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Summary 

Weight-average e luhon volumes of  sulphatase A (an arylsulphate sulpho- 
hydrolase, EC 3 1 6 1) f rom Sephadex G-200 have been de te rmmed as func- 
hons  of  protein concentrat ion,  pH, ionic strength and temperature.  The results 
are used to calculate the apparent assoclahon equilibrium constants for  tetra- 
mer format ion and the associated standard-state thermodynamic  parameters. 
While the apparent association constant  decreased from 1028 to 1021 M-3 on 
Increasing the pH from 4 5 to 5.6 at lomc strength 0 1, at any partmular pH 
value studied it was relatively msenslhve to temperature  variation so that  AH ° 
is close to zero and te t ramer  fo rmahon  m solution is associated with a poslhve 
ent ropy change. At pH 5 0, increasing the ionic strength from 0.1 to 2 de- 
creased the association constant  by a factor of  100 Methylumbelhferone sul- 
phate has no effect  on the association of  sulphatase A 

The equlhbrmm results are used to define the degree of  assoclatmn of  
sulphatase A likely to be encountered in experiments designed to elucidate its 
kmetm propertms. In the hver lysosome, the te t ramer  IS probably the dominant  
species. 

The monomer  and te t ramer  of  sulphatase A have snnflar, or identical, 
specific actlvltms with nl t rocatechol  sulphate and 4-methylumbelhferone sul- 
phate as substrates. With mtrocatechol  sulphate, sulphatase A shows Michaehs 
kinetics under  condltmns where the monomer  is the dominant  species and 
non-Mmhaells kinetics where the te t ramer  is dominant  There is apparently a 
negative cooperahvl ty  between the monomer  units m the te t ramer 

In 2 mM sodium taurodeoxychola te  and 0 035 M MnC12, but  not  m 0 1 M 
NaC1, the te t ramer  shows Mlchaehs kmetms This is not  due to dissociation of 
the te t ramer The critical mlcellar concent ra tmn of sodium taurodeoxychola te  
is about  0 8 mM in both  0 1 M NaC1 and 0 035 M MnC12 but the aggregation 
number is greater in the latter 
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In t roduc tmn 

Sulphatase A was first recogmsed [1] as an arylsulphatase (EC 3 1 6 1) but  
more recent  mvest~gatlons show that  its physlologmal functmn ~s that  of  a cerebra> 
side sulphatase [ 2 ] The latter act lwty is f requently investigated m vitro at lower 
pH values and higher enzyme concentra tmns than is the corresponding aryl- 
sulphatase actlwty [3] This complicates the mterpre ta tmn of the relatmnshlp 
between the two act~wtms because sulphatase A exists as a pH-dependent  poly- 
mensmg system [4] at protein concentra tmns above about  0 1 mg/ml the 
monomer  (mol. wt 107 000) is stable above pH 6 5, a te t ramer below pH 5 5 
and a mixture  of polymeric forms between pH 5 5 and 6 5 Studms of  the 
elutmn of  sulphatase A from Sephadex at pH 5 0 suggested that  at concentra- 
tmns of  about  1 pg/ml the te t ramer became unstable and that  lower polymers 
appeared [4] A detailed mterpre ta tmn of  the results was not  possible because 
the enzyme was detected by a relatively insensitive method whmh reqmred long 
mcubatmn times and so was not  stated for quantitative assays [ 1] 

Further  comphcat~ons are introduced into many assays of  cerebros~de 
sulphatase act~wty by the presence of  Mn 2÷ and taurodeoxychola te  m the 
reactmn mixtures [ 3,5] 

The present communlca tmn describes a detailed mvest~gatmn of  the poly- 
mensa tmn of sulphatase A over a wide range of  protein concentra tmns This 
has allowed the est~matmn of * the apparent  assocmtmn constant  for tetra- Kas$~ 
mensatmn,  under a varmty of  conditions so that the enzyme specms present m 
any given reaction mixture can be clearly defined Studies have also been made 
of  the kmetms of the arylsulphatase reactmn under cond~tmns where the en- 
zyme exists predominant ly  as a single specms 

Expenmental 

Preparatmn and assay o f  sulphatase A 
Sulphatase A was prepared from ox hver as previously described [6] and 

the substrate-modlfmd form of  the enzyme was obtained as before [7] 
Enzyme activity was rout inely assayed m a pH-stat at 37°C, pH 5 6, with 

3 mM mtrocatechol  sulphate as substrate In kmetm studms the reactmn m~x- 
ture contamed 0 1 M NaC1 and 0 5 mM sodmm acetate. The reaction velocity 
1 mm after starting the reaction, vl, was usually computed  by fitting the data 
from the pH-stat recording to a rectangular hyperbola  [8] In studms of sub- 
strate concentra t ion effects this method was mvahd because the change m 
substrate concentra t ion was not  neghglble [8] and an apparent Vl, Vl, was 
computed  by fitting the data to the cubm (Eqn 1) 

u = A + B t ' + C t  '2 + D t  '3 (1) 

where t' = t -- 1 and u is the amount  of  product  at t ime t Obviously 

= , = B = v ~  

t=l  t'=O 

In these circumstances it was appropriate to use s*, the substrate concentrat ion 
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Fig 1 D r a w i n g s  of  pH-s t a t  r e c o r d i n g s  of  the  h y d r o l y s i s  o f  m t r o c a t e e h o l  su lpha t e  b y  su lpha t a se  A at p H  

