldase C migrated less anodally on all 
four  electrophoretm supports The relative moblhtms of  the two lsozymes was 
further  confirmed by electrophoresls of  an extract  of  a long-term lymphoid hne 
from an mdlwdual genetmally defmmnt m neutral a-glucosldase C [14].  Elec- 
trophoresls m starch, agarose and Cellogel of  this extract  revealed only the 
most anodally migrating lsozyme, or neutral a-glucosldase AB. 

Isoelectrtc point  Isoelectrm focusing of  crude extracts of  hver, tonsil, pen- 
pheral blood lymphocytes  or lymphoid hnes consistently revealed one area of  
enzyme actlwty with a pI value of  approx 5 5. On occasmn a second area of  
enzyme actlwty with a pI value of  approx. 6.1 was seen. 

The lsoelectrm point  of  neutral a-glucosldase C was determmed using the 
Sephadex G-100 lower molecular weight peak obtained from human peripheral 
blood lymphocytes ,  lymphoid hne cells, tonsil and hver. The pI value for 
neutral a-glucosldase C from all these sources was 5.5 -+ 0.2 (n = 7) on a narrow 
(5--7) or a wide (3--9) pH gradmnt range The pI for neutral ~-glucosldase AB 
mltmlly could not  be clearly determined using either homogenates or partmlly 
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punfmd material (Sephadex G-100 fractlonated or Con A-Sepharose bound and 
eluted material) from any tissues studmd. However, a 1000-fold punfmd pre- 
paration of  the placental AB lsozyme had a pI of  6.1, corresponding to the pl  
occasionally observed m whole homogenates.  These pI values are clearly differ- 
ent from the ~soelectnc pomt  of 4.7 whmh we determined for acid a-glucosldase 
under these conditions 

Separation o f  ~sozymes by binding to Concanavahn A and (NH4)2S04 pre- 
clpztatzon The two neutral a-glucosldases could also be separated by chroma- 
tography on Con A-Sepharose columns [34] or by (NH4)2SO4 precipitation. 
Con A-Sepharose bound approx. 0 64 umts enzyme actlvlty/ml packed beads. 
When lower total amounts  of  enzyme activity were apphed, approx. 75% 
(75.5 -+ 0 7) of  the total  neutral a-glucosldase activity was bound and subse- 
quently eluted with a-methylmannoslde,  while 25% (25.5-+ 0.7) was not  
bound The bound enzyme was entirely neutral a-glucosldase AB, as defined by 
molecular weight and by electrophoretm mobili ty m starch gel The unbound 
material contained mostly neutral a-glucosldase C with some contaminating 
neutral a-glucosldase AB 

Starch gel electrophoresls of  material precipitated at 0--40% and at 40--60% 
(NH4)2SO4 saturatmn mdmated that a separatmn of the two lsozymes had 
occurred. Neutral a-glucosldase AB was precipitated at 40% saturatmn and 
represented 62.5 -+ 6.4% of total  neutral a-glucosldase activity while neutral 
a-glucosldase C was precipitated at 60% saturatmn and represented 37.5 + 6 4% 
of total neutral a-glucosldase act lwty The relative con tnbu tmn  of each of  the 
lSOzymes to the total  neutral a-glucosldase activity as determined by (NH4)2SO4 
preclpltatmn, agreed with that  ob tamed by fractmnatmn on Con A-Sepharose. 

Determination o f  molecular wezghts by column chromatography on sup- 
port  medza containing different glucoszdlc hnkages Whole homogenates and 
partmlly punfmd lsozymes of  neutral a-glucosldase were chromatographed on 
various types of  support  medm (Sephadex G-100, G-200, Bin-Gel P-300 and 
Sephacryl S-200). Following column chromatography,  fractmns contammg 
neutral a-glucosldase act lwty were pooled, concentrated and electrophoresed m 
starch gels to determine whmh lsozyme was present. 

