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Summary Shavira and Nadler (18) demonstrated that the antigenicallv 
cross-reacting material in late infantile and juvenile M L D  ;s 

Purified liver arylsulfatase A On po'yacrylamide gel enzymatically inactive. The present study utilizing monospecific electrophoresis a t  p H  4.0 is separated into two protein forms antisera to ASA and its subunits demonstrates that ASA is 
with enzymatic activity and two distinct inactive subunits. All of composed of two immunologically distinct subunits. Different these components were immunologically distinguishable using 
different antisera preparations. In late infantile metachromatic antigenic determinants of the subunits were expressed when in 

leukodystrophy, only one of the two inactive subunits was the active dimer form o r  in the inactive denatured subunit form. 
In late infantile MLD,  one of these subunits was absent. In the immunologically detected, whereas in the juvenile form of juvenile form of the disease, both inactive subunits were present metachromatic l e u k o d ~ s t r o ~ h ~ ,  both inactive subunits were antigenically, however, the active enzyme dimer was undetecta- antigenically present. ble. 

Speculation 

Arylsulfatase A is a dimeric enzyme composed of two distinct 
subunits. In late infantile metachromatic leukodystrophy, the 
molecular defect results in the absence of one of the subunits 
and therefore no active dimer is formed. In contrast, in the 
juvenile form of the disease, the mutation does not cause the 
absence of either of the subunits, as  they are  immunologically 
detectable, but does cause the formation of a n  unstable dimer. 

Arylsulfatase A (ASA) (22) (arylsulfate sulfohydrolase A ,  
E C  3.1.6.1.) is a lysosomal enzyme (6) present in various 
human tissues (4,  7).  Deficiency of this enzyme has been 
described in a group of familial metabolic disorders, metachro- 
matic leukodystrophies (MLD) (1). The relationship between 
the molecular defect in arylsulfatase and its expression in the 
various clinical forms of MLD is unknown. 

ASA from human liver has been purified by relatively simple 
procedures and partially characterized (19). Purified ASA (mol 
wt 107,000) was irreversibly converted into inactive subunits 
with 58,000 mol wt when subjected to pH values below 4 or  in 
the presence of 1 %  sodium dodecyl sulfate (SDS). This phe- 
nomenon of conversion of the active ASA into low molecular 
weight inactive subunits a t  acidic p H  or  in the presence of SDS 
is consistent with that described for ox liver ASA (14, 15,  17). 
A t  pH 8.5, purified human ASA migrates as  a single band with 
identical protein and activity staining. In contrast, a t  p H  4.0, 
two active molecular forms and two distinct inactive subunits 
were revealed (19). 

Three clinical variants of MLD (late infantile, juvenile, and 
adult), all transmitted as autosomal recessive disorders, have 
been described (13). The relationship between the clinical 
courses suggest different mutational events. Cerebroside-3-sul- 
fate accumulates in all three variants (11). The amount of 
cerebroside-3-sulfate and the degree of sulfatide accumulation 
differ in the late infantile MLD and the juvenile MLD (8, 16). 

In both the late infantile and juvenile forms of MLD, a 
protein that is immunologically indistinguishable from normal 
ASA was described (11, 12,  20). In a recent publication, 

MATERIALS AND METHODS 

p-Nitrocatechol sulfate was obtained from Sigma Chemical 
Company (St. Louis, MO).  Sepharose 4B was obtained from 
Pharmacia Fine Chemicals, Inc. (Piscataway, NJ). All other 
reagents were reagent grade. T h e  enzymatic activity of ASA and 
the residual activity of the enzyme in immunoprecipitates to- 
wards the chromogenic substrate, nitrocatechol sulfate, were 
determined as previously described (18). 