4 5 m 0 1 M NaCl  C o n c e n t r a t i o n  of  N a O H  in b u r e t t e  0 0 1 3 9  M R e a d i n g s  f r o m  the  curves ,  t a k e n  at  

0 25- ra in  in te rva l s  f r o m  1 to 3 m m  a f t e r  a d d i n g  t h e  e n z y m e ,  w e r e  used  to  c o m p u t e  the  c o e f f i c i e n t s  of  

E q n  1 the  p o i n t s  s h o w  values  t h e n  c o m p u t e d  us ing  these  c o e f f i c i e n t s  T h e  d o t t e d  hnes  s h o w  the  

e x t r a p o l a t i o n  to  zero  t i m e  r e q t u r e d  to  ca lcu la te  t h e  a m o u n t  of  N a O H  used  in  the  f i rs t  m i n u t e  and  hence  
s * F o r  the  u p p e r  and  l ower  curves  the  va lues  of  s O were  0 628  and  0 0 4 1 8  raM, r e spe c t i ve ly  the  

c o r r e s p o n d i n g  values  o f  s*  w e r e  0 510  and  0 0 2 4 1  raM 

1 mln after the start of the reaction, instead of  the initial substrate concentra- 
tion, So, m subsequent computat ions.  Values of s* were calculated from So and 
the amount  of  NaOH dehvered by the pH-stat durmg the first minute  of  the 
reaction Typical experimental  results are shown in Fig. 1 (the lower curve 
corresponds to the lowest substrate concentrat ions shown in Fig 6). 

With 4-methylumbelhferone sulphate as substrate, the reaction mixture  
had a volume of 5 ml and contmned buffer  of  lonm strength 0.1 The tempera- 
ture was 37°C At suitable intervals, up to a maximum of 15 mm, 0 25-ml 
samples were withdrawn and plpetted into 3 ml of  carbonate buffer,  pH 10.3 
(0 1 M NaHCO 3, 0 05 M NaOH). The amount  of  4-methylumbelhferone liber- 
ated was determined spectrophotometr lcal ly  (e362 nm = 18 400) or fluorlmetrl- 
cally in an Ammco-Bowman spect rof luonmeter .  The lmtlal velocity, v0, was 
computed  in the same way as vl with nl t rocatechol  sulphate 

For assays of sulphatase A in column eluates, the reaction mLxture had a 
volume of 0 5 ml and contained 0 01 M 4-methylumbelhferone sulphate at pH 
5 6 m 0 5 M sodmm acetate/acetic acid buffer  After incubation for 15 mln at 
37°C the reaction was stopped by the addition of  5 ml of  carbonate buffer  
(containing 5 mM EDTA if Mn 2÷ were present see below) and the amount  of 
4-methylumbelhferone determined as above Such assays gave values of  v about  
20% lower than v0 determined by the method  used m kinetic studies. 

Frontal analyszs on Sephadex 
The techmque was that  of Wmzor and Scheraga [9] A column (27 cm × 
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1 5 cm) of Sephadex G-200 was jacketed at the required temperature and 
eluted, by upward flow, at a rate of 0 2 ml /mm Fractions of  approx 0 5 ml 
were collected and the exact volume of each was determined by weighing, 
assuming the density of the eluate to be constant at 1 g/ml 

A stock solution of sulphatase A (5 mg/ml m 0 1 M Tns HC1, pH 7 4) 
was diluted into the appropriate buffer and, after keeping at the required 
temperature for 1 h, a 20-ml sample was applied to the column Elutlon was 
continued with the same buffer until the enzyme actw~ty, with 4-methylumbel- 
hferone sulphate as substrate, m the eluate had fallen to zero 

The protem concentratmn in the plateau region was calculated from its 
enzymic actlwty and the specffm actlwty of sulphatase A determined under the 
appropriate condltmns The elutlon volume of  the leading boundary, a weight- 
average elutmn volume [10],  was taken as the volume at which the protein 
concentratmn m the boundary was half of  that m the plateau region In a few 
cases the elutmn volume of the trailing boundary,  also a weight-average func- 
tmn [10],  was measured but the partmular type of column used made it 
inconvenient to apply precisely 20 ml of enzyme solution m each experiment 

Computattons 
The weight-average elution volume, V, of a monomer-single higher poly- 

mer system is given by 

V--- Vmcm -F Vp(c--Cm ) 

c 

where Vm and Vp are the elutlon volumes of the monomer and polymer, respec- 
tively, and c and Cm the total protein and monomer concentration, respective- 
ly Further, Kass, the assoclatlon constant of the system, is given by 