Sephadex G-100 and G-200 are dextran polymers and contain a l -4  (as well 
as a l -6  and a l -3 )  glucosldm hnkages Sephacryl is predominantly acrylamlde 
but  also contains dextran while Bin-Gel P-300 contains only acrylamlde and 
thus no glucosldm hnkages. These enzymes might be expected to show affinity 
for and brad to the a-glucosldm hnkages present m some of  the support  medm. 
The lsozymes could then elute with an apparently lower molecular weight from 
Sephadex G-100 or G-200 as compared to Sephacryl S-200 or Bin-Gel P-300. 

Neutral a-glucosldase AB activity of  either whole tissue homogenates or of  a 
0 - 4 0 %  (NH4)~SO4 fractmn eluted with a molecular weight of  approx. 160 000 
following chromatography on either Sephadex G-100 or G-200 (Figs. 2 and 3). 
However,  a higher molecular weight of  350 000 was observed following chro- 
matography on Bin-Gel P-300 (polyacrylamlde) or Sephacryl S-200 (Fig. 4) 

The molecular weight o f  neutral a-glucosldase C m either whole homogenate 
or of  a 40--60% (NH~)2SO4 fractmn was also determined using the several dif- 
ferent support  medm. Neutral a-glucosldase C act lwty eluted w~th an average 
molecular weight of  95 600 -+ 6700 (n = 7) on Sephadex G-100, G-200, Bin-Gel 
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Ftg 4 Bin -Ge l  P - 3 0 0  (1 5 X 3 0  cm)  chromatog]caphy of  human tonsi l  neutral  c~-glucosadases. I sozymes  
were separated by  Con A-Sepharose before  chromatography ,  c~-Glueosldase AB and C eluted with 
apparent  molecular  wetghts  of  3 5 0 0 0 0  and 9 2 0 0 0 ,  respect ively .  Fractions 37----42 and 4 6 - - 5 5  were 
poo l ed ,  concentrated  and e lec trophoresed  m starch gel The 3 5 0  0 0 0  molecular  weight  peak correspond to  
a-gluco~adase A B  (c~Glu A B )  and the 9 2  0 0 0  molecular  weight peak corresponded  to  ~-glueo~adase C (c~Glu 

C)  m starch gel electrophoresas.  

P-300 and Sephacryl S-200. No retardation was found with any of  the support 
media (Figs. 2, 3 and 4) 

Substrate speclftcztles. In order to determine substrate speclfmltms, the 
neutral a-glucosldase AB and a-glucosldase C were each partially purified, using 
the differences found m preclpltatlon by (NH4)2SO4, bmdmg to Con A-Seph- 
arose and molecular weight. An approx. 500--1000-fold  purified e-glucosldase 
AB was obtamed from placenta by sequentml (NH4)2SO4 preclpltatmn, Sepha- 
cryl S-200 column chromatography and binding to, and elutmn from, Con A- 
Sepharose columns This preparatmn contained no detectable acid a-gluco- 
sldase actwlty (as determined by assay with 4-methylumbelhferyl-a-glucoslde at 
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Fig 5. pH opt tma (4-methylumbelhfery l -~-g lucos lde)  of  neutral  a-glucomdases Placental ~-glucostdase AB 
(~Glu AB)  was pu~l,*ted 500 - -1000- fo ld  by  40% (NH4)2SO 4 preclpltatton,  Sephacryl  S-200 and Con A- 
Sepharose (bound  and eluted)  chromatography  Liver a-glucos~dase C (c~-Glu C) was purified 100-fold by  
40--60% (NH 4)2 SO4 Precipitat ion,  Sephacryl  S-200 and Con A-Sepharose chromatography  
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pH 4 as well as starch or polyacrylam]de gel electrophoresls and staining for 
enzyme activity). The fmal speclhc act lwty of  the material used was 598 pmol/g 
protem per mm and the ymld was 10%. The a-glucosldase C lsozyme was 
purified approx. 100--200-fold from liver by  sequential (NH4)2SO4 precipita- 
tion (40--60%), Sephacryl S-200 chromatography and passage through a Con 
A-Sepharose column This preparatmn was still contaminated with acid a-gluco- 
sldase act lwty and was therefore passed through a Sepharose-antl-acld a-gluco- 
sldase ant ibody column. This resulted in removal o f  any detectable acid 
a-glucosldase activity, as determined by assay with both 4-methylumbelhferyl- 
a-glucoslde and glycogen at pH 4 The final specific activity of  the material 
used was 49 pmol/g protein per mln with an approx. 3% ymld. 

