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Many examples of denaturation of enzymes by detergents or surface active agents 
(SAA) are known (PuTNA~I14). Few instances of activation of enzymes by such agents 
have been reported. ALLEN AND ItlODINE 1 were  able to activate protyrosinase of grass- 
hopper eggs by anionic alkyl sulfates. Cationic alkyl amines were ineffective or inhibitory. 
On the other hand, KREBS H and HIrC;HES '~ reported that certain cationic SAA increased 
the activities of bacterial glutamic acid decarboxylase and glutaminase while anionic 
SAA inhibited these enzymes. Nonionic SAA were without effect in the few cases where 
tests have been reported. 

Cationic, anionic and nonionic SAA in dilute solution display anomalies in certain 
physicochemical properties, such as viscosity, surface tension, equiwdent conductivity, 
freezing point lowering, etc., with change of concentration. These anomalies are inter- 
preted as arising from the association of molecules of the SAA into aggregates or micelles, 
McB~\IN x2. This transition is rather abrupt with change of concentration of the SAA and 
the concentration at which the anomalies appear is referred to as the critical micellc 
formation concentration (CMC). These agents exert their most profound effects upon 
proteins when present in such amounts that micelles exist. Indeed, HUt;HES 1° found that 
the minimum concentrations of cationic SAA required to activate glutamic acid decar- 
boxylase and glutaminase coincide with their CMC wdues. M:\THEWS la has shown a 
correlation between the CMC values of several anionic SAA and the concentrations of 
these SAA for equivalent inhil)ition of hwdnronidase. 

Crystalline rabbit muscle phosphorylase is activated by nonionic surface active 
agents. Cationic and anionic SAA inhibit this enzyme. The importance of the micellar 
structure of the SAA for actiwition or inhibition is shown by the facts that the concen- 
trations of nonionic SAA for activation and of cationic SAA for inhibition coincide with 
their concentrations for micellc formation. Further, certain nonionic SAA which do not 
form micelles fail to activate rabbit muscle t)host)horylase. 

MATERIALS .\NI) METHODS 

Surface active agents were obtained from the following sources. Atlas I 'owder Company supplied 
the nonionic agents Tween 8o (polyoxyethylene sorbi tan monooleate), Myrj 51 (polyoxyethylene 
stearate),  Brij 35 (polyoxyethylene lauryl alcohol), Span 2o (sorbitan monolaurate),  .\rlacel C 

* This research was completed in ~952 during the tenure of a Public Health Service l~ostdoctorate 
Research l:ellowship from the Xational  Cancer Inst i tute .  I ' resent  address, Depar tment  of Bi~- 
chemistry, L!niversity of California, Berkeley 4, California. 
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(sorbitan sesquioleate), G- I I44  (polyoxyethylene sorbitol oleate), and G-224o (polyoxyethylene 
sorbitol). Polyethylene glycols (PEG) of various average molecular weights were furnished by  Dow 
Chemical Company.  The average molecular weight as reported by  the supplier is designated by the 
sample number ,  i .e. ,  PEG-4oo is a sample of av. nlol. wt  4oo. Tri ton X- Ioo  is a nonionic alkyl aryl 
polyethylene glycol supplied by  Rohm and Haas  Company.  Union Carbide and Carbon Corporation 
furnished the cationic agent, Amine 22o. The anionic agent Aerosol O.T. (dioctyl sodiunl sulfo- 
succinate) was purchased from Eimer  and Amend Company  and the cationic agent, cetyldimethyl- 
e thy lan lmonium bromide (CDEA), from E as t m an  Kodak Company.  