C - -  C m 

K a s s  -- 
( C m )  n 

where n is the degree of po]ymerlsation Combmatlon of these two equations 
leads to the relationship [10] 

g m - -  V p ] 2  \ V m - -  V p  ] 

As Vm and Vp are known, and c and V experimentally determined, a plot of 
Eqn 2 gives a straight hne of slope n and intercept on the ordmate of log Kass 

When n is known, Ka~ ~ can be calculated from single experiments using 
the relationship 

Ka,,---c(1 V - -  Vp ] / ~ c ( V - -  Vp))" 

In the general case where several polymeric species are present plots of  
Eqn 2 will not give a strmght line A useful paramer is then co s, the protein 
concentration at which V = (Vm + Vp)/2 the lower IS co s, the greater is the 
apparent Kas ~ for the system 
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Vm can be determmed directly at pH 7.5 where the monomer  is stable 
[4] or at other pH values by extrapolatmg plots of  V against c to c = 0. Vp can 
be determined at high concentratmns of protein at pH 4 5 or 5 0, or better by 
extrapolating plots of V agmnst 1/c to 1/c = 0 

L~ght scatterzng 
These measurements were made at room temperature (about 25°C) in a 

Soflca PGD42000 photogonlodfffusometer  (Socl~t~ Fma, Le M~sml-Smnt- 
Dems, France) The 90 ° scattering of a solutmn of the tetramer of sulphatase A 
(about 5 mg/ml) at pH 5.0, I = 0 1, was measured and then the pH of the 
solutmn rapidly changed to 7 5 by the addition of 0.05 volume of a 2 M buffer, 
pH 7 5, to form the monomer The 90 ° scattering was measured as a functmn 
of t ime following the pH change. The change from monomer  at pH 7 5 to 
tetramer at pH 5 0 was similarly studmd 

Buffers 
The followmg sodmm acetate buffers, I = 0 1, were used 

pH NaCl (M) Sodmm acetate (M) Acetm acid (M) 

4.5 0.03 0.07 0 09 
5 0 0 03 0 07 0 03 
5 6 0 03 0 07 0 075 

To give buffers of  higher I, the concentration of NaC1 was increased appropn- 
ately and the pH adjusted as necessary. The manganese acetate buffer con- 
tamed 0.035 M manganese acetate and 0 09 M acetm acid to give a pH of 4 5 
and I approx. 0.1. The Trls buffer, pH 7.5, I = 0 1, had the following composi- 
t ion NaC1, 0 06 M, Trls, 0.05 M and HC1, 0 04 M. 

Results 

L~ght scattering 
When the pH of a solution of sulphatase A was changed from 5 0 to 7 5 to 

convert the tetramer to the monomer  the decrease m the 90 ° scattering was 
complete wlthm about 20 s and was too rapid to allow detailed study The 
conversmn of monomer to tetramer was similarly rapid 

Chromatography 
A typmal elutlon profile of sulphatase A from a column of Sephadex 

G-200 is shown in Fig 2 The fact that  under all conditions only single elutlon 
boundaries were observed showed that  any mterconverslon of polymerm forms 
is rapid compared to the rate of  their separation on the column [10] The 
elutlon volumes of the leading boundarms were determined at several protein 
concentrations under different conditions of  pH, temperature and ionic 
strength At pH 7 5 the elutlon volumes were independent of protein concen- 
tration over the range 0 05--50 pg/ml but at pH 4.5, 5 0 and 5 6 they were 
highly concentratmn dependent,  although relatively insensitive to temperature 
The results at 37°C are shown m Fig 3, and the values of  Co s under various 
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Fig 2 E lu t lon  p rof i l e  o f  su lpha t a se  A f r o m  S e p h a d e x  6 - 2 0 0  in s o d i u m  a c e t a t e  bu f f e r ,  pH  5 0, I = 0 1, at  

3 7 ° C  A p p h e d  p r o t e i n  c o n c e n t r a t i o n ,  0 5 # g / m l  The  d o t t e d  h n e  on  the  t r a lhng  side s h o w s  the  pos i t ron  o f  
a b o u n d a r y  s y m m e t r i c a l  w i t h  t h a t  on  the  l ead ing  s ide  The  u p p e r  h o r i z o n t a l  l ine s h o w s  the  m e a n  p la teau  

level (+1 S D ), t he  l ower  hne  s h o w s  the  ha l f -he igh t  and  the  c o r r e s p o n d i n g  e lu t lon  v o l u m e  

conditions are shown m Table I The latter also shows that Co 5 increases, and 
therefore Kas s decreases, with increasing I 

In 0 035 M manganese acetate buffer, pH 4 5, the elutlon pattern of  sul- 
phatase A was similar to that m s o d m m  acetate, pH 4 5 ,  I =  0 1  In 0 0 3 5 M  
manganese acetate containing 2 mM sodmm taurodeoxycholate the leading 
boundary was greatly distorted but the trailing boundary was normal, apart 