The a-glucosldase AB had shghtly lower activity for maltose as compared 
with act lwty for 4-methylumbelhferyl-a-glucoslde (ff #mol substrate hydrol- 
ysed rather than pmol glucose produced are compared).  (Table I). The AB lso- 
zyme had no detectable act lwty when glycogen or maltotrmse were used as 
substrates 

In contrast, the a-glucosldase C lsozyme had substantml activity for malto- 
trmse and glycogen. This activity was not  due to contammatmn by acid 
a-glucosldase, since assay at pH 4 dld not  reveal any glycogenolytm activity 
(despite substantial act lwty at pH 7.5). Similar to a-glucosldase AB, the 
a-glucosldase C lsozyme degraded maltose and 4-methylumbelhferyl-a-gluco- 
side at approximately equal rates. 

pH opttma and Km Both lsozymes demonstrated a broad pH opt imum for 
4-methylumbelhferyl-a-glucoslde between pH 5.7 and 8.5, with a broad peak at 
approx, pH 7.5 (Fig. 5) Both lsozymes also had essentmlly the same Km for 
4-methylumbelhferyl-a-glucoslde (3.7 and 3.5 10 -5 M). 

Inhtb~tors. In prehmlnary experiments,  varmus divalent cations were added 
to the stammg mixture following electrophoresls m starch gels in order to 
determine their effect  upon relative staining mtensltms of  the neutral a-gluco- 
sldases. These mltlal experiments suggested that d~valent catmns, maltose and 
turanose might be potential  lnh]b~tors for the ~sozymes. 

Partmlly punfmd placental neutral a-glucosidase AB and hver neutral 
a-glucos]dase C were assayed in the presence of  varmus concentratmns of  the 

T A B L E  I 

A C T I V I T Y  OF N E U T R A L  ~ - G L U C O S I D A S E S  F O R  V A R I O U S  S U B S T R A T E S  

Act lv l ty  is expres sed  relat lve  t o  the  ac t lv l ty  for  4-me thy lumbe l l l f e ry l - a -g lucomde  Act lv l ty  ~ ca lcu la ted  as 
/~mol g lucose  or  4 - m e t h y l u m b e l l d e r o n e  p r o d u c e d / r a m  at 37°C0 r a t h e r  t h a n  ~rnol substrate  degraded m 
order  t o  a l l o w  for  c o m p a r i s o n  wi th  g lycogen  a nd  ma l to t r l o se  The  activzty o f  the  ~-glucosadase AB prep-  
a~atAon used was 0 0 4 4  / ~ m o l / m m  (sPec ac t  = 598 ~ m o l / g  prote in  per  rnm)  Th e  a c h v l t y  o f  the  a-glucosl-  
dase C p r e p a r a t l o n  used  was 0 0 0 8 / J m o l / m l / m i n  ( spec  ac t  = 49 ~ m o l / g  prote in  per  ra in)  

Substrate  a-Glucos ldase  AB ~-Glucos ldase  C 

4 - M e t h y l u m b e l h f e r y l - ~ - g l u c o ~ d e  1 0 1 0 
Maltose  1 49 1 66  
Mal to t r tose  dO 02  * 0 72 
G l y c o g e n  <:0 05  * 0 45  

• L o w e r  hm l t s  o f  d e t e c t l o n  
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T A B L E  II  

I N H I B I T I O N  OF H U M A N  N E U T R A L  a - G L U C O S I D A S E S  BY D I V A L E N T  C A T I O N S ,  M A L T O S E  A N D  
T U R A N O S E  

H u m a n  p lacenta l  a-glucosldase  AB and hver  ~-glucosldase C were  the  s ame  as the  pa rha l ly  p u n h e d  m a t e -  
h a l  m Table  I 4 -MethylurnbeLhfery l~-g lucos lde  a t  p H  7 5 

