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Summary 

Enzyme II ~e, the membrane-bound component  of  the lactose phospho- 
transferase system of  Staphylococcus  aureus, catalyzes the phosphorylation- 
transport  reaction below: 

Enzyme IIlac 
phospho-Factor  III hc + sugar > Factor III he + sugar phosphate 

(The sugar can be lactose or one of its analogs.) The effects of  the non-ionic 
detergents Triton X-100, Brij 35, and Tween 40 on the activity of  Enzyme II xac 
were studied. Especially striking effects were observed using Triton X-100, a 
detergent previously used to solubilize and isolate this enzyme. A systematic 
s tudy of  Triton effects over a range of  concentrations and temperatures dem- 
onstrated three aspects of  Triton-membrane interaction. At 0.1% Triton and 
25°C Enzyme IIla¢ is activated, but  remains particulate. At 0.5% Triton and 
25°C, it is almost completely solubilized, with good retention of  activity. At 
0.5% Triton and 37 ° C, it is rapidly and irreversibly inactivated. Sugar substrates 
and inhibitory sugar analogs protect  Enzyme II :ae against inactivation; the 
effect  is specific for/3-galactosides. The other  substrate of  Enzyme II l~e, phos- 
pho-Factor  III lac, does not  affect  Triton inactivation, and the product  analog 
galactose 6-phosphate slightly enhances the inactivation rate. 

Introduction 

Detergents are commonly  employed to disperse or "solubilize" membrane- 
bound enzymes, thus facilitating their isolation [1]. Non-ionic detergents, 

* T o  w h o m  c o r r e s p o n d e n c e  s h o u l d  b e  a d d r e s s e d .  
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especially Triton X-100, have proved particularly useful. The latter has pre- 
viously been used to solubilize Enzyme II la~ [2,3], the membrane-bound com- 
ponent  of  the phosphoenolpyruvate-dependent  lactose phosphotransferase 
system of  the gram-positive bacterium Staphylococcus aureus. This multi- 
enzyme system catalyzes the concomitant  phosphorylat ion and membrane 
transport  of  sugars in that  organism [4]. In addition to Enzyme IIlac, the 
system consists of  three soluble components,  Enzyme I, histidine protein and 
Factor III lac. Both the last protein and Enzyme IIlac are specific for fl-galacto- 
sides. The sugar phosphorylat ion is accomplished by a series of phosphoryl 
transfers [ 5--7 ] : 

P-enolpyruvate + Enzyme I Mg~ P-Enzyme I + pyruvate (1) 

P-Enzyme I + histidine protein ~ P-histidine protein + Enzyme I (2) 

P-histidine protein + 1/3 Factor III hc ~ 1/3 (P3-Factor III lac) (3) 

+ histidine protein 

1/3 (P3-Factor III lac) +/3-galactoside Enzyme I::~ ~-galactoside-6-P (4) 

+ 1/3 Factor III 1~ 

Apparently translocation of  sugar across the membrane is concomitant  with 
reaction 4, so that  Enzyme IIlac is directly implicated in the transport  process. 
We have studied the interaction of Triton X-100 with Enzyme II 1~c over a range 
of temperatures and detergent concentrations,  and the effects of  other  com- 
ponents (substrates, products,  cofactors) of  the phosphotransferase reaction on 
those interactions. The results can be described in terms of three aspects of  
detergent-membrane interaction: activation, solubilization and inactivation. 
The influence of  reaction components  on the inactivation process can be 
determined quantitatively and provides a convenient assay for their interaction 
with Enzyme IIlac. 

Materials and Methods 

Materials and analytical procedures were as previously described [8,9], 
except  where indicated. Triton X-100 was obtained from Sigma. Brij 35 and 
Tween 40 were gifts of  Dr. Charles Waechter, and Dr. Nessly Craig, respec- 
tively. Phosphate dilution buffer  contains 10 mM potassium phosphate buffer, 
pH 7.4, 0.1 mM EDTA and 1 mM dithiothreitol.  Tris dulution buffer  contains 
10 mM Tris • HC1 buffer,  pH 7.4, instead of potassium phosphate and the same 
concentrat ions of EDTA and dithiothreitol.  Detergent concentrations are 
stated as % (v/v). 