2~ 

2~ 

E 

001 01 1 10 100 
Protein concentrat ion ( ~Jg / ml; 

Fig 3 Relatlonshlp between elutlon volume and plateau concentratlon of sulphatase A at pH 7 5 (m), pH 

5 6 (r~), pH 5 0 (e) and pH 4 5 (~), I = 0 1, and 37°C The think hnes at the latter three pH values were 

computed using the values of Ka~ss m Table II, and the thin hnes using values 0 5 and 2 tlmes those m the 

table 
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T A B L E  I 

V A L U E S  O F  c O S F O R  T H E  E L U T I O N  O F  S U L P H A T A S E  A F R O M  S E P H A D E X  G - 2 0 0  U N D E R  D I F -  

F E R E N T  C O N D I T I O N S  

Under any specif ied c o n d i t a o n ,  c O 5 is the concentra t ion  (obta ined  by  interpolat ion)  at w h i c h  t h e  w e i g h t -  

av e r age  e l u t l o n  v o l u m e  of  sulphatase  A is the mean  of  the e lu tmn vo lumes  o f  the m o n o m e r  a n d  t e t r a m e r  

of  the e n z y m e  

T ( ° C )  1 cO S (mg/1)  

p H 4 5  p H 5 0  p H 5 6  

5 0 1  - -  1 7  - -  

2 0  0 1 0 0 5 9  0 3 2  1 0  

2 0  0 5 - -  0 93  - -  

2 0  2 0  - -  2 1  - -  

37  0 1 0 0 4 2  0 3 5  13  

from some tmhng The elutmn volumes of the trailing boundary were the same 
m sodmm acetate, manganese acetate and manganese acetate plus taurodeoxy- 
cholate, all at pH 4 5, and at protein concentratmns of 1 5 and 0.5 pg/ml 
Sodmm taurodeoxycholate  has therefore no effect on the dlssocmtlon of  the 
tetramer of sulphatase A at pH 4.5 

At pH 5 0 in the presence of  5 mM 4-methylumbelhferone sulphate the 
elutmn volume of sulphatase A (at 0 2 and 1 pg/ml) were not  slgnffmantly 
different from those m the absence of substrate Substrate-modffmd sulphatase 
A [7] also had an elutmn volume mdlstmgmshable from that  of the native 
enzyme In both these sets of  experiments the chromatography was camed out  
at 5°C and the enzyme was detected by mcubatmg for 1 h with 5 mM nltro- 
catechol sulphate at pH 5 0 m the presence of 0 25 mM Na4P2OT, condltmns 
whmh mmlmlse dlffmultms caused by the presence of substrate-modffmd en- 
zyme [7,11] 

Nature o f  the polymer~smg system 
A detmled study was made only at pH 5 0, I = 0.1, and 20°C A plot of  

the data according to Eqn 2 is shown in Fig 4A The points, except for the 
lowest, could reasonably be fitted by a strmght line of slope 3.0--3 5, apparent- 
ly indicating that sulphatase A existed at a monomer- tnmer  system under these 
conditions This is mcompahble with previous findings [4],  based on the eqm- 
hbrmm ultracentnfugatlon of sulphatase A, that  at pH 5 0, I = 0 1, the tetra- 
merm form of the enzyme is stable to concentrahons of  50 pg/ml or less so that 
Vp, the eluhon volume of the polymeric form of sulphatase A is that  of the 
tetramer The points in Fig 4A must therefore be fitted with a curve, showing 
that  the system is not that  of  a monomer  and a smgle higher polymer but of a 
monomer and several polymerm specms, up to a tetramer This situation has 
previously been found m studms of the sedimentation of  sulphatase A at pH 
5 5--6.5 [41. 

Nevertheless, if the system is assumed to be that  of a monomer-tetramer,  
the apparent values of Kass, Ka*ss, calculated by Eqn 3 are reasonably concen- 
t rahon independent (0 55 101 ~--2 3 10 ~1 13 g-3 over the concentration 
range 0.18--4 8 pg/ml), with no obvmus trend, and the mean value, 1 4 10 ~ 
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Fig  4 T h e  e l u t l o n  o f  s u l p h a t a s e  A f r o m  S e p h a d e x  G - 2 0 0  at  p H  5 0,  I = 0 1, a n d  2 0 ° C  (A)  T h e  r e s u l t s  

p l o t t e d  a c c o r d i n g  t o  E q n  2 m t h e  t e x t  w h e r e  

f ( c , V )  - c ( V  Vp)  a n d  g (c ,~ ' )  = c~1 V - - V ~ P  1 

V m - - V p  \ V m - -  V p ]  

(B) E l u t m n  v o l u m e s  as  a f u n c t m n  o f  p r o t e i n  e o n e e n t r a t m n  T h e  h n e s  w e r e  c o m p u t e d  as  d e s c r i b e d  i n  