In lub l to r  C o n c e n t r a t i o n  % I n l u b : t m n  

a-Glucosldase AB ~-Glucomdase C 

1 Divalent catmns (mM) 

Hg 2+ 1 00 100 I00 

0 I0 I00 90 

0 01 100 9 
Zn 2+ 10 00 100 100 

1 00  91 87 
0 I0 78 58 

Mn 2+ 10 00 48 17 

1 00 0 0 
0 1 0  0 0 

2 Turanose  and mal tose  (M) 
Turanose 0 90  33 33 

0 45  12 47 
0 10 0 10 

Maltose 1 00  40 85 
0 50 0 72 
0 10 0 30  

divalent cations (Table II). The two lsozymes were differently inhibited by 
Hg 2÷. Neutral a-glucosldase AB was totally inhibited at 0 01 mM Hg 2÷, while 
neutral a-glucosldase C activity was minimally affected at this concentrahon.  
Zn 2÷ inhibited both lsozymes essentially equally, with total inhibition at 10 
mM. Mn 2÷ only parhally inhibited both enzymes, even at 10 mM concentra- 
tion, with neutral a-glucosldase AB being slightly more inhibited than a-gluco- 
sldase C (48 vs. 17%) Mg 2÷ (10 mM) did not  affect either lsozyme (data not  
shown). 

Interestingly, turanose (often used as a speclfm inhibitor of the acid lso- 
zyme) at 0 45 M concentration inhibited both lsozymes m a fashion similar to 
that  observed with Mn 2÷ approx. 50% of the neutral a-glucosldase C actlvlty 
and 12% of the a-glucosldase AB achwty were inhibited (Table II). However, 
lower concentrations of turanose (0 1 M) capable of inhibiting 90% of punfmd 
acid a-glucosldase activity (data not  shown) had no effect on the AB activity 
and only inhibited a-glucosldase C achvlty by 10% Maltose (0 5 M) substan- 
hally inhibited a-glucosldase C activity for 4-methylumbelhferyl-~-glucoslde 
but had no effect on achvlty of a-glucosldase AB (Table II). 

Dmcussion 

Neutral a-glucos~dase activity has been studied m several different hssues of 
different specms [ 5--11,13,17--19,22,35 ], yet  no definitive characterization of 
this enzyme achvlty has been forthcoming It has recently been demonstrated 
that  m most tissues at least two different lsozymes of neutral a-glucosldase can 
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be clearly ldentlhed by differences m moblhty  following electrophoresls of  
extracts and stammg for enzyme activity with the artlfmlal substrate 4-methyl- 
umbelhferyl-a-glucoslde [ 12,13,29]. 

We have utlhzed electrophoresls m starch gel, Cellogel, agarose and poly- 
acrylamlde gel, as well as enzymatm assay to identify the two neutral a-gluco- 
sldase lsozymes following various separative procedures and have compared 
several different propertms of the neutral tsozymes. We have found that  the 
neutral a-glucosldase C lsozyme precipitated at 40--60% (NH4)2SO4, had a 
molecular weight of approx 92 000 and was not  retarded on chromatographm 
supports containing a l -6  or a l -4  glucosldm hnkages. This lsozyme had a pI 
value of approx. 5.5, migrated less anodally on all support media at pH 6 5, and 
did not  brad to Con A-Sepharose columns The a-glucosldase AB lsozyme 
migrated more anodally on all support medm, precipitated at 40% (NH4):SO4, 
bound to Con A-Sepharose as prewously reported [34] and had a higher mo- 
lecular weight of 150 000 on Sephadex G-100 or G-200 This molecular weight 
could reflect retardatmn on these supports, containing a l -6  and some a l -4  and 
a l -3  glucosldm hnkages, since the molecular weight was considerable higher 
when determined on Bin-Gel P-300 and Sephacryl S-200 (350 000). However, 
we do not  know ff these differences m elutmn volume reflect enzyme-substrate 
mteractmn or some other alteratmn m the molecule on the different support 
medm Further studms would be requLred to determme the slgmfmance of the 
differences we have observed Addltmnally,  de termmatmn of the lsoelectrm 
pomt  of the a-glucosldase AB was not strmghtforward. No clearcut lsoelectnc 
point could be determined consistently by lsoelectrm focussing of whole tissue 
extracts m slab gels, although an enzyme actlwty with a pI value of 6 1 was 
occasmnally seen Since the a-glucosldase AB appears to contain mallc acid 
[12], we suspect that  the inability to detect a single lsoelectnc point might be 
due to the existence of multiple slalated forms spread out  over a range of lso- 
electrm points. The lsoelectnc point of the 1000-fold purffmd a-glucosldase AB 
could be determined by slab gel lsoelectrm focusmg and was found to be 6.1. 
The electrophoretm mobility of this preparatmn on starch gel electrophoresls 
was hke that  of  the B (deslalated) lsozyme. The AB lsozyme migrated 
rapidly to the anode on all support medm, at pH 6.5, a finding inconsistent 
with this lsoelectrm pomt.  