Preparation of  staphylococcal lactose phosphotransferase system components 
The preparation of purified fractions of Enzyme IIlac, Enzyme I, histidine 

protein and Factor  III lac f rom mechanically disrupted cells of  S. aureus strain 
C22  (constitutive for lactose phosphotransferase proteins [4]) has been 
described in detail [5,8]. In the final step of the described procedure for 
Factor III lac, pooling and concentrat ion of the active fractions obtained by 
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DEAE-cellulose chromatography yielded a preparation which was about 75% 
pure, as estimated by polyacrylamide gel electrophoresis in the presence of 
sodium dodecyl sulfate. When required, homogeneous Factor III 1~¢ was pre- 
pared as described by Hays et al. [5], with the following change. The DEAE- 
cellulose pool (about 9 ml) was dialyzed overnight against 1 mM sodium phos- 
phate buffer, pH 6.8, containing 0.5 mM dithiothreitol, applied to a 1.3 × 7.5 
cm column (about 8 ml) of hydroxyapati te (Bio-Rad), and washed with 50 ml 
of the same buffer. The column was eluted with a 300 ml linear gradient of 
sodium phosphate buffer (pH 6.8, 2--40 mM) containing 0.5 mM dithio- 
threitol, at about 0.3 ml per min. The peak fractions were pooled, concentrated 
by lyophilization and dialyzed overnight against Tris dilution buffer. Poly- 
acrylamide gel electrophoresis of this material in the presence of sodium 
dodecyl sulfate yielded a single band. We consider appearance of a single band 
(molecular weight about 11 000) under these conditions to be strong evidence 
of homogeneity,  since the molecular weight of the preparation under non- 
denaturing conditions is 35 000 [5]. 

For Enzyme II 1~¢, washed membranes were prepared from cell-free extracts 
by two cycles of alternate ultrasonic irradiation and low-speed and high-speed 
centrifugation [8], and used without further treatment.  Although the resulting 
preparation was quite heterogeneous and did not  represent any significant 
purification of Enzyme IIlac with respect to the other membrane components,  
it seemed desirable for this study not  to subject the membranes to further 
purification procedures (e.g. detergent treatments) which might alter the very 
protein-lipid interactions under investigation. The mechanical treatment was 
quite effective in removing peripheral proteins, however; for instance the back- 
ground level of Factor III la¢ in washed membranes corresponded to less than 
1 pmol  of Factor III 1~c per 100 pmol of Enzyme II 1~c. The level of the latter 
enzyme was estimated to be about 500 pmol per mg membrane protein by a 
[14C]lactose binding assay [6]. When viewed in the electron microscope, the 
preparations contain membranous vesicles of various sizes, cell wall fragments, 
and some uncharacterized debris. The l i p id :p ro te in  ratio corresponded to 
about 380 nmol of lipid phosphorus per mg of membrane protein. 

Assay of phosphorylation of 14C-labeled fl-galactosides in vitro 
Details of the assay have been described previously [3,8]. Briefly, ice-cold 