Fig  3 

13 g-3, gives a relation between elutlon volume and protein concentration 
which agree~ well with the experimental values (Fig 4B) It may therefore be 
concluded that at pH 5.0, I = 0 1, sulphatase A exists as an equlhbrmm mixture 
of  several polymeric specms ranging from monomer to tetramer but that it can 
adequately be descnbed by a single apparent assoclahon constant for tetramer- 
]sahon 

Values of  * K a s  s w e r e  calculated for all series of  experiments and are sum- 
mansed m Table II The appropriate values were used to compute  the e luhon 
curves shown m Fig 3 again the agreement with the experimental results is 
sahsfactory 

T A B L E  II  

A P P A R E N T  T E T R A M E R I S A T I O N  C O N S T A N T ,  Ka~ss, F O R  S U L P H A T A S E  A 

T h e  v a l u e s  w e r e  c a l c u l a t e d  f r o m  E q n  ~ m t h e  t e x t ,  a s s u m i n g  o n l y  m o n o m e r  a n d  t e t r a m e r  t o  b e  p r e s e n t  

t h e y  are  t h e r e f o r e  a p p a r e n t  B o t h  w e i g h t  a n d  m o l a r  c o n c e n t r a t i o n  0 t a h c )  c o n s t a n t s  are  g iven  T h e  n u m -  

be r s  tn p a r e n t h e s e s  are  t h e  n u m b e r s  o f  d e t e r m i n a t i o n s  

* ~ g - 3  a n d I  ~ too l -3)  T(°C)  I Kass ( l  

p H 4 5  p H 5 0  p H 5 6  

5 0 1 - -  - -  3 1 109  9 5 1023 (5)  - -  

20  0 1  4 1  1013  1 3  1 0 2 8 ( 3 )  1 4  1011 4 4  102~ ( 1 2 )  7 4  106  2 3  1 0 2 1 ( 3 )  

2 0  - -  - -  0 9  1011 2 8  1025 (4)  - -  - -  

20  0 5  - -  - -  1 1 1 0 1 0  3 3 1024 (3)  - -  - -  

20  2 0  - -  - -  6 3  1 0  ~ 1 9 1 0 2 ~ ( 3 )  - -  - -  
37 O 1  6 9  101~ 2 1  1 0 2 8 ( 3 )  1 7  1011 5 1  102~ (4 )  4 8  106  1 5  1021 (2)  

37  0 5 - -  - -  5 8 10  ~) 1 8 1024 (1)  - -  - -  
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Stab~hty of sulphatase A 
During chromatography at pH 7 5 the plateau concentrat ion was identical 

with that  of the applied solutmn" the mean recovery in eight experiments was 
98%. At lower pH values the recovery was considerably less, partmularly at low 
protein concentratmns at pH 5 0 and 37°C the recovery was 100% at an 
apphed concentrat ion of 50 pg/ml but  only 45% at one of  0 05 pg/ml The loss 
m activity was due almost entirely to the instability of  dilute solutions of  
sulphatase A at low pH values 

At pH 5 0, I = 0 1, the actwlty of dilute solutions of sulphatase A (<5 
pg/ml) slowly decreased The mltml velocity of  the machvatlon, measured over 
the first hour  after dilution, was consistent with first-order reactivation of  
sulphatase A with a velocity constant  of  about  10 -s s -1 at 20°C The rate of  
lnactlvatmn decreased rapidly with time solutions of  concentratmn between 5 
and 0.05 pg/ml kept for 48 h at pH 5 and 20°C lost only about  50% of  their 
activity 

Some degree of protect ion was afforded by the presence of  bovine serum 
albumin (1 mg/ml) m the solutmns of sulphatase A 

Arylsulphatase actwlty of the monomer and tetramer of sulphatase A 
The reachon velocity at pH 5 0, either v0 with 4-methylumbelhferone 

sulphate or vl w~th mtrocatechol  sulphate, was proport ional  to the enzyme 
concentration, over a very w~de range, as shown m Fig 5 In these experiments 
the appropmately diluted enzyme was kept  at 37°C for 1 h before startmg the 
reachon by adding either solid 4-methylumbelhferone sulphate or no more 
than 0 1 volume of  mtrocatechol  sulphate solution. Similar linear relahonshlps 
between protein concentrahon and reaction velocity were found at pH 4.5 and 
5 6 In other  experiments the reaction was started by adding a small volume of  

1000 

E 

E 

IOC - -  

1 C - -  

o I [ I 
0 0 1  01 1 10 100  

P r o t e i n  ¢ o n c e n t r a t , o n  (~g  - m l  ~ ) 