Determinat ions  of critical micelle-fornlation concentrat ion (CMC) were made by a modification 
of the nlethod of CORRIN AND HARKINS 4. This method is based on the color change tha t  an appropria te  
acid-base indicator will undergo, even in a well-buffered solution, when a SAA is added in anlounts  
equal to or in excess of the CMC. A solution of o.ool 5 o,{~ by weight bromothymolblue  (Eimer and 
Amend Company) in o.o 3 M imidazole buffer of p H  6.8 was used in the present  experiments.  A 
marked color change from the greenish-blue tha t  is characteristic of bromothymolblue  at p H  6.8 
to a br ight  yellow occurred when a nonionic or anionic SAA (previously adjusted to p H  (i.8 when 
tested with a glass electrode p H  nleter) was added above the CMC. Cationic SAA such as CDEA 
or Amine 22o altered the color to a brilliant blue. A series of samples of cons tant  composition, excep 
for progressive dilution of the SAA, were compared in a Kle t t -Summerson  photoelectric colorimete~ 
(Klett  filter No. 56). The concentrat ion of SAA required for half the maxin lum color t ransfornlat ion 
was selected as the CMC. 

Rabbi t  muscle phosphorylase  was crystallized by the method of GREEN AND CORI 8. Phosphory-  
lase activity is expressed in the units  defined by CoRI, CORI AND (~REEN 2. Numher  of uni ts  = 1 ooo ;~ K,  
where, 

K = I / l  log x ~  (1) 
X e X 

The percent  glucose- l -phosphate  (G-I-POa) converted to polysaccharide in time, l, is represented 
by x, while xr is the percent  converted to polysaccharide at equilibrium. Glycogen was present  in 
excess. The measure  of act ivi ty was the rate  of inorganic phospha te  liberation during the reaction. 
The phosphorylase  prepara t ion  was pre incubated at 30 ° C with O.Ol 5 M eysteine at p H  6.8 for fifteen 
minutes.  The pre incubated enzyme was added to a solution of glucose- l -phosphate  and glycogen 
in such amounts  tha t  the ul t imate  conlposition of the assay mixture  was enzyme, 0.0075 Al cysteine, 
O.Ol 5 A1 G-I -PO 4 and i O/~o glycogen at p H  6.8. Incuba t ion  was continued at 3 °`' and samples were 
wi thdrawn at  appropr ia te  intervals  for de terminat ion  of inorganic phospha te  by  the method of 
FISKE AND SUBBAROW 6. For  determinat ion of total  phosphorylase  (phosphorylase a + pllosphory- 
lase b), the assay mixture  also contained i x IO 3 2}I muscle adenylic acid (AMP). Phosphorylase  
a /phosphorylase  (a F b) corresponds to the ratio of activities found in the absence and in the presence 
of AMP respectively. 

RESULTS 

Crystalline rabbit muscle phosphorylase could be activated as much as two-fold 
by the additon of certain nonionic SAA such as Tween 8o during the preincubation 
period with cysteine. The data of Table I indicate that the activation is a relatively slow 
process. Cationic and anionic SAA inhibit the enzyme strongly. 

Activation of both phosphorylase a and phosphorylase b by a nonionic SAA could 
be demonstrated by the experiment of Fig. I. Phosphorylase a is converted to phosphory- 
lase b by the PR enzyme isolated from rabbit muscle a. Prior to exposure of crystalline 
phosphorylase a to PR enzyme, Tween 8o activated the enzyme 19o % in the absence of 
AMP and 15O°,o with AMP present in the assay mixture. After incubation of the phos- 
phorylase with PR for varying periods, aliquots of the mixture had progressively dimin- 
ishing activity in the absence of AMP (conw?rsion of phosphorylase a to phosphorylase b) 
but the per cent activation by Tween 8o in the presence of AMP in the assay mixture 
remained at about 15o%. 

It is unlikely that the nonionic SAA merely stabilizes the enzyme and thereby 
prevents denaturation during the preincubation and assay periods. Phosphorylase de- 
creases in activity only lO% during as long as three hours preincubation at 3 0o and the 
same loss occurred in the presence of Tween 8o. Furthermore, the percent activation by 
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( ' lmd i l ions  

N o  Tween 8o added 

T,\ HI.E [ 
EIrFI~2CT OF TIME OF INCUBATION \VITtI "I'\VEIg-N ~O ON THF ]~2XTENT OF 

ACTIVATION OF CRYSTALLINE RABBIT PHOSPHORYLASE 

All enzyme samples were preincubated with o.ot 5 .ll cysteine at 3 °` for 15 minutes  prior to addition 
to an equal vohlme of the (;-I-P()1 and glycogen mixture.  
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Fig. [. Action of I)R enzyme on phosphorylase a: 
Effect on phosphorylase  act ivation by Tween 8o. 
Salnples were assayed for phosphorylase activity 
after 5' incubation at 3 ° with o.o 3 31 cysteine and 
o.] 31 Nal:  :[ 0.02% Tween 80 and ] I '  I(7 a ,11 

AMP. 