The soluble fraction of liver homogenates was prepared from 
three normal, one juvenile MLD,  and three late infantile MLD 
livers (18). The purified normal liver ASA and its inactive 
subunits were prepared as previously described (19). Protein 
was determined according to the method of Lowry et al. (10). 
Polyacrylamide disc electrophoresis was performed as  described 
previously (19). Preparative electrophorsis was carried out a t  
p H  4.0 with a dual vertical polyacrylamide slab gel (Bio-Rad 
model 220) with 3 mm slab gel thickness and a constant 
amperage (30 mA/slab) for 2 hr. The slab was scanned for 
protein bands at 280 nm by a scanning densitometer (Transidyne 
General, Ann Arbor, MI) and the acrylamide band containing 
the protein fraction isolated. This fraction was homogenized 
with a glass hand homogenizer, dispersed in saline, emulsified 
with an equal volume of the adjuvant, and used for immuniza- 
tion. 

New Zealand white rabbits were each immunized with 1-1.5 
mg of the various antigens in complete Freund's adjuvant 
(Difco) at  multiple intradermal sites. For each antigen, at least 
two rabbits were immunized. Starting 1 0  days after immuniza- 
tion, the rabbits were bled weekly from the marginal ear  veih. 
Antibody content of the individual bleedings, determined by 
quantitative precipitin tests, was found to be 1.5-2.5 mg/ml. 
Antibody titer remained at this level for several months without 
the need for a booster injection. The antisera were pooled and 
the IgG fraction prepared by the method of Levy and Sober (9). 

Specific insoluble immunoadsorbants were prepared by bind- 
ing 150  mg of the antisera IgG fraction to 5 g activated 
Sepharose 4B according to the method of Axen and associates 
(2). Double diffusion in agar gel was carried out as  previously 
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described (18). Immunoelectrophoresis was carried out in 0.05 
M barbital buffer, pH 8.2, using agarose coated sheets (Bio- 
ware, Inc., Wichita, KS) with a constant voltage of 6 V/cm for 
3.5 hr. 

RESULTS 

ANTISERA TO ENZYMATICALLY ACTIVE ASA 

The antiserum obtained by immunizing rabbits with purified 
ASA from human liver, was designated as  anti-ASA. When the 
purified ASA preparation was applied for electrophoresis a t  pH 
8.5, one band of protein with enzymatic activity was demon- 
strated (Fig. 1, disc 1) .  O n  electrophoresis a t  p H  4.0, two 
distinct activity bands (Fig. 1, disc 2) and four protein bands 
(Fig. 1 ,  disc 3 )  were observed. The first band, faint on  protein 
staining, exhibited the greatest enzymatic activity whereas the 
second band exhibited a large amount of protein and low 
enzyme activity. The interrelatioibetween the two 
active forms varied in different preparations, however, both 
bands could always be visualized. The protein with low enzy- 
matic activity, termed ASA(a), was separated by preparative 
electrophoresis a t  pH 4.0, used as  an antigen, and the antiserum 
obtained designated as anti-ASA(a). 

Normal liver homogenate samples were applied, in duplicate, 
for electrophoresis a t  p H  4.0. One  disc was stained for protein 
and the second disc placed on an agarose plate, 1 %  in phos- 
phate-buffered saline (PBS) (0.14 M NaCl in 0.01 M phosphate 
buffer, p H  7.0) containing 2 %  of the anti-ASA(a). The results 
are shown in Figure 2. Two bands of immunoprecipitate corre- 
sponding to the two activity bands of purified ASA were 
observed. The anti-ASA(a) was shown to be specific to  ASA as 
only the two active forms of the enzyme revealed detectable 
immunoprecipitate. 

Fig. 1. Polyacrylamide gel electrophoresis of purified ASA. Disc 1: 
pH 8.5, protein staining; disc 2: pH 4.0, activity pattern; disc 3: pH 4.0, 
protein staining; disc 4: pH 4.0, protein staining. Disc 4 depicts the 
enzyme after SDS treatment. 