Fi g  5 R e l a t i o n s h i p  b e t w e e n  a r y l s u l p h a t a s e  a c t l w t y  and c o n c e n t r a t i o n  o f  su lphatase  A at pH 5 0 ,  I = 0 1,  

and 3 7 ° C  o, v I w i t h  m t r o e a t e e h o l  s u l p h a t e ,  n, v 0 w i t h  4 - m e t h y l u m b e l h f e r o n e  su lphate  
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Fig 6 Rec ip roca l  plots  for  the  hydro lys i s  of  m t r o c a t e c h o l  su lpha te  by  su lpha tase  A (1 4 #g /ml )  at  p H  4 5 
and 37°C  (A) In  0 1 M NaCI w: th  (~) and w i t h o u t  ( , )  2 m M  sod:tun t a u r o d e o x y c h o l a t e  (B) In 0 035  M 
MnC12 wi th  (~) and w i t h o u t  (u) 2 mM s o d m m  t a u r o d e o x y c h o l a t e  

concentrated enzyme solution at pH 7 5 (1 e monomer) to the substrate the 
results were the same as those m Fig 5 

At pH 5 6, I = 0 1, sulphatase A at a concentration of  1 pg/ml (predomi- 
nantly monomer  Fig 3) showed Mmhaehs kmet:cs Plots of 1/v~ against 1/s* 
were hnear and gave a Km of 0 611 + 0 026 mM mtrocatechol sulphate by the 
method of Wilkinson [12] and of  0.609 mM by the method of Cormsh-Bow- 
den and Elsenthal [13] The latter method should give a better est:mate of Km 
where, as m the present s~tuatmn, there are uncertamtms :n the substrate con- 
centratmn At pH 4.5 and a protein concentratmn of  I 4 pg/ml (predominantly 
tetramer Fig 3) the reciprocal plots were concave downwards, mdmatmg non- 
Mlchaehs kmetms, m either 0 1 M NaC1 or 0 035 M MnC12 (F:g 6) 

At pH 5.6 the value of n m the Hill plot and of Rs [14] where 0 93 and 
110, respect:vely, compared with the theoretmal values of 1 0 and 81 for an 
enzyme showing Mlchaells kmetms At pH 4 5 the corresponding values were 
0 68 and 210, showing that the non-hneanty of  the reciprocal plots was due to 
negative cooperatlwty effects 

Effect of taurodeoxycholate on arylsulphatase actwlty 
It was previously reported [3] that  the hydrolysis of mtrocatechol sul- 

phate by sulphatase A at pH 4 5 m 0 035 M MnC12 and 2 mM taurodeoxycho- 
late showed Mmhaehs kmetms, as d:d the hydrolysis of cerebroslde sulphate 
This has been confirmed (F:g 6) although there is no evidence to suggest 
dissociation of the tetramer :n th:s system On the other hand, m 0 1 M NaC1, 
pH 4 5, the addlt:on of 2 mM taurodeoxycholate  did not alter the non-hnear 
reciprocal plot (Fig 6), nor did the addition of 0 4 mM taurodeoxycholate  to 
0 035 M MnC12, pH 4 5 

The effects of  taurodeoxycholate  on arylsulphatase act:vlty are complex 
and apparently related to the physmal state of the bile salt because lrregulantms 
occur m the region of  the cntmal re:cellar concentration whmh is, contrary to 
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Fig 7 Ef fec t  of  s o d i u m  t a u r o d e o x y c h o l a t e  on  t h e  a c t l m t y  o f  su lphatase  A (1 # g / m l )  in 0 1 M NaC1 (u) 
and m 0 0 3 5  M MnCl 2 (m) at  p H  4 5 and  37°C  T h e  a c t l w t l e s  in the  a b s e n c e  o f  t a t t r o d e o x y c h o l a t e  w e r e  
133  and 161 n m o l  m1-1 rain -1, r e spec t ive ly  The  lower  curve  shows  krnax for  R h o d a m m e  6G as a 
f u n c t i o n  of  t a u r o d e o x y c h o l a t e  c o n c e n t r a t m n  m the  same solvents  

previous suggestions [3] ,  about  0.8 mM taurodeoxychola te  m both 0.1 M NaC1 
and 0 035 M MnC12 (Fig. 7). The crltmal mmellar concentra t ion was deter- 
mined by the method of  Carey and Small [15] whmh utfllses the different  
absorption maxima of  Rhodamme 6G m water and in detergent  mmelles. 

Mlcelles of t aurodeoxychola te  have a higher sedimentation coeffmmnt m 
0 035 M MnC12 (s°0,w = 1.9 S, s20,w = 1.85 [ 1 - -  0 .04c] )  than m 0.1 M NaC1 
(s °0.w = 1 1 S ,  s20,w = 1 1 0  [ 1 - -  0 .04c])  where c is the c o n c e n t r a t l o n o f  
t aurodeoxychola te  m g/100 ml. Sedimentat ion coefficmnts were measured in 
conventmnal  double-sector cells at a speed of  68 000 r e v / m m  at 20°C in an 
An-H ro tor  m a Beckman Model E ultracentrifuge. The apparent  specific vol- 
ume of  the mlcelles, determined by density measurements (DMA 02D Density 
Meter, Anton Paar, K G Graz, Austria) of  4 5, 3 0 and 1 0% solutions of  the 
bile salt were 0 737, 0 739 and 0 734 in 0 1 M NaC1 and 0 734, 0 737 and 
0 734 m 0 035 M MnCl2. These were clearly identical and the mean of  0 735, 
whmh agrees well with values previously repor ted [16] for solutmn in NaC1, 
was used for both  solvents 