Using the difference m propertms of the two lsozymes, we were able to 
partially purify both lsozymes a-glucosldase AB 1000-fold and a-glucosldase C 
approc 100-fold (but devoid of  acid a-glucosldase). Using these partmlly pun- 
fred preparatmns we found that  the two lsozymes were markedly different m 
their substrate specffmltms. Surpnsmgly, a-glucosldase AB had no detectable 
actlwty on maltotnose as well as no detectable activity on glycogen The lso- 
zyme would not appear to be a general dlsaccharldase since prehmmary mvestl- 
gatmns d~d not  reveal activity on sucrose or lactose. However, this ~sozyme 
accounts for approx. 75% of neutral a-glucos~dase act~wty m the t~ssues tested 
other than k~dney, when maltose or 4-methylumbelhferyl-a-glucos~de are used 
as substrated. The a-glucomdase C lsozyme appears to be a glucoamylase since 
~t releases glucose from glycogen as well as from maltotrmse and maltose and 
the artff~cml 4-methylumbellfferyl-a-glucos~de substrate. The specffm~tms of the 
a-glucomdase C are, therefore, s~mflar to the specffm~tms of the acid ~sozyme. 
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However, until a-glucosldase C is purified more extenslvely we cannot be cer- 
tain that we may not be co-purifying an a-amylase which degrades glycogen to 
smaller polysaccharldes which can then be further degraded by the neutral 
a-glucosldase C. The K m value of neutral a-glucosldase C for low molecular 
weight substrates is markedly lower than that of the acid lsozyme (0.05 vs. 5 
mM). If the Km values for glycogen bear a similar relatlonshlp, the neutral 
a-glucosldase C may play a Slgmflcant role m glycogenolysls during condltmns 
of low glycogen content 

The observatmn that a-glucosldase C appears to degrade glycogen is of po- 
tentml blologlc slgnlflcance. We have previously found that approx. 3% of an 
apparently normal young population are homozygous deflclent for neutral 
a-glucosldase C [14] As a result of this hlgh frequency of deficiency for 
a-glucosldase C, it can be expected that some lndlvlduals who are homozygous 
for an acid a-glucosldase partial deflclency gene (phenotype of adult onset acid 
maltase defmmncy disease) would by chance also be homozygous deflclent for 
neutral a-glucosldase C If different levels of a-glucosldase C can affect the rate 
of overall hydrolytm glycogen catabolism, the lnteractlon of defmmncy alleles 
at the two separate genetic locl could explain the reported occurrence of adult 
onset and infantile phenotype of acld maltase deflclency within the same 
family [36]. 

On a practmal level, our studies with turanose, demonstrating mhlbltmn of 
the neutral a-glucosldase C lsozyme, pomt out  the need to carefully control the 
concentration of turanose if this mhlbltor is to be used to specifically quan- 
titate the acid lsozyme. Our studies with mhlbltors also confirm previous 
reports of inhibition of neutral a-glucosldase by Zn 2÷ [ 28]. 

Acknowledgements 

We thank Dr S. Zolla-Pasner for her aid in developing anti-acid a-glucosldase 
antibody. This work was supported by National Foundation March of Dimes 
Grant No 6-4. 