Fig. 2. Polyacrylamide gel electrophoresis of normal liver homoge- 
nates and purified ASA at pH 4.0. Disc 1: protein staining of normal 
liver homogenates; disc 3: activity pattern of purified ASA; plate 2: the 
immunoprecipitate obtained by applying a duplicate of disc 1 on an 
agarose plate containing anti-ASA(a) antibodies. 

IMMUNOLOGIC REACTIVITY OF NORMAL AND LATE INFANTILE 
MLD LIVER HOMOGENATES 

Three late infantile MLD liver homogenates and three normal 
liver homogenates were compared by double gel diffusion 
against the two antisera. Normal and MLD homogenates gave a 
precipitin line with anti-ASA (Fig. 3A). Only normal liver gave 
a precipitin line with anti-ASA(a) even when the protein con- 
centration of the MLD samples was increased 10-fold (Fig. 3C). 
When both plates were stained for residual enzymatic activity, 
only the immunoprecipitate with the normal liver demonstrated 
activity (Fig. 3, B and D). 

ANTISERUM TO ENZYMATICALLY INACTIVE ASA SUBUNIT 

The inactive subunits were prepared from 15 mg purified 
ASA by incubation in 1 % SDS at room temperature, chromat- 
ographed on a Bio-Gel A 0.5-m column and dialyzed as  
previously described (19). 

Two distinct protein bands (SUa and Sub) were observed 
when this preparation was examined by electrophoresis at p H  
4.0 (Fig. 1, disc 4). When the subunit preparation was examined 
by double gel diffusion (Fig. 4) and immunoelectrophoresis 
(Fig. 5),  immunoprecipitates were observed with anti-ASA but 
not with anti-ASA(a). However, immunologic reactivity of one 
of the two subunits with anti-ASA(a) could be demonstrated by 
using the insoluble IgG fraction of the anti-ASA(a). Several 
attempts to separate the two distinct subunits by preparative 
acrylamide electrophoresis a t  p H  4.0 to  be used for immuniza- 
tion were unsuccessful. Based on this observation, the specific 
antisera towards one of the subunits was prepared using the 
following prochdure: 300 mg anti-ASA(a) IgG fraction were 
bound to 1 0  g activated Sepharose 4B. The immunoadsorbent 
was dispersed in 100  ml of 0.1 M sodium citrate-citric acid 
buffer, p H  3.8, containing 1 % SDS, stirred for 1 hr at  38O, and 
exhaustively washed with PBS. The washed immunoadsorbent 
was stirred with 1 0  mg inactive subunits in 100 ml PBS at room 
temperature for 2 hr. The unadsorbed fraction was separated 
and the adsorbent washed until the optical density of the effluent 
a t  280 nm was lower than 0.01. The adsorbed fraction was then 
eluted with 30 ml of 0.1 M sodium citrate-citric acid buffer 
containing 1 % SDS at  38". The eluate was dialyzed exhaustively 
against PBS and concentrated by negative pressure ultrafiltra- 
tion. The protein content of this fraction was 4.4 mg. Electro- 
phoresis revealed only one protein band corresponding to SUa 
of Figure 1, disc 4 .  This subunit preparation was used for 
immunization and the antiserum designated as anti-SUa. 
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IMMUNOLOGIC COMPARISON OF ASA FROM NORMAL, LATE INFAN- 
TILE MLD AND JUVENILE MLD LIVER HOMOGENATE 

The specificity of the three antisera (anti-ASA, antiASA(a), 
and anti-SUa) was documented by examining purified ASA and 
normal liver homogenate against each of the antisera by double 
gel diffusion and immunoelectrophoresis. Identical precipitin 
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Fig. 3. Double gel diffusion. N,, N,, and N3: normal liver homoge- 
nates; MLD,, MLD,, and MLD,: liver homogenates from patients with 
late infantile MLD. Plates A and B: anti-ASA antiserum has been 
applied to the central well (A shows the immunoprecipitin lines and B 
depicts the residual enzymatic activity). Plates C and D: anti-ASA(a) 
antiserum has been applied to the central well. 