A M I  ) 

T w e e n  80 w a s  t h e  s a m e  w h e t h e r  i n c u b a t i o n  a n d  a s s a y  w a s  a :  8 ° o r  30% a n d  w a s  c o n s t a n t  

o v e r  a s e v e n - f o l d  c h a n g e  in  p h o s p h o r y l a s e  c o n c e n t r a t i o n .  A l s o  e x c l u d e d  is a n  i n f l u e n c e  

of  t h e  S A A  o n  t h e  r e l a t i o n  of  e n z y m i c  a c t i v i t y  t o  t h e  p r e s e n c e  o r  a b s e n c e  of  a d e n y l i c  

ac id ,  i n o s i n i c  ac id  o r  c y s t e i n e ;  g l y c o g e n  c o n c e n t r a t i o n  (o-2.5 '? , ;)"  G - I - P  c o n c e n t r a t i o n  

( o . o o 5 - o . o 5 3 i ) ;  or  p H  of  t h e  r e a c t i o n  m i x t u r e  A c t i v a t i o n  a l so  s e e m e d  i n d e p e n d e n t  of  
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the condit ion of the phosphorylase crystals such as number  of recrystall izations,  age of 
the preparat ion or the ratio of phosphorylase a/phosphorylase (a _L b). 

Not all of the nonionic SAA increase the ac t iv i ty  of crystall ine rabbi t  muscle phos- 
phorylase al though the change in surface tension may  be of the same order. For example, 
Tween 80 and polyethylene glycol, PE(;-4oo , both lower the surface tension of aqueous 
solutions to 35-4 ° dynes/cm. Yet PE(i-4oo had no influence on phosphorylase ac t iv i ty  
even when present in amounts  up to 1%. The higher molecular weight PE(;-4ooo , how- 
ever, produced act ivat ion about  equivalent  to tha t  by Tween 8o (Table II) as though the 

TABI.E If 

C O M P A R I S O N  OF T H E  ACTION OF S U R F A C E  A C T I V E  A G E N T S  ON R A B B I T  M U S C L E  P H O S P t t O R Y L A S E  

A N D  T H E  A B I L I T Y  TO FORM M I C E L L E S  

Activily o/ A orion ¢,n t romothymol6lue at p H  6.,~ Puhtished values 

Agent phosphorylast* Color clt *n',..'e C M C  CMC: Re/crence 

None 100 ~{, 
Tween 80 18o Deep yelh~w o.ooS o~ (wt) 
Myrj 51 i8o Deep yellow 0.006°o (wt) 
Brij 35 16o Deep yellow o.oi 4 (~ (wt) 
Triton Xqoo 155 Deep yellow o.o t 7 °o (wt) 

(3" t o  ~ M )  
G-1144 145 l)eep yellow o.o I t o~ (wt) 
Span 2o 15 ° Slight yellow* * 
Arlacel C t4o Slight yelh)w** 
PEG--, oo ioo No change 
PEG-4oo i oo No change 
PEG-6oo i ~ 5 No change 
PEG-4ooo I5o No change 
( ; - 2 2 4 0  8 5  No change 
Aerosol O.T. Strong inhibition Slight yellow o.oo8 :ll 
Amine z2o Inhibition Deep blue 8. l o s  31 
CDEA Inhibition Deep blue I • IO a 3I 

9" IO- 4 31 v 

o.ot 3I l~ 

* Enzyme incubated with SAA plus cysteine for 15 minutes. Cone. of SA.\ was 0.04 o~, ; except 
for PEG-4oo (I o.'), and Aerosol, Amine 22o and CDEA (o.oo02 M). 

