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Many examples of denaturation of enzymes by detergents or surface active agents
(SAA) are known (Purnam'¥). Few instances of activation of cnzymes by such agents
have been reported. ALLEN AND BoDINE! were able to activate protyrosinase of grass-
hopper eggs by anionic alkyl sulfates. Cationic alkyl amines were ineffective or inhibitory.
On the other hand, Kress!! and HucHES? 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 anomalics in certain
physicochemical properties, such as viscosity, surface tension, equivalent conductivity,
freezing point lowering, efc., with change of concentration. These anomalies are inter-
preted as arising from the association of molecules of the SAA into aggregates or micelles,
McBain?2, 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 micelle
formation concentration (CMC). These agents cxert their most profound cffects upon
proteins when present in such amounts that micelles exist. Indeed, HuGaES! found that
the minimum concentrations of cationic SAA required to activate glutamic acid decar-
boxylase and glutaminase coincide with their CMC values. MaTHEWS!® has shown a
correlation between the CMC values of several anionic SAA and the concentrations of
these SAA for equivalent inhibition of hyaluronidase.

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 activation 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 micelle formation. Further, certain nonionic SAA which do not
form micelles fail to activate rabbit muscle phosphorylase.

MATERIALS AND METHODS

Surface active agents were obtained from the following sources. Atlas Powder Company supplied
the nonionic agents Tween 8o (polyoxyethylene sorbitan monooleate), Myrj 51 (polyoxyethylene
stearate), Brij 35 (polyoxyethylene lauryl alcohol), Span 20 (sorbitan monolaurate), Arlacel C
* This research was completed in 1952 during the tenure of a Public Health Service Postdoctorate
Research I'ellowship from the National Cancer Institute. Dresent address, Department of Bio-
chemistry, University of California, Berkeley 4, California.
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(sorbitan sesquioleate), G-1144 (polyoxyethylene sorbitol oleate), and G-2240 (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, ¢.e., PEG-400 is a sample of av. mol. wt 400. Triton X-100 is a nonionic alkyl aryl
polyethylene glycol supplied by Rohm and Haas Company. Union Carbide and Carbon Corporation
furnished the cationic agent, Amine 220. The anionic agent Aerosol O.T. (dioctyl sodium sulfo-
succinate) was purchased from Eimer and Amend Company and the cationic agent, cetyldimethyl-
ethylammonium bromide (CDEA), from Eastman Kodak Company.

Determinations of critical micelle-formation concentration (CMC) were made by a modification
of the method of CorriN AND HarkINs®. This method is based on the color change that an appropriate
acid-base indicator will undergo, even in a well-buffered solution, when a SAA is added in amounts
cqual to or in excess of the CMC. A solution of o.00159%, by weight bromothymolblue (Eimer and
Amend Company) in o.03 M imidazole buffer of pH 6.8 was used in the present experiments. A
marked color change from the greenish-blue that is characteristic of bromothymolblue at pH 6.3
to a bright yellow occurred when a nonionic or anionic SAA (previously adjusted to pH 6.8 when
tested with a glass electrode pH meter) was added above the CMC. Cationic SAA such as CDEA
or Amine 220 altered the color to a brilliant blue. A series of samples of constant composition, excep
for progressive dilution of the SAA, were compared in a Klett-Summerson photoelectric colorimeter
(Klett filter No. 56). The concentration of SAA required for half the maximum color transformation
was selected as the CMC.

Rabbit muscle phosphorylase was crystallized by the method of GREEN aND Cori®. Phosphory-
lase activity is expressed in the units defined by Cor1, Cort AND GREENZ Number of units = 1000 X K,
where,

%,

>4

K = 1ftlog (1)

Fe

The percent glucose-1-phosphate (G-1-PO,) converted to polysaccharide in time, ¢, is represented
by x, while x, is the percent converted to polysaccharide at equilibrium. Glycogen was present in
excess. The measure of activity was the rate of inorganic phosphate liberation during the reaction.
The phosphorylase preparation was preincubated at 30° C with o.o15 M cysteine at pH 6.8 for fifteen
minutes. The preincubated enzyme was added to a solution of glucose-1-phosphate and glycogen
in such amounts that the ultimate composition of the assay mixture was enzyme, 0.0075 M cysteine,
0.015 M G-1-PO, and 19, glycogen at pH 6.8. Incubation was continued at 30” and samples were
withdrawn at appropriate intervals for determination of inorganic phosphate by the method of
FiskE AND SuBBaROwS. For determination of total phosphorylase (phosphorylase a 4+ phosphory-
lase b), the assay mixture also contained 1 x 1072 M muscle adenylic acid (AMP). Phosphorylase
a/phosphorylase (@ + b) corresponds to the ratio of activities found in the absence and in the presence
of AMDP respectively.

RESULTS

Crystalline rabbit muscle phosphorylase could be activated as much as two-fold
by the additon of certain nonionic SAA such as Tween 80 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 ¢ and phosphorylase & by a nonionic SAA could
be demonstrated by the experiment of Fig. 1. Phosphorylase a is converted to phosphory-
lase b by the PR enzyme isolated from rabbit muscle®. Prior to exposure of crystalline
phosphorylase @ to PR enzyme, Tween 80 activated the enzyme 1909, in the absence of
AMP and 1509% 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 (conversion of phosphorylase @ to phosphorylase b)
but the per cent activation by Tween 80 in the presence of AMP in the assay mixture
remained at about 150%.