Fig. 5. Immunoelectrophoresis of late infantile MLD liver homoge- 
nates (MLD), normal liver homogenates (N), and the inactive subunits 
of purified ASA (SU). Antisera (aASA: anti-ASA; aASA(a): anti- 
ASA(a); and aSUa: anti-SUa) in the slots of each set are designated on 
the right side. In the upper set, the residual enzymatic activity of the 
immunoprecipitates is depicted. 

lines were obtained with both antigen preparations. These three 
antisera were examined as  to their immunologic reactivity with 
normal, late infantile MLD, juvenile MLD livers, and the 
inactive subunit preparations. The results are shown in Figure 4. 
The normal liver gave a double line with anti-ASA (Fig. 4A). 
Only one line was observed when freshly prepared homogenates 
were studied: The  second line became more prominent after 
prolonged storage o r  repeated freezing and thawing of the 
homogenate sample. A similar phenomenon was also shown 
with purified ASA preparations. The line appearing after re- 
peated freezing and thawing coincided with the precipitin line 
obtained with anti-SUa and did not exhibit enzymatic activity. 
The line which exhibited enzymatic activity formed a "double 
s ~ u r "  with the ~ r e c i ~ i t i n  line of anti-ASAfa). indicating the 

& .  \ ,, " 
Fig. 4. The immunoprecipitin line obtained by double gel diffusion of presence of antibodies toward both common and specific anti- 

normal liver homogenates (plate A), the inactive subunits of purified genic determinants, The precipitin line of the inactive subunits 
ASA (plate B), late infantile  liver homogenates (plate C), and with anti-ASA revealed a spur formation with the line against 
juvenile MLD liver homogenates (plate D). Various antiserm have been anti-SUa. No precipitate could be  visualized between the inac- 
applied to the following peripheral wells: Well 1: anti-ASA; well 2: anti- tive subunits preparation and anti-ASA(a), even after staining 
ASA(a); well 3: anti-SUa. (Fig. 4B). A similar precipitate pattern was observed when the 
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liver homogenate from the late infantile MLD patient was 
examined with the exception that no spur formation was present 
(Fig. 4C). The liver homogenate from the patient with the 
juvenile MLD revealed a single identical precipitin line with 
anti-ASA and anti-SUa. In contrast to the subunit preparation 
and late infantile MLD, a precipitin line was also observed when 
juvenile MLD was studied with anti-ASA(a) (Fig. 4 0 ) .  

IMMUNOELECTROPHORETIC COMPARISON OF VARIOUS ANTIGENI- 
CALLY CROSSREACTING FORMS OF ASA IN NORMAL AND MLD 

LIVER HOMOGENATES 

Immunoelectrophoresis was performed in an attempt to  dem- 
onstrate the various immunologically cross-reacting forms of 
ASA and its subunits. The results are shown in Figure 5. The 
normal liver homogenate gave three precipitin arcs with anti- 
ASA. One could be demonstrated with all of the antisera and 
coincided with the precipitate with enzymatic activity. The two 
other precipitin arcs did not exhibit enzymatic activity and were 
seen in the inactive subunit preparation. Only one of these 
subunit arcs was demonstrated in the late infantile MLD sample. 
The same subunit arc was seen with anti-SUa. 

'The difference between the antigenically cross-reacting mater- 
ial in the two clinical forms of MLD is shown in Figure 6. With 
anti-ASA, the juvenile MLD sample gave two precipitin arcs of 
which only one could be demonstrated in late infantile MLD. 
The arc that.was obtained in both forms of the disease was 

'a ASA <a)' 

identical to that demonstrated with anti-SUa. Only the juvenile 
MLD sample revealed an immunoprecipitate with anti-ASA(a). 