References  

1 De Barsy .  T .  J a c q u e m m .  P , Devos .  P. a n d  Hers ,  H ( 1 9 7 2 )  Ettr  J .  B l o c h e m  31 .  1 5 6 - - 1 6 5  
2 J e f f r e y ,  P . L ,  n l l n g w o r t h  B r o w n .  B, a n d  B r o w n .  D H ( 1 9 7 0 )  B 1 o c h e m l s t r y  9 .  1 4 0 3 - - 1 4 1 4  
3 Bru in ,  C B.. S1ca. V .  A u r l c c h l o ,  F a n d  Covelh ,  I. ( 1 9 7 0 )  B i o c h t m  B l o p h y s  A c t a  2 1 2 .  470- - -477  
4 Hers ,  H G ( 1 9 6 3 )  B1ochem.  J 8 6 . 1 1 - - 1 6  
5 Car t e r .  J a n d  S m i t h ,  E E ( 1 9 7 3 )  A r c h .  B l o c h e m .  B1ophys .  1 5 5 ,  82---94 
6 G a l a n d .  G a n d  F o r s t n e r .  G G ( 1 9 7 4 )  B l o c h e m .  J.  1 4 4 ,  2 8 1 - - 2 8 2  
7 Tor res ,  H N a n d  O lava r rm ,  J .M ( 1 9 6 4 )  J .  Biol .  C h e m  2 3 9 .  2 4 2 7 - - 2 4 3 4  
8 Sb-m-Buehrmg.  Y . S ,  Drefe r s ,  M.. K r o e n n e r .  H . Osang ,  M a n d  S c h a u b .  J .  ( 1 9 7 8 )  C h n  C h i m  A c t a  89 ,  

393- - -404  
9 l l l m g w o r t h  B r o w n ,  D H.  ( 1 9 6 5 )  B1o~hlm Bzophys .  A e t a  1 1 0 .  1 2 4 - - 1 3 3  

1 0  L e J e u n e .  N . T h i n e s - S e m p o u x .  D a n d  Hers ,  H G ( 1 9 8 3 )  B1ochem J 86 ,  1 6 - - 2 1  
11 A n g e h n l ,  C. a n d  Engel ,  A . G  ( 1 9 7 2 )  A r c h  Neuzol  26 3 4 4 - - 3 4 9  
1 2  S w a l l o w .  D.M.,  C o r n e y .  G ,  I - lan~ .  H a n d  H a r s c h h o r n ,  R ( 1 9 7 5 )  A n n  H u m .  G e n  38 ,  391- - -406  
13  D r e y f u s .  J .C  a n d  A l e x a n d r e ,  Y ( 1 9 7 2 )  B i o c h e m  B i o p h y s .  Res  C o m m u n  48 .  9 1 4 - - 9 2 0  
1 4  M a r t m l u k ,  F a n d  H t r s c h h o r n .  R ( 1 9 6 0 )  A m .  J H u m a n  G e n  32 .  4 9 7 - - 5 0 7  
1 5  M a r t m m k ,  F a n d  H i r s c h h o r n .  R ( 1 9 8 0 )  C y t o g e n e t  Cell Gen .  2 7 , 1 6 8 - - 1 7 5  
16  S a l a f s k y .  I.S a n d  Nad le r ,  H L ( 1 9 7 1 )  J Pedmt .  79 ,  7 9 4 - - 7 9 8  
17  M e k a m k ,  G ,  S m l t h .  R L a n d  M a c L e o d ,  R .M ( 1 9 6 6 )  M e t a b o h s m  15 ,  641- - -648  
1 8  de  Bur le t .  G a n d  S u d a k a .  P ( 1 9 7 6 )  Biochamle  58 ,  6 2 1 - - 6 2 3  



2 6 1  

19  de  Bur l e t .  G a n d  S u d a k a ,  P. ( 1 9 7 7 )  B1ochlmle  59 ,  7 - - 1 4  
2 0  H ~ s c h h o r n ,  K 0 Nad le r .  H L.,  Wa i the .  W I .  B r o w n .  B I a n d  H l r s c h h o r n ,  R .  ( 1 9 6 9 )  Sc lence  1 6 6 .  