** Span 2o and Arlacel C were too insoluble for CMC determination. 

greater size of the polymer were impor tant .  This possibili ty is of interest  in light of the 
observat ion of HU(;HES 1° t ha t  the m i n i m u m  concentra t ion  of cationic SAA for act ivat ion 
of bacter ial  glutamic acid decarboxylase and glutaminase coincides with the concentra-  
t ion required for creation of micellar s tructures within the solution by  aggregation of the 
SAA. It  may  be seen from Table II  tha t  those SAA which act ivated phosphorylase are 
in all cases, except for the higher molecular weight polyethylene glycols, the same agents 
tha t  gave evidence of micelle-formation by  change in color of bromothymolblue .  Tile 
data  for de terminat ion  of the CMC of Tween 8o and  superposit ion of data  for act ivat ion 
of rabbi t  muscle phosphorylase by this  agent are given in Fig. 2. Tha t  the concentra t ion  
of the cationic agent, CDEA, for inhibi t ion of rabbi t  muscle phosphorylase also coincides 
with its CMC is indicated by  Fig. 3. 

Crystalline rabbi t  muscle phosphorylase was recrystallized from a solution of o.o73/ 
cysteine and o.o3 M//-glycerol phosphate,  pH 6.8, to which was added Tween 8o to o.o2 % 
(an amoun t  in excess of the CMC). The recrystallized preparat ion was comparable in 
act ivi ty  with an identical  sample recrystallized in the absence of Tween 8o, if the Tween 
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blue by  Tween 80. Ac t iva t i on  of phosphory la se  a ; Change  of color of b r o m o t h y m o l b l u e  . . . .  . 
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Fig. 3- Correlat ion of inh ib i t ion  of phosphory lase  a by  CDEA and  change  of color of b r o m o t h y m o l b l u e  
by  CDEA.  Inh ib i t ion  of phosphory la se  a - - - - ;  Change  of color of b r o m o t h y m o l b l u e  . . . .  . 

Do t t ed  circles indicate  t h a t  samples  were turb id .  

8o was di luted below its CMC value before the assay for act iv i ty  (Table III). It may  be 
noted that  both the enzyme recrystall ized in the presence and in the absence of Tween 
8o were act ivated to the same extent  by Tween 8o at concentrations above the CMC 
value in the  assay  mixture.  
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TABLE III  

A C T I V I T Y  OF R A B B I T  P H O S P H O R Y L A S E  R E C R Y S T A L L I Z E D  I N  T H E  P R E S E N C E  A N D  

I N  T H E  A B S E N C E  O F  T \ V E E N  8 0  

Assay  without Tween ~o Assay  with o.o2 % Tween 8o 

Conditions during Phosphoryh*se *in[Is Ratio 
recrvstallizalt~n* 

a (a  hj a/(a ~ b) a (a h) 

Absence of Tween So I t.9 15.7 

Presence o f o o , °  Tween 80 9.8 tl.9 
• ~ , o  

* See text for details of recrystallization. 

Phosphorylase units Ratio 

a'(a  t,) 

0.76 20. 7 24.4 0.85 

0.82 16. 9 21.6 o.7S 

D I S C U S S I O N  

Resul ts  of the  exper iments  descr ibed above ex tend  the  observat ions  t h a t  cer ta in  
enzymes are ac t iva t ed  or inh ib i ted  by  SAA and t h a t  the  effects m a y  be re la ted  to the  
format ion  of micel lar  s t ructures .  If  miee l le- format ion  is the cri t ical  change t h a t  leads to  
phosphory lase  ac t iva t ion ,  the  way  b y  which the micelles accomplish  th is  was not  re- 
vealed b y  the  present  exper iments .  Ac t iva t ion  of p ro tyros inase  (ALLEN AND BODINE 1) 
and of g lu tamie  acid decarboxy lase  (HUGHES 1°) b y  SAA are bel ieved to involve rear-  
r angemen t  of the  pro te in  to  expose the  enzyme moie ty  in the  first ins tance  and r emova l  
of an inh ib i tor  in the  second. Nei ther  of these  processes is in accord wi th  the  resul ts  for 
ac t iva t ion  of crys ta l l ine  r abb i t  muscle phosphory lase .  Ano the r  poss ib i l i ty  would be t ha t  
the  mieelle s t ruc ture  might  change the  t he rmody na mic  env i ronment  of the  reac t ion  
mix ture .  Fo r  example ,  the  micelles might  ma in ta in  the  re la t ive ly  huge phosphory lase  
and glycogen molecules in posi t ions  favorable  for r epea ted  in terac t ion .  The above  results,  
however ,  give no ind ica t ion  of such a mechanism,  i .e.,  the  ex ten t  of ac t iva t ion  of r abb i t  
muscle phosphory lase  by  Tween 80 does not  v a r y  with  change of glycogen concent ra t ion  
of the  assay mix tu re  up to concen t ra t ions  t h a t  sa tu ra te  the  enzyme.  