DISCUSSION 

In the present study, ASA from normal late infantile MLD 
and juvenile MLD livers were compared as  to  their immunologic 
cross-reactivity with three antisera preparations: purified ASA 
(anti-ASA); one to an A S A  component with a decreased 
enzymatic activity (anti-ASA(a)); and a third against one of the 
inactive subunits (anti-SUa). The monospecificity of the anti- 
ASA(a) is clearly evident as it reacted only with the active 
enzyme forms. The anti-SUa reacted with only one of the two 
inactive subunits and with the active enzyme, whereas anti-ASA 
reacted with both active enzyme forms as well as with both 
inactive subunits. Similar results were obtained with purified 
ASA as with crude liver homogenates. None of the liver proteins 
besides the four ASA components was immunologically reactive 
with the three antisera. Therefore, if ASA is composed of two 
distinct subunits, all three antisera prepared should be regarded 
as monospecific to  ASA and its components. Draper et al. (5) 
have demonstrated that a highly purified major ASA from 
human liver could be dissociated by denaturation in SDS, 6 M 
guanidine and in 6 M urea into two distinct subunit components 
of 53,000 and 66,000 mol wt. One of these subunits (SUa) was 
purified by us, whereas the attempts to purify S u b  in a sufficient 
amount for immunization were unsuccessful. 

The immunologic reactivity of the three antisera obtained 
(anti-ASA, anti-ASA(a) and anti-SUa) with the various liver 
homogenate preparations and with ASA subunits is summarized 
in Table 1. These findings indicate that late infantile MLD and 
the juvenile form of MLD represent different molecular defects. 
Previous studies have demonstrated antigenic cross-reacting 
material in both late infantile and juvenile forms of MLD (12, 
16,  20). We have previously shown that this mutant protein is 
enzymatically inactive in liver homogenates from both entities 
(18). A mutational event leading to an inactive but immunolog- 
ically cross-reacting material has been designated as  a CRM+ 
mutant whereas a mutation leading to missing activity as  well as  
no immunologically detectable protein has been termed a 
CRM- mutation in microbial genetics (21). Both CRM+ and 
CRM- human mutations havcbeen  rtpd;ted e v e n  within the 
same clinical entity (3). Using the above classification, the late 
infantile MLD is CRM- for all active forms of ASA but CRM+ 
for only one of the inactive subunits (Figs. 4C and 5). In 
contrast, the juvenile form of MLD is CRM+ for both inactive 
subunits and for ASA(a) (Figs. 4 0  and 6). 

The observation of a protein with a n  enzymatic activity, 
i ASA(a), that differs in i t s ~ e l e ~ t r o ~ h o r e t i c  mobility (Fig. 1 )  but . . 

. . 
. . ; shares antigenic determinants (Fig. 2) with the major active 

'. . . _  . - . . . form of ASA raises interesting questions. It  is unlikely that this 
is an artifact' of the purification as  it was shown both in freshly 

Fig. 6 .  Immunoelectrophoresis of late infantile MLD liver homoge- prepared liver homogenates and in purified enzyme preparations 
nates (MLD3) and juvenile MLD liver homogenates (MLD,) with the (19). In addition, it is also unlikely that ASA(a)  is a partially 
three antisera as in Figure 5. denatured form of ASA as they demonstrated immunologic 

Table 1: Immunologic reactivity of ASA from normal and M L D  liver homogenates with various antisera' 

Anti ASA Anti ASA(a) Anti-SU, 

IEP IEP IEP IEP IEP IEP 
DGD active inactive DGD active inactive DGD active inactive 

Normal + 1 2 + 1 or 22 + 1 1 - 

Late infantile MLD + - 1 - - - + - 1 
Juvenile MLD + - 2 + 1 + - - 1 
Enzvmaticallv inactive ASA subunits + - 2 - - - + - 1 

DGD: presence (+) or absence (-) of a precipitin line by double gel diffusion; IEP active: precipitin arcs with residual ASA activity revealed 
by immunoelectrophoresis at pH 8.2; IEP inactive: precipitin arcs with no enzymatic activity by electrophoresis at pH 8.2. 

