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Summary 

The ac:d ~-glucosldase (D-glucosyl-N-acylsphmgosme glucohydrolase, EC 
3 2.1 45) from human placenta :s mh:blted by sulphated macromolecules such 
as Dextran sulphate or chondro: tm sulphate. This mh:b: tmn :s allewated by 
compounds such as crude taurocholate or phosphohplds, whmh are known act:- 
vators of  acid ~-glucosldase. Partlally-punfmd human fl-glucosldase w:ll brad to 
Dextran sulphate linked to Sepharose 4B and can be eluted with low concen- 
trations of  crude sodium taurocholate.  This procedure g:ves a 10--15 fold pun- 
fmatlon with good y:eld and has been included m a scheme giving an approx. 
4000-fold purffmatlon of  placental ~-glucosldase. Ewdence is presented whmh 
suggests that  phosphohp:ds brad to ~-glucosldase by both mnm and hydro- 
phobm mteractmns The mh:bl tmn of  enzyme act:v:ty caused by sulphated 
compounds and non-lomc detergents may be attr ibuted to interference w:th, 
respectively, the mmc and hydrophobm bmdmg of phosphohp:d to the 
enzyme 

Introduct ion 

Glucosylceram:dase (D-glucosyl-N-acylsphmgosme glucohydrolase, EC 
3.2.1 45) :s a membrane-bound lysosomal hydrolase whmh catalyzes the 
hybrolysls of  glucocerebroslde into ceramlde and glucose. Pur:f:catlon of th:s 
enzyme :s of partmular interest because of its potential use for replacement 

* T o  w h o m  r e p r i n t  reques t s  shou ld  b e  addressed  
In  th i s  p a p e r  {~-glucomdase r e f e r s  t o  g l u c o s y l c e r a m l d a s e  



therapy m cases of  Gaucher's d:sease [1--3]. However, purffmatmn has been 
hampered by the hydrophobm charactenstms of  the enzyme and conventmnal 
methods give poor recovery of actlwty [4]. Higher ymlds have recently been 
achmved by affinity chromatography on Con A-Sepharose [1] and on hydro- 
phobm gels such as octyl-Sepharose and decyl-agarose [2], and phosphatMyl- 
serme-agarose [1] These aff :mty methods are not  highly specific but can be 
used m combmatmn to obtam good punfmatmn Ho [5] reported a more spe- 
cffm affinity techmque employing an lmmob:l:zed glycoprotem effector (purl- 
fred from the spleen of a patmnt with Gaucher's d:sease) whmh bound gluco- 
sylceram:dase m the presence of  phosphohplds. Although successful, the 
apphcabfllty of this method to large-scale purffmatmns :s hm:ted by the avail- 
ability of the effector glycoprotem 

Development of a widely apphcable aff :mty techmque requ:res a specific, 
revers:ble and readily avmlable enzyme inhibitor During studms on the mhlbl- 
tmn of  human acid fi-glucos:dase we found that  the enzyme was mh:blted by 
sulphated macromolecules In this report we present data concerning the 
mechamsm of this mhlbltmn and describe the use of  immobilized Dextran 
sulphate as an affm:ty gel for placental ~-glucosMase 

Materials and Methods 

Enzyme assays j3-Glucos:dase activity was assayed with the artlfmlal fluo- 
rogenm substrate 4-methylumbelhferyl-fi-D-glucopyranoslde (4MU-fi-Glu, Koch- 
Light) as described previously [6]. Glucosylceram:dase act:vlty was deter- 
mmed under similar assay cond:tlons but using as substrate N-stearoyl-dlhy- 
droglucocerebros:de (M:les-Yeda) m the form of a mmellar suspension. Glucose 
released from th:s compound was assayed with the 'Glucostat '  test kit 
(Worthington Blochemmals) 

Assays to measure the effect of phosphohplds and lnhlb:tors on the pur:f:ed 
enzyme were performed as follows Phosphohpld suspension :n 30 pl 0 06% 
Triton X-100, 5 mM 4 methylumbelhferone-~-glucopyranoslde m 60 pl H20, 
30 pl 0.2 M phosphate/c:trm acid, pH 6 0, plus mhlbltors as reqmred, 10 pl 
0.12% Tr:ton X-100, enzyme, diluted at least 10-fold m 20 pl H20. Phospho- 
hp:ds were obtained from Sigma Chemmal Company Crude sodmm tauro- 
cholate was from Br:t:sh Drug Houses. All work descr:bed m th:s paper was 
carr:ed out  with a single batch of taurocholate 

Protein was est:mated by the procedure of  Lowry et al. [7] or by the fluo- 
rescamme method [8] using bovme serum albumin as a standard. 