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 109, during as long as three hours preincubation at 30° and the
same loss occurred in the presence of Tween 8o0. Furthermore, the percent activation by
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TABLE I

KFFECT OF TIME OF INCUBATION WITH TWEEN 80 ON THE EXTENT OF
ACTIVATION OF CRYSTALLINE RABBIT PHOSPHORYLASE
All enzyme samples were preincubated with o.o15 M cysteine at 30" for 15 minutes prior to addition
to an equal volume of the G-1-PO, and glycogen mixture.

Phosphorylase a activity

Conditions - R

Ay sample time { nits Percent activity

No Tween 3o added 3 minutes 12.2
10 minutes 13.4 100
15 minutes 1.4

0.01 % Tween 8o added to the G-1-1"0, and 5 minutes 4.8

glycogen mixture 1 min before the end of preincubation 1o minutes 18,1 130
15 minutes 18.9

0.01 % Tween 8o added to the G-1-1"Oy and 5 minutes 16.8

glvcogen mixture at the start of 15 min preincubation 10 minutes 18.9 1.40
15 minutes 20.7

0.01 %, Tween So added to the enzyme and 5 minutes 19.6

cysteine mixture 5 min before the end of the preincubation 10 minutes 20.7 155
15 minutes 20.5

0.01 % Tween 8o added to the enzyme and 5 minutes 21.0

cysteine mixture at the start of 15 min preincubation 10 minutes 21.0 100
15 minutes 21,1
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Twceen 80 was the same whether incubation and assay was a: 8° or 30°, and was constant
over a seven-fold change in phosphorylase concentration. Also excluded is an influence
of the SAA on the relation of enzymic activity to the presence or absence of adenylic
acid, inosinic acid or cysteine; glycogen concentration (0-2.5%); G-1-P concentration
(0.005-0.0531) ; or pH of the reaction mixture Activation also seemed independent of
Refevences p. 560.



volL. 17 (1955) SURFACE ACTIVE AGENTS AND RABBIT MUSCLE PHOSPHORYLASE 557

the condition of the phosphorylase crystals such as number of recrystallizations, age of
the preparation or the ratio of phosphorylase a/phosphorylase (a + b).

Not all of the nonionic SAA increase the activity of crystalline rabbit muscle phos-
phorylase although the change in surface tension may be of the same order. For example,
Tween 80 and polyethylene glycol, PEG-400, both lower the surface tension of aqueous
solutions to 35-40 dynes/cm. Yet PEG-400 had no influence on phosphorylase activity
even when present in amounts up to 1°;. The higher molecular weight PEG-4000, how-
ever, produced activation about equivalent to that by Tween 8o (Table IT) as though the

TABLE II

COMPARISON OF THE ACTION OF SURFACE ACTIVE AGENTS ON RABBIT MUSCLE PHOSPHORYLASE
AND THE ABILITY TO FORM MICELLES

detivi Action on hromothymolblue at pH 6.8 Published values
Agent Activity of ] - : rem e o e o
phosphorviase Color change CMC CMC Reference
None 100 9,
Tween 8o 180 Deep yellow 0.008 % (wt)
Myrj 51 180 Deep yellow 0.000 %, (wt)
Brij 35 160 Deep yellow 0.014 %, (wt)
Triton X-100 155 Deep yellow 0.017 % (wt)
(3-107% M) 9-10°% M 7
G-1144 145 Deep yellow 0.011 9% (wt)
Span 20 150 Slight yellow™*
Arlacel C 140 Slight yellow™*”
PEG-z200 100 No change
PEG-400 100 No change
PEG-600 115 No change
PEG-4000 150 No change
G-2240 85 No change
Aerosol O.T. Strong inhibition  Slight yellow 0.008 M o.o1 M 12
Amine 220 Inhibition Deep blue 8-107% 4/
CDEA Inhibition Deep blue 1-107% M

* Enzyme incubated with SAA plus cysteine for 15 minutes. Conc. of SAA was 0.04%,; except
for PEG-400 (1 9,), and Aerosol, Amine 220 and CDEA (0.0002 M).
“* Span 20 and Arlacel C were too insoluble for CMC determination.

greater size of the polymer were important. This possibility is of interest in light of the
observation of HUGHES!® that the minimum concentration of cationic SAA for activation
of bacterial glutamic acid decarboxylase and glutaminase coincides with the concentra-
tion required for creation of micellar structures within the solution by aggregation of the
SAA. It may be seen from Table IT that those SAA which activated phosphorylase are
in all cases, except for the higher molecular weight polyethylene glycols, the same agents
that gave evidence of micelle-formation by change in color of bromothymolblue. The
data for determination of the CMC of Tween 80 and superposition of data for activation
of rabbit muscle phosphorylase by this agent are given in Fig. 2. That the concentration
of the cationic agent, CDEA, for inhibition of rabbit muscle phosphorylasc also coincides
with its CMC is indicated by Fig. 3.