One arc by electrophoresis at pH 8.2 and two at pH 4.0. 
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dissimilarities that could be explained only by a selective loss of 
some antigenic determinants. One possible explanation might 
be that ASA(a) is a different isoenzyme with very similar size 
and charge to the major active ASA and both are copurified by 
our  purification procedure (19). It  is shown that both active 
enzyme forms share antigenic determinants (Figs. 2 and 4), 
indicating either a common subunit o r  structural similarity. The 
most likely explanation of the present data is therefore that the 
major active ASA isozyme is composed of two subunits, SUa 
and S u b ,  that differ antigenically. The minor active form 
ASA(a) might, therefore, be a dimer of one subunit, the SUa. 

Consistent with this model, our antiserum against the purified 
enzyme anti-ASA is a polyvalent antiserum. Antibodies directed 
against antigenic determinants in ASA and ASA(a) and their 
respective monomeric subunits, SUa and Sub,  are all present in 
this antiserum preparation. The denatured subunits, SUa and 
Sub ,  were produced either while homogenizing the antigen with 
the adiuvant o r  in the immunized rabbit. Therefore, the anti- 
ASA contains antibodies against determinants in the denatured 
subunits and reveals precipitin lines with the subunit prepara- 
tions (Fig. 4C) as well as with the subunits present in a liver 
homogenate after freezing hnd thawing (Fig. 4A). The antiserum 
prepared towards ASA(a), purified by preparative electropho- 
resis, is monospecific and cross reacts with the active isoenzyme 
forms, ASA and ASA(a) (Fig. 2). The denatured subunits of 
ASA(a) are SUa in which most of the antigenic determinants are 
altered to such an extent that no immunologic cross-reactivity 
could be observed by double gel diffusion with anti-ASA(a) 
(Fig. 4).  The insoluble anti-ASA(a) immunoadsorbent adsorbed 
SUa,  either by the few antigenic determinants preserved or  via 
low affinity antibodies. 

In the immunoelectrophoresis and disc electrophoresis, the 
two active isoenzyme forms are indistinguishable in their mobil- 
ity at  pH 8.2 and pH 8.5, respectively (Fig. 1, disc 1 ,  and Fig. 
5). The three antisera reacted with the active isoenzymes 
revealing an identical precipitin arc with residual enzymatic 
activity (Fig. 5).  

If one accepts our  premise that the two isoenzymes share a 
common subunit, the antigenic differences in late infantile MLD 
and the juvenile form of MLD are explainable as  follows. The 
mutation in late infantile MLD occurred in the common subunit, 
SUa, leading to the absence of both active enzyme forms. The 
other subunit, Sub ,  is preserved in vivo only when it is present 
in the dimer. In juvenile MLD, a point mutation in the same 
subunit, SUa, leads to  the production of a labile form of both 
isoenzymes. The residual activity of the mutant is lost in the 
preparation of the homogenate. Therefore, the two subunits are 
CRM+.  This model of two isoenzymes might well explain the 
differences in the clinical manisfestations, the observation of 
different amounts of storage material a t  autopsy (8), and the 
finding of different sulfatide accumulation in fibroblasts (16). 

C O N C L U S I O N  

Antisera were prepared against arylsulfatase A purified from 
human liver. The antisera were prepared against a minor 
component with enzymatic activity isolated by preparative acryl- 
amide electrophoresis at p H  4.0 and against one of the two 
inactive subunits of the enzyme. When normal liver homoge- 
nates were examined by immunoelectrophoresis with these three 
antisera, the active dimer could be distinguished from the two 
inactive subunits. In liver homogenates from late infantile 
metachromatic leukodystrophy, the active dimer as well as one 
of the subunits was absent. In contrast, in the juvenile form of 

the disease both inactive subunits were immunologically detect- 
able whereas the active dimer could not be detected. 
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