1 6 3 2 - - 1 6 3 3  
21 B u t t e r w o r t h ,  J .  a n d  B r o a d h e a d 0  D.M ( 1 9 7 7 )  Clm C l u m  A c t a  78 ,  3 3 5 - - 3 4 2  
2 2  D r e y f u s .  J C a n d  P o e n a r u ,  L. ( 1 9 7 8 )  B l o c h e m .  Res  C o m m u n  8 5 , 6 1 5 - - - 6 2 2  
23  K o s t e r ,  J F , Slee, R G a n d  H d l s m a n n ,  W C. ( 1 9 7 4 )  Clm C h u n  A c t a  51 .  3 1 9 - - 3 2 5  
24  Mehler ,  M a n d  DIMauro0 S. ( 1 9 7 6 )  A r c h  N e u r o l  3 3 , 6 9 2 - - - 6 9 5  
2 5  Reuse r ,  A . J . J . .  K o s t e r ,  J F . H o o g e v e e n ,  A. a n d  G a l j a a r d .  H ( 1 9 7 8 )  A m  J.  H u m ,  G e n  30 ,  1 3 2 - - 1 4 3  
26 S c h r a m ,  A W , B r o u w e r - K e l d e r ,  B .  D o n k e r - K o o p m a n ,  W E . L o o n e n ,  C., H a m e r s ,  M N a n d  Tager .  

J .M ( 1 9 7 9 )  B i o c h t m .  B l o p h y s  A c t a  567 ,  3 7 0 - - 3 8 3  
27  S o y a m a .  K .  O n o ,  E .  N o b u o ,  S.. Tanaka°  K a n d  K u s u n o k z ,  T. ( 1 9 7 7 )  Clm C h u n  A c t a  77 ,  6 1 - - 6 7  
2 8  DiMauxo .  S 0 S t e m ,  L .Z . ,  Mehler .  M , Nagle,  R B. a n d  P a y n e ,  C. ( 1 9 7 8 )  Muscle  Nerve  1, 2 7 - - 3 6  
29  K o s t e r ,  J F 0 Slee. R G .  H t l l s m a n n ,  W C a n d  N1ermeIJer,  M.F ( 1 9 7 2 )  Clln Ch tm A c t a  40 ,  2 9 4 - - 2 9 7  
3 0  B ~ y u m ,  A ( 1 9 6 8 ) S e a n d  J C h n  Lab .  Inves t  21 ,  s u p p l  9 7  
31  L o w r y ,  O . H .  R o s e b r o u g h .  N J . .  Farr0 A L. .  a n d  R a n d a l l ,  R J ( 1 9 5 1 )  J .  Blol C h e m  1 9 3 ,  2 6 5 - - 2 7 5  
3 2  C o n k l m ,  K A ,  Y a m a s h l r o ,  K M a n d  G r a y ,  G M ( 1 9 7 5 )  J .  ]31oi C h e m .  250 ,  5 7 3 5 - - 5 7 4 1  
3 3  F a t r b a n k s .  G , S t e c k ,  T L. a n d  Wallach0 D . F  H ( 1 9 7 1 )  B1ochemls t ry  10 ,  2 6 0 6 - - 2 6 1 7  
3 4  S w a l l o w ,  D M ( 1 9 7 7 )  m I s o z y m e s  C u r r e n t  T o p l c s  a n d  B1ologlcal  a n d  Medlca l  R e s e a r c h  (Ra t azz i ,  

M C Scandahos0  J G a n d  Whl t t .  G S. eds  ). Vol  I ,  1 5 9 - - 2 0 0 ,  A lan  R LL~0 I n c .  N e w  Y o r k  
3 5  A n g e h n l .  C a n d  Engel0 A . G  ( 1 9 7 3 )  A r c h  B1ochem B1ophys .  1 5 6 .  3 5 0 - - 3 5 5  
3 6  K o s t e r .  J F ,  B u s c h ,  H F M ,  Slee, R G a n d  V a n  W e e r d e n .  T W ( 1 9 7 8 )  Clm Ch tm.  A c t a  67 .  4 5 1 - - 4 5 3  