Preparatzon of Dextran-sulphate-Sepharose. Dextran sulphate (Pharmacm) 
was bound to Sepharose 4B wa a lysme spacer using a method based on that  
described by Emhmann and Greenblatt [9]. In a typmal preparatmn 10 g CNBr- 
activated Sepharose 4B (Pharmacm) was swollen m 1 mM HC1 and washed 
sequentmlly w:th 1 1 1 mM HC1 and 100 ml 0.05 M NaHCO3 The activated 
Sepharose was suspended m 40 ml 0 5 M NaHCO3, pH 8 5/20 mg/ml lysme 
The pH was adjusted to 8 5 and the mLxture st:rred gently overmght at room 
temperature The gel was then washed with 500 ml ahquots of  0.2 M NaHCO3/ 
0 1 M sodmm acetate, pH 4 5/water/0.5 M NaHCO3, pH 8.5. The washed gel 
was resuspended m 40 ml 0 5 M NaHCO3, pH 8.5. Actlvatmn of Dextran sulphate 



was c a m e d  out  by mkxmg 20 ml CNBr (Pmrce Chemmal Co ), 100 mg/ml m 
water, with 20 ml Dextran sulphate, also at 100 mg/ml m water. The mLxture 
was stirred for 15 mm at room temperature  The pH was then raised to 11 0-- 
11 5 by addition of  1 N NaOH and maintained m this range When the pH had 
stablhzed (5--10 mm) the mixture was added to the lysme-Sepharose suspen- 
sion and stirred gently at room temperature  for 8--16 h. Unreacted sites were 
then blocked by addition of  2 vol. 1 M glycme and the gel was put  through the 
washing cycle described above The gel was washed extensively with 'binding 
buffer '  (0.05 M phosphate/ci tr ic acid, pH 6.5/0.02% Triton X-100) pmor to 
use 

Punfzcat~on procedures Placental tissue was homogemzed m 2 vol. distilled 
water. Partmulate maternal was spun down (10 000 × g, 30 mm) washed once m 
distilled water and resuspended m a volume of  extraction buffer  (0.05 M phos- 
phate/cltrm acid, pH 6.0/0.06% Triton X-100/0.2% crude sodmm taurocholate)  
equal to 3-times the omgmal weight of  tissue After 15 mm at room tempera- 
ture partmulate maternal was spun down as above The solublhsed ~-glucomdase 
was partially punfmd by (NH4)2SO4 preclpltatmn (33% supernatant,  55% 
pellet) and dmlysls at pH 4.2 [4]. Butanol extractmn was carmed out  by 
gradual addl tmn of  n-butanol to the rapidly stirred sample at --2 ° C. Butanol 
concentra tmn was brought up to 20% (v/v) over a 30 mm permd. After stirring 
for a further 30 mm, the extract  was centrifuged (10 000 × g, 30 mm) and the 
lower aqueous layer removed and dmlysed overmght against bmdmg buffer. 
The sample was then apphed to a Dextran-sulphate-Sepharose column. 

In a typmal purffmatmn, such as that  descmbed m Table I, 8--10 I.U of 
fl-glucosldase were apphed, m a total  volume of  about  120 ml, to a 100 ml 
column The f low rate was 80--100 ml/h The column was washed with binding 
buffer  until absorbance at 280 nm fell almost to baseline. The enzyme was then 
eluted with crude sodmm taurocholate ,  3 mg/ml m bmdmg buffer.  