Crystalline rabbit muscle phosphorylase was recrystallized from a solution of 0.073
cysteine and 0.03M B-glycerol phosphate, pH 6.8, to which was added Tween 80 to 0.02%
{(an amount in excess of the CMC). The recrystallized preparation was comparable in
activity with an identical sample recrystallized in the absence of Tween 80, if the Tween

References p. 560.
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Fig. 2. Correlation of activation of phosphorylase by Tween 80 and change of color of bromothymol-

blue by Tween 8o. Activation of phosphorylase a -—— —; Change of color of bromothymolblug ————- .
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Fig. 3. Correlation of inhibition of phosphorylase ¢« by CDEA and change of color of bromothymolblue
by CDEA. Inhibition of phosphorylase a —; Change of color of bromothymolblue ——-~— .
Dotted circles indicate that samples were turbid.

80 was diluted below its CMC value before the assay for activity (Table I1I). It may be
noted that both the enzyme recrystallized in the presence and in the absence of Tween
80 were activated to the same extent by Twecen 80 at concentrations above the CMC
value in the assay mixture.
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TABLE III

ACTIVITY OF RABBIT PHOSPHORYLASE RECRYSTALLIZED IN THE PRESENCE AND
IN THE ABSENCE OF TWEEN 80

Assav without Tween 8o Assay with 0.029%, Tween 8o

Conditions during Ifat;(r

Lo , : N ) o o
vecrvstallization )3 hoi{)ﬁnr}{a:wjmizli o ¥ hnsihnn lase ufnt.: B Ratio o
a fa - Iy alfa i- b} a (a b alfa - b}
Absence of Tween So 1.9 15.7 0.76 20.7 24.4 0.85
Presence of 0.02 %, Tween 80 9.8 11.9 0.82 16.9 21.6 0.78

* See text for details of recrystallization.

DISCUSSION

Results of the experiments described above extend the observations that certain
enzymes are activated or inhibited by SAA and that the effects may be related to the
formation of micellar structures. If micelle-formation is the critical change that leads to
phosphorylase activation, the way by which the micelles accomplish this was not re-
vealed by the present experiments. Activation of protyrosinase (ALLEN AND BoDINE!)
and of glutamic acid decarboxylase (HUGHES!) by SAA are believed to involve rear-
rangement of the protein to expose the enzyme moiety in the first instance and removal
of an inhibitor in the second. Neither of these processes is in accord with the results for
activation of crystalline rabbit muscle phosphorylase. Another possibility would be that
the micelle structure might change the thermodynamic environment of the reaction
mixture. For example, the micelles might maintain the relatively huge phosphorylase
and glycogen molecules in positions favorable for repeated interaction. The above results,
however, give no indication of such a mechanism, 7.e., the extent of activation of rabbit
muscle phosphorylase by Tween 8o does not vary with change of glycogen concentration
of the assay mixture up to concentrations that saturate the enzyme.

The results of Table IIT indicate that activation of the enzyme is not a permanent
change in the enzyme molecule but persists only so long as the SAA is present in micelle-
forming concentrations in the assay mixture. This phenomenon stands in contrast to the
increased phosphorylase activity of lobster muscle extracts during storage®. The latter
increase in activity can be accelerated by a variety of agents including surface active
agents, both ionic and nonionic. However, the change in crude lobster muscle extracts
appears to be due to the conversion of an inactive phosphorylase to phosphorylase a.
This change appears to require other factors present in the crude extract. Once the level
of lobster phosphorylase has risen, that level is maintained on purification and irrespec-
tive of the presence or absence of surface active agents in the assay mixture.

SUMMARY

1. Activity of rabbit muscle 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 concentrations
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.

References p. 560.
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RESUME

1. Les activités de la phosphorylase @ ct de la phosphorylase & du muscle de lapin peuvent
étre accrues jusqu’a deux fois par Paddition de certains agents tensioactifs non ioniques. T.es concen-
trations des détergents nécessaires a P'activation de la phosphorylase du muscle de lapin coincident
avec les concentrations pour lesquelles les détergents s’aggrégent en micelles.

2. Les agents tensioactifs cationiques et anioniques inhibent la phosphorylase du muscle de
lapin. Cette inhibition semble également étre en rapport avec la formation de micelles par ces agents.

ZUSAMMENDIASSUNG

1. Durch Hinzufiigen von bestimmten nichtionischen obertlichenaktiven Stotfen konnte die
Aktivitit von PPhosphorylase ¢ und Phosphorylase b aus Kaninchenmuskeln verdoppelt werden. Die
fiir die Aktivierung von Kaninchenmuskelphosphorylase benétigten Konzentrationen dieser Stoffe
stimmen mit den Konzentrationen iibercin, welche notwendig sind, um diese Stoffe zu Mizellen
zusammenzuballen.

2. Kationische und anionische obertlachenaktive Stotfe hemmen Kaninchenmuskelphosphory-
lase. Diese Hemmung scheint gleichfalls mit der Mizellenbildung dieser Stoffe zusammenzuhingen.
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