As mmelles of  t aurodeoxychola te  m 0 1 M NaC1 are essentially spherical 
[16] ,  the greater s o 0,w m MnC12 must indicate a greater mlcellar weight (1 e 
aggregation number)  m that  solvent 

Discussion 

Light scattermg studms confirm the previous claim [4] ,  based on the 
sedimentat ion of  sulphatase A, that  the mterconverslon of  the polymeric forms 
of  the enzyme is rapid At a concentra t ion of  about  5 mg/ml it is complete  
within 30 s. It should nevertheless be noted that  t~ for  a polymerlsat lon is 
highly dependent  on concentrat ion,  being proport ional  to c -(" - 1 ) where c ~s 



3 4 6  

the concent rahon  and n the number  of monomer  umts per polymer  Therefore,  
although tetramensataon as rapid at the concentrat ions accessible by hght scat- 
termg it could be relatively slow at the concentra t ion of  0 5 pg/ml used m 
kmehc  studies No evidence for this has been found 

Frontal  analysis on Sephadex G-200 confirmed the rapid mterconverslon 
of the polymerxc forms of  sulphatase A because at all concentrat ions only 
single leading and tralhng boundaries were observed (for example, Fig. 2) At 
pH 4.5, 5 0 and 5 6 the elutlon volumes of  sulphatase A were concentra tmn 
dependent  Detailed studaes at pH 5 0 (Fag 4) showed that the system con- 
tamed several polymers but  experimental  dffficulhes made at amposslble to 
obtain data of  an accuracy sufficaent to allow computa tmn  of  mdlvadual asso- 
caatmn constants The system was therefore  treated as one of  monomer  and 
te t ramer  to give values of  a smgle apparent  assocmtmn constant,  K*ss This 
showed no obvmus var~ahon w~th concent ra tmn so that antermedaate polymers 
may be present in only vamshmgly small amounts  as is apparently the case m 
some other  po lymensmg systems [17,18] The values of  * Kas s have been sum- 
marased m Table II and a consaderatmn of  the data m l~gs 3 and 4 suggest that  
these will be correct  within a factor of about  2 m eather darectlon The values 
are large, 102 ~--1028 M-a, and whatever their absolute sxgmficance at as clear 
that  the te t ramer  of  sulphatase A dxssocmtes only at very low protein concen- 
tratlons at pH values less than 5 5 The only comparable system appears to be 
the monomer-dlmer  of alkaline phosphatase [19] 

The corresponding values of  AG 0 for the te t ramensatmn range from --120 
to --140 kJ mol -~ and, at least m the range 20--37°C, AH ° must be close to 
zero because there as no sagmflcant difference m K~ss m thas temperature  range 
It therefore  follows that  m thas temperature  range AS ° for  tetramerlsatmn 
must be approxamately +60 J degree -1 mol -~ As polymerlsatmn would, m 
the absence of  any other  range, gave a decrease in ent ropy the results suggest 
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F i g  8 K~Ss (13 g - 3 )  f o r  t h e  t e t r a m e r x s a t l o n  o f  s u l p h a t a s e  A as  a I u n e t m n  o f  p H  a n d  m n l e  s t r e n g t h  a t  
2 0 ° C  (~ )  a n d  3 7 ° C  (m) T h e  s o h d  h n e  s h o w s  t h e  v a n a h o n  w i t h  p H  a t  I = 0 1, a n d  t h e  d o t t e d  h n e  s h o w s  

t h e  v a n a h o n  wxth  I a t  p i t  5 0 
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that  te t ramensat lon  m solution is accompamed by changes m solvent structure 
This :s consistent with the hypothesis  that  hydrophobm mteractmns are re- 
volved m the format ion of  the te t ramer  of  sulphatase A [20] Increases m 
en t ropy  have been noted m other  protein-protein mteract lons for example, m 
the interaction of  tobacco mosam virus A protein [21] and m the interaction 
of  soybean protemase inhibitor with chymot rypsm [22] .  