Active fractmns were combined,  diluted with an equal volume of distilled 
water and adjusted to pH 4.5 with 0.5 M citric acid The sample was then 
extracted with n-butanol and dlalysed overmght against 0.1 M sodium citrate, 
pH 5 0/2% (v/v) n-butanol/5 mM 2-mercaptoethanol/5 mM EDTA. The sample 
was then apphed to an octyl-Sepharose column, prepared as prevmusly 
described [2],  and eluted with 80% (v/v) ethylene glycol. Active fractmns were 
pooled and dlalysed overmght against citrate buffer  (as above) containing 25% 
(v/v) glycerol. The enzyme was concentrated by ultra-ffltratmn (Ammon PM-10) 
and stored at --20 ° C before the final purffmatmn step of  sucrose-gradmnt cen- 
trffugatmn. Lmear 5--20% (w/w) gradmnts, 15 ml vol., were made up m 0.15 M 
phosphate/ci t ra te  buffer,  pH 6.0/0.05% Triton X-100/5 mM EDTA/1 mM 
2-mercaptoethanol.  Prior to apphcatmn to the gradmnts the enzyme was either 
diluted 8--10-fold and reconcentrated (Ammon-PM-10) or dlalysed overmght m 
order to reduce the glycerol concentratmn.  1 ml enzyme was apphed to each 
gradmnt. Tubes were spun m an SW27.1 rotor  at 4°C and 26 000 rev./mm for 
about  40 h to a final w2t of  11 0 • 101~ rad2/s. Active fractmns were concen- 
trated (Ammon PM-10), dlalysed overmght agmnst the gradmnt buffer  contam- 
mg 25% glycerol and stored at --20°C 
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Results 

Purification procedure 
The results of  a typical punfmatlon are shown in Table I The procedure 

incorporates two novel steps. These are chromatography on Dextran-sulphate- 
Sepharose (step 5) and sucrose-density gradmnt centrlfugahon {step 8). 

The use of  lmmoblhzed Dextran sulphate as an affxmty column for human 
acid fi-glucosldase Is based on our lmtlal observations that  the human enzyme is 
strongly inhibited by this compound and that this inhibition is allewated by 
the enzyme activator, crude sodium taurocholate A more detailed description 
of  this is given below As shown in Fig. 1, the Dextran sulphate column bound 
human fi-glucosldase effmmntly. Activity was eluted by 3 mg/ml taurocholate 
as a sharp peak at the leading edge of a peak of  ultraviolet-absorbing materml 
Most of  this absorption is attributable to the taurocholate and a discrete peak 
comcldlng with enzyme activity was not  detected. Subsequent  eluhon with 
5 M NaC1 gave a sharp peak of  ultraviolet-absorbing materml but  did not  release 
addltmnal enzyme 

Punfmatlon after Dextran sulphate chromatography was at least 10-fold and 
recovery was 60--70% More slgmfmantly, the procedure separated fl-glucosl- 
dase from several other  lysosomal hydrolases Recovery of  ~-glucuromdase and 
hexosamlnldase B ( two major contammants)  was less than 20%, while bmdsng 
of  other lysosomal hydrolases was negligible It is important  to note that  effi- 
cient binding of  acid ~-glucosldase to the column could be achieved only after 
butanol extractmn of the sample 

Chromatography on octyl-Sepharose was found to give a useful further purlf- 
lcatmn of the material eluted from Dextran sulphate However,  the sample 
remmned contaminated with hexosamlmdase B and ~-glucuronldase activity. 
The final purlfmatmn step, density gradient centnfugatmn,  gave only a shght 
increase m specific activity, but  removed 90--95% of the hexosamlnldase and 

T A B L E  I 

P U R I F I C A T I O N  O F  ~ - G L U C O S I D A S E  F R O M  H U M A N  P L A C E N T A  

fl-Glucosldase Gluco- Hexo- 
cera- s a m m -  

A c t i v i t y  P r o t e i n  Spec i f i c  Yie ld  rmdase  ldase  
( m g / m l )  a c t l w t y  (%) Act lv-  A c t l w t y  

( u m t s  *) ( u m t s /  ( u m t s / m g )  l ty  ( u m t s  
m l )  ( u m t s )  1 10 - 3 )  

1 E x t r a c t i o n  13 700  4 8 4 2 1 1 100  - - * *  409  
2 ( N H 4 ) 2 S O  4 p p t  10 200  99  1 18  0 5 5 75 2 0 4 0  32 
3 A m d  chalysm 10 0 0 0  89 4 8 7 10 2 73 1 8 4 8  34 
4 B u t a n o l  e x t r a c t i o n s  8 3 0 0  82 8 7 3 11 3 61 1471 36 