reaction mixtures were prepared from stock solutions so that the final volumes 
(usually about 300 pl) contained the following components:  phosphoenol- 
pyruvate (pH 7.3, 3 mM); potassium phosphate buffer (pH 7.4, 10 mM); KF 
(3 mM); dithiothreitol (2 mM): all four lactose phosphotransferase protein 
components  (Enzyme I, histidine protein, Factor III 1a¢, Enzyme IIla¢); MgCl: 
(4 mM); appropriate concentrations of either 14C-labeled methylthio 3-galacto- 
side (New England Nuclear) or 14C-labeled isopropylthio 3-galactoside (Cal- 
atomic). The stock phosphotransferase protein solutions were all made using 
phosphate dilution buffer. Excess amounts of Enzyme I and histidine protein 
and rate-limiting amounts  of  Factor III 1a¢ were used, unless otherwise 
indicated. When appropriate, detergents were added to the mixtures after the 
other assay components.  Complete assay mixtures were mixed briefly and 
incubated at 25°C, usually for 1 h. After the reaction was stopped by chilling 
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on ice, the samples were assayed for the presence of  14C-labeled sugar phos- 
phate by ion-exchange chromatography as previously described [10]. In all 
experiments the rate of 14C-labeled sugar phosphate formation was directly 
proport ional  to the amount  of  Enzyme IIlac used and was constant  for at 
least 60 min. (Since Enzyme IIlac is the catalyst for Reaction 4 and P~- 
Factor  III lac is its substrate, both  components  are rate limiting when Enzyme I 
and histidine protein are in excess and the Factor III la~ concentration is well 
below its Michaelis constant.) 

Detergent inactivation experiments 
Detergents were tested for irreversible inactivation of  phosphotransferase 

enzymes by a two-step procedure: t reatment  with detergent,  then subsequent  
assay for sugar phosphorylat ion activity under non-inactivating conditions. 

Inactivation treatments were initiated by mixing detergents with buffered 
solutions containing phosphotransferase proteins (final volumes usually 50-- 
100 pl), and s topped by chilling the mixtures on ice and diluting them (to final 
volumes of  300 pl) with potassium dilution buffer  plus the additional com- 
ponents  required to reconsti tute a complete  sugar phosphorylat ion assay 
mixture. These samples were then incubated and assayed for ~4C-labeled sugar 
phosphate as described above. Detergent concentrations in all treated samples 
and in untreated controls were adjusted to the same final value prior to the 
sugar phosphorylat ion incubations. The final detergent concentrations always 
corresponded to conditions previously shown to result in a level of sugar phos- 
phorylat ion activity equal to or greater than that in control  assay mixtures 
wi thout  detergent (see Fig. 1). Apparent first-order rate constants for inactiva- 
tion, k, were determined from the slopes of  plots of  log (fraction activity 
remaining) versus time. Substrates, products  and inhibitor of sugar phos- 
phorylat ion were tested for their effects on the rate of  inactivation of Enzyme 
II ~ac by  Triton as follows: Inactivation experiments were performed at 37°C 
as described above, using 0.5% Triton and various concentrations of  the (un- 
labeled) compounds  tested. Subsequent  assay of residual sugar phosphorylat ion 
activity was accomplished by incubation of  the mixture for 60 min at 25°C 
in the presence of  0.1% Triton and radioactive fl-galactosides. The concentra- 
tions of  the latter were sufficient to completely eliminate competit ive inhibi- 
t ion of  the assay by the unlabeled substrate or substrate analog which had been 
present during the prior inactivation treatment.  (At the low Triton concentra- 
tion in the subsequent  assay (0.1%) no inactivation occurs at 25°C. Further- 
more, the saturating concentrations of  substrate present in the assay mixture 
protect  the enzyme against activation which might occur under more severe 
conditions. Thus there is no further inactivation during the assay.) 

Results 

Inactivation o f  Enzyme  H lac preparations by Triton treatment 
When the rate of  phosphorylat ion of  methylthio fl-galactoside was measured 

at 25°C at various concentrations (0--0.5%, v/v) of  Triton X-100, the activity 
versus concentrat ion curve of  Fig. 1 (circles) was obtained. Maximal stimula- 
tion (about  2-fold in these experiments) occurred at 0.1% Triton. In another 
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set of  experiments in 0.1% Triton (data not  shown) the apparent Michaelis 
constant for sugar was found to be 0.27 + 0.03 mM, compared to 0.13 + 0.03 