At pH 5.0, I = 0 1, K.*ss at 5°C is significantly less than that  at 20°C so 
that  over this tempera ture  range AH ° is apparently positive At first sight this is 
inconsistent with hydrophobm interactions being involved in tetramerlsatlon 
but  more detailed studies would be required to allow any interpretat ion 

As shown in Fig 8 the values of  * Kas s at different  values of pH and of  I fall 
on smooth curves so that  interpolations can be made with some confidence 
Further,  * Ka~ is not  slgmfmantly altered by the presence of 0 035 M MnC12 and 
2 mM sodmm taurodeoxychola te ,  conditions commonly  used in studies of  sul- 
phatase A with lipid substrates [3,5,23,24] so that  the values in Table II and 
Fig 8 allow the prediction of  the species of sulphatase A likely to occur in any 
reaction mLxture at pH 4 5--5 6, I = 0 1--0 5 and at 20--37°C In most  studies 
of  sulphatase A as an arylsulphatase [3] the enzyme will be present as a 
monomer  (pH 5 6, 0 5--1 pg/ml) although in studies of  pH effects (see for  
example ref  25) it could exist as a te t ramer  at low pH values, a monomer  at 
high pH values and as an equlhbrmm mixture  of  polymers at intermediate 
values In studies of the cerebros:de sulphatase activity of  sulphatase A [3] the 
enzyme will be present as a te t ramer  (pH 4 5, 10 pg/ml) The form of the 
enzyme in vivo can also be predmted if it is assumed that  the lysosomal volume 
of  ox liver is the same as that  of  rat liver, 4 pl/g [26] The amount  of  sulpha- 
tase A which can be isolated from ox liver is 1 pg/g [6] therefore  the concen- 
trat ion in the lysosomes must be at least 0 25 mg/ml If the lntralysosomal pH 
is about  4--5 [27] then sulphatase A must  exist in vlvo as the te t ramer  Even if 
the pH is in the region of  6 [28,29] ,  the monomer  must be a relatively un- 
impor tant  species 

Fig 5 shows that  the monomer  and te t ramer  of  sulphatase A have the 
same specific activities because reference to Fig 3 shows essentially complete 
conversion of  these species over the concentra t ion range studied and, as stated, 
the presence of 5 mM 4-methylumbelhferone sulphate has no obvious effect  on 
the association of sulphatase A There is therefore  nothing to suggest that  
substrate can influence the monomer- te t ramer  lnterconverslon but  p roof  of  this 
content ion  is difficult  to obtain because 4-methylumbelhferone sulphate is a 
rather  'poor '  substrate (Km about  12 mM) and practical difficulties preclude 
the use of  'good '  substrates such as mtrocatechol  sulphate (Km about  0 5 mM) 

Reciprocal plots for the hydrolysis of mtrocatechol  sulphate by sulphatase 
A are linear at pH 5 6 and non-hnear at pH 4 5 at protein concentrat ions such 
that  the monomer  and tetramer,  respectively, would be the dominant  species 
A similar phenomenon  has recently been noted in the hydrolysis of ascorbic 
acid 2-sulphate by sulphatase A [30] The effects of  sodium taurodeoxychola te  
are complex and cannot  be explained until more detailed information is avail- 
able on the nature of solutions of  the bile salts but  it should be recalled that  
there are also irregular concentra t ion effects in the chohc acid-catalysed hydrol- 
ysis of  certain mtrophenyl  esters [ 31] 
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The  reac t iva t ion  o f  di lu te  so lu t ions  of  su lpha tase  A has no t  been  s tudied 
m de tml  b u t  it is s low and of  no s lgnlfmance m n o r m a l  e n z y m e  assays The  
initial r a te  of  m a c t l v a t m n  has a ve loc i ty  cons t an t  o f  a b o u t  10 -s s -1 this should  
be  c o m p a r e d  with  values of  30 s -1 for  the  b r e a k d o w n  o f  the  e n z y m e - m t r o -  
ca techo l  su lpha te  c o m p l e x  and o f  3 10 -3 s -1 for  the  t r a n s f o r m a t m n  of  this 
c o m p l e x  in to  subs t r a t e -m odf fm d  e n z y m e  [32] The  su lpha tase  A f r o m  h u m a n  
urine is a p p a r e n t l y  less s table  than  the  ox  e n z y m e  at  a c o n c e n t r a t m n  of  100 
p g / m l  at  p H  7 5 it has been  d e s c n b e d  [33]  as ' q m t e  uns t ab le '  a l though  no 
quan t i t a t i ve  da ta  was given I t  was also suggested [33]  t ha t  the  mac t~va tmn o f  
h u m a n  su lpha tase  A was caused by  d l s s o c m t m n  o f  the  m o n o m e r  in to  ha l f -umts  
U n f o r t u n a t e l y  the  reac t iva t ion  of  ox  su lpha tase  A occurs  on ly  a t  concen t ra -  
t ions  t oo  low to  be  s tudied  o t h e r  than  by  m e a s u r e m e n t s  o f  e n z y m e  ac t lw ty  so 
t h a t  the  f o r m a t i o n  o f  mact~ve s u b u m t s  could  n o t  be de t ec t ed  This  is par t lcu-  
laEy u n f o r t u n a t e  m view o f  the  previous  sugges tmns  [34 ,35]  t ha t  the  m o n o -  
m e r  o f  su lpha tase  A m a y  be m a d e  up  o f  ha l f -umts  
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