5 D e x t r a n  su lpha t e  col  5 2 0 0  58 7 0 53 110  7 38  748  6 9 
6 Bu t an o l  e x t r a c t i o n  3 9 0 0  42  0 0 40  105  0 29 586 - -  
7 O c t y l - S e p h a r o s e  col  1 9 0 0  64  8 0 0 4 2  1 5 4 3  0 14  236  2 1 
8 Sucrose  g r a d i e n t  1 0 3 0  245  0 - -  - -  9 - -  - -  
9 Dlalyms 643  189  0 0 0 5 3  3 5 7 0  0 5 44  0 2 

* n m o l / m m  using 4 - m e t h y l u m b e l h f e r y l - ~ - g l u c o m d e  
** A c t l w t y  was  t o o  low for accurate  m e a s u r e m e n t  
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Flg i Elutlon of human acid ~-glucomdase from Dextran-sulphate-Sepharose by crude sodlum tauro- 

cholate (3 mg/ml) (¢ --) Column bed-vol was approx 100 ml 116 ml enzyme, 81 nmol/mln per 

ml, were apphed at a flow rate of 88 ml/h and a temperature of 5°C Fractmn volume was 5 5 ml 

all the fl-glucuromdase. The ratio of  fi-glucosldase to hexosamlnldase activity in 
the final preparation was at least 3"1, compared to 0 03 1 m the original 
extract.  

The procedure outhned  m Table I gives a 3900-fold purification with a ymld 
of  5%. Considerable loss of  activity occurred during the final stages of  purlfma- 
tmn However,  the purffmd enzyme retmned activity for several months  when 
stored at --20°C m 25% glycerol. We detected no difference m the elutlon pro- 
files of  4-methylumbelllferyl-fi-glucosldase and glucosylceramldase activities 
from Dextran-sulphate-Sepharose or octyl-Sepharose. Unfortunately,  we were 
unable to compare sedlmentatmn of these actlwtles m sucrose gradmnts 
because of  interference by sucrose in our assay system for glucosylceraml- 
dase. The punfmd enzyme showed approx, equal activity towards n-stearoyl-, 
n-palmltoyl- or n-hgnoceroyl-dlhydroglucocerebroslde and towards deoxycort l -  
costerone-~-glucomde However,  at all stages of  the punfmat lon the enzyme 
cleaved the artfflcml substrate 4-methylumbelhferyl-~-glucoslde more effl- 
cmntly than the natural glycollpld substrates, the ratm ranging from 5 1 to 
15"1. Thin may be due to a lack of  sensitivity m the glucose de tec tmn system 
used in the natural substrate assay. It should be noted that  both  glucocerebro- 
side and deoxycortmosterone-~-glucoslde were found to be competi t ive mhlbl- 
tom of  placental 4-methylumbelllferyl-~-glucosldase activity and that  these dif- 
ferent substrates are therefore presumably cleaved by  the same enzyme. 

SDS-polyacrylamtde gel electrophoreszs of the punfted enzyme 
The punfmd enzyme contained four  distract protems after polyacrylamlde 

gel electrophoresls under  dmsoclatlng condit ions These ran as two sets of  two  
closely-adJacent bands with molecular weights of  about  69 000 and 32 000, 
respectively. A fifth band, molecular weight 52 000 was occasionally present 
The 69 000 double t  probably  corresponds to the two closely adjacent bands of  
about  67 000 described by  Furbish et al. [2].  It remains to be estabhshed 
whether  the double t  at 32 000 lS a contammant ,  a breakdown product  or an 
additional subumt.  

Interactmn of the enzyme wzth phospholzp~ds 
The punf led acid ~-glucosldase required either phosphollpld or crude sodmm 
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Fig 2 E f f e c t  o f  varying c o n c e n t r a t i o n s  o f  p h o s p h o h p l d  ( A )  and Tr i ton  X-100  (B) o n  the  a c t l w t y  o f  purl- 
b e d  J3-glucos~dase P hosp h oh p ld  ac t ivat ion  was  assayed at 0 02% T r i t o n  X-100  whi l e  inh ib i t ion  by  T r i t o n  
X-100  w as  assayed  at 0 1 m g / m l  p h o s p h a t l d y l m o m t o l  e c,  phosphat ld l c  ac id ,  • • ,  phosphat l -  
dyhnosato l  

Fig 3 S e d u n e n t a t i o n  o f  puri f ied h u m a n  ~-glucosldase  tb.xough sucrose  dens i ty  gradients  E n z y m e  (0 2 m l  
at 5 0  n m o l / m m  per m l )  w a s  apphed  to  4 ml ,  5 - -20% gradients  and spun at 35 0 0 0  z e v / r a m  for  18 h m an 
SW-56 r o t o r  Final  w 2i = 8 2 1011 rad  2 /s  Gradmnts  w e r e  m a d e  up m 0 05 M p h o s p h a t e / c i t r i c  acld,  pH 
6 0 /5  mM E D T A / 1  m M  2 - m e r c a p t o e t h a n o l / w l t h  or w i t h o u t  0 05% T r i t o n  X-100  E n z y m e  wa s  p r e m c u -  
ba ted  br ie f ly  at 4°C m the  presence  o f  4 vol  o f  the  gradient  buf fer  conta in ing  e i ther  n o  addi t ions  
(e - '),  2 m g / m l  crude  t a u r o c h o l a t e  (v v-) or  0 2 m g / m l  p h o s p h a t l d y l s e r m e  (X X) (A) 
Gradmnt  + Tr i ton  X-100,  0 05%,  (B) Gradient  w i t h o u t  Tr i ton  X-100 

taurocholate for actiwty towards either the natural or the artificial substrate 
Of the phosphohp:ds tested phosphatldic acid was the most effect:ve, both in 
terms of  maximum activity and activity at low concentrations of  phosphohpid 
(Fig 2). Maximum activities achieved with phosphatldylserine, phosphatidyl- 
inositol  (both at 0.2 mg/ml) and with crude taurocholate (1 mg/ml) were 80, 
65 and 70%, respectively, of  that obtained with phosphatidic acid Addition 
to the reaction mixture of  both phosphohpld and taurocholate together caused 
no further activation of  the enzyme 

All assays in which the concentration of  phosphohpid was varied contained 
Triton X-100 (0 01 or 0.02%). Control of  detergent concentration is important 
as Triton X-100 is inhibitory If the concentration in the assay exceeds 0.02% 
(Fig 2). 

In an attempt to obtain more direct evidence for interaction of  phosphoo 
lipids and taurocholate with the enzyme we studmd the effect of  premcubation 
with these compounds  on the sedimentation of  the enzyme through sucrose 
gradmnts. Two sets of  gradients were run, either with or without  Triton X-100 
(0.05%). As shown In Fig. 3, when Triton X-100 was present in the gradient, 
premcubation with either phosphohpid or taurocholate had no effect on e:ther 
recovery of activity or sedlmentatmn rate. However, in the absence of  Triton 
X-100 recovery of  enzyme activity was extremely low except in the sample 
premcubated with phospholipid In this sample enzyme activity sedimented 
more rapidly than enzyme run m the presence of  Triton X-100 (Fig. 3). It is 
clear that taurocholate effects neither the stabihty of  the enzyme nor :ts sedI- 
mentatmn rate to the same extent  as phosphohpid.  

Thus, premcubation In the presence of  phosphohpid both stabihzes the 
enzyme and causes an increase in sedimentation rate. The latter effect :s 



T A B L E  II 

E F F E C T  O F  S U L P H A T E S  O N  T H E  A C T I V I T Y  O F  P U R I F I E D  A C I D  ~ - G L U C O S I D A S E  
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Substxate P o s p h o h p l d  N o n e  I n h i b i t o r  (4 m g / m l )  
c o n c *  
( m g / m l )  D e x t r a n  C h o n d x o l t l n  S o d i u m  

sulphate  sulphate  s u l p h a t e  

4 - m e t h y l u m b e l h f e r y l - ~ -  
g lucos lde  

Glucocerebros lde  

0 1  3 8 5 " *  2 3 2  3 2 0  3 9 1  
0 0 5  3 4 4  8 1  2 5 0  2 8 6  
0 0 2  2 1 4  2 6  8 0  1 6 6  

0 0 5  9 1  3 5  7 2  8 3  
0 0 2  5 3  0 8  3 1  2 9  

* P h o s p h o h p l d s  u s e d  were  p h o s p h a t l d l c  ac id  f o r  g l u c o c e r e b r o s l d a s e  ac tav l ty  a n d  p h o s p h a t l d y h n o s l t o l  fo r  
~ -g lucos ldase  ac t lwty  

** A c t i v i t y  e x p r e s s e d  as n m o l / m m  p e r  m l  

reversed by Triton X-100. It is of mterest that,  while phosphohpId and tauro- 
cholate have similar effects on enzyme achvlty,  they differ m their effects on 
stability and sedimentation properties 

Inh,bztzon of enzyme actw~ty by sulphates 
Dextran sulphate was found to be an effective inhibitor of purified acid 

fl-glucosidase assayed with either natural or artlfmlal substrates. Inhibition was 
independent  of  substrate concentration, but was found to be sensitive to the 
concentration of enzyme activators, either phospholipld or crude taurocholate.  
Typmal results are shown m Table II The sulphated mucopolysaccharlde chon- 
droltm sulphate was also inhibitory as was sodium sulphate, although to a lesser 
degree (Table II). Neither of these compounds was as effective an inhibitor as 
Dextran sulphate. Inhlbltmn by Dextran sulphate was pH dependent,  with a 
maximum at pH 5.5 (88% mhlbl tmn at 5 mg/ml, 0 33 mg/ml taurocholate) 
faUmg progressively to 50% at pH 4 5 and 44% at pH 6.5. 

Discussion 

Affinity chromatography on Dextran-sulphate-Sepharose has proven to be a 
useful step in the purification of  acid ~-glucosldase from human placenta. 
Butanol extraction of  the partially purlfmd fl-glucosidase preparation is essen- 
tial for effmlent enzyme binding to the Dextran sulphate column. This en- 
hanced binding may be explained by the exposure of sites which were pre- 
viously shmlded by hplds. The column would be expected to brad cationic 
proteins and, despite the use of  the highest pH consistent with enzyme stabil- 
ity, considerable ionic binding did occur. A major peak of  ultrawolet-absorbmg 
material was eluted with 5 M NaC1. The enzyme itself could be eluted with salt 
gradients, but such elution gave only a 2-fold purification and a low yield. This 
is in contrast to elutlon with crude sodium taurocholate which gave a 10--15- 
fold purification. Thus, the abihty of  the column to give good purfflcatmn Is 
dependent  on the specificity of  the eluant 

The mhlbl tmn of  fl-glucomdase activity by sulphated macromolecules could 
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be at tr ibuted to the Interaction of  these compounds  with the enzyme or with 
the activators whmh are essential for activity of  the solublllzed enzyme How- 
ever, the binding of  the enzyme to lmmoblhzed Dextran sulphate and its spe- 
cific elution with sodium taurocholate,  argues for a direct interaction between 
the Inhibitor and the enzyme ~tself. 

Some pure phosphohplds are effective activators of  purified human f~-gluco- 
sldase and give a maximum enzyme actywty comparable to that  obtainable with 
taurocholate preparations. Phosphatidm acid was found to be shghtly more 
effective than the substi tuted phospholiplds phosphat ldylsenne and phosphati- 
dyhnosltol .  Phosphohplds were also effective in allevlatmg mhsbitmn of the 
enzyme by  Dextran sulphate suggesting that the inhibitory effect  of  sulphated 
macromolecules on punfied ~-glucosldase probably occurs through binding to a 
site normally Involved In binding the negatively-charged phosphate moiety  of  
the phosphohpid This conclusion is consistent with the observation that the 
neutral phosphohplds phosphat ldylethanolamme and phosphatidylcholine are 
ineffective activators of  fi-glucosidase [ 10,11 ]. 

It would be expected that  hydrophoblc  forces would also play a role in 
stabilizing the enzyme-phosphohpld interaction. Ewdence for this can be 
deduced from the effects of  the non-Ionm detergent Triton X-100 on the 
enzyme. The influence of  this detergent on the sedimentation rate of  the puta- 
tive enzyme-phosphohpld complex (Fig. 3) and the inhibition of  enzyme activ- 
Ity at relatively low detergent concentrations (Fig 2), may both  be a t tnbutable  
to disruption of  the enzyme-phosphohpld lnteratmn 

It seems clear that  the stablhty and activity of  human fi-glucosldase are 
dependent  on a complex array of  ionic and non-ionic interactions. Recent  
advances in punflcat lon procedures should allow for the preparation of  purified 
enzyme In amounts  sufficient for a more detailed analysis of  these interactions 
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