The resul ts  of Table  I I I  indica te  t h a t  ac t iva t ion  of the  enzyme is not  a p e r m a n e n t  
change in the  enzyme molecule  bu t  persis ts  only  so long as the  SAA is present  in micelle- 
forming concent ra t ions  in the  assay  mix ture .  This  phenomenon  s tands  in cont ras t  to  the  
increased phosphory lase  ac t i v i t y  of lobs ter  muscle ex t rac t s  dur ing s torage 5. The l a t t e r  
increase in a c t i v i t y  can be acce le ra ted  b y  a va r i e ty  of agents  including surface act ive 
agents,  bo th  ionic and nonionic.  However ,  the  change in crude lobster  muscle  ex t rac t s  
appears  to  be due to the  convers ion of an inact ive  phosphory lase  to phosphory lase  a. 
This  change appears  to require  o ther  factors  present  in the  crude ext rac t .  Once the level 
of lobs ter  phosphory lase  has risen, t ha t  level is m a i n t a i n e d  on puri f icat ion and irrespec- 
t ive  of the  presence or absence of surface act ive agents  in the  assay  mixture .  

SUMMARY 

1. Activity of rabbit nluscle phosphorylase a and phosphorylase b could be increased as much 
as two-fold by the addition of certain nonionic surface active agents• The concentrations of these 
agents required for activation of rabbit muscle phosphorylase coincide with the conceutrations 
required for aggregation of these agents into micelles. 

2. Cationic and anionic surface active agents inhibit rabbit muscle phosphorylase. This inhibition 
also seems to be connected with the formation of micelles by these agents. 
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RI;7.S t 7M I:: 

1. 1.es activitds (le Ia phosphorylase  a et de la phosphorylase  b du 1hustle de lapin 1;euvent 
6tre accrues jusqu 'h  deux fois par  l 'addition de certains agents tensioactifs non ioniques, lx~s concen- 
t ra t ions  des d~tergents ndcessaires tt l 'actiwltion de la t)hosphorylase du muscle de lapin coincident 
avec les concentrat ions  pour lesquelles les ddtergents s 'aggr6gent en micelles. 

2. Les agents tensioactifs cationiques et aniolfiques inhibent  la phosphorylase  du muscle de 
lapin. Cette inhibit ion semble 6galement 6tre en rappor t  ax'ec la formation de micelles par  cos agents. 

Z I T S . X M M E N F A S S U N G  

i. Durch Hinzuf/igen von bes t immten  nichtionischen oberfl~tchenaktiven Sto~fen kolmte (lie 
Aktivitfit yon [ 'hosphorylase  a und Phosphorylase  b aus Kaninchenmuskeln  verdoppelt  werden. Die 
fiir die Aktivierung yon Kaninchenmuskelphosphorylase  ben0tigten Konzentrat ionen dieser St(fife 
s t immen mit  den Konzentra t ionen 6herein, welche notwendig sind, um diesc Stoffc zu Mizellen 
zusammenzubal len.  

2. Kationische und anionische oberfltichenaktive Stoffe hemmen Kaninchennmsl~elphosphory- 
lase. Diese H e m m u n g  scheint gleichfalls mit der Mizellenbildung dicser Stoffe zusamnmnzuh/ingei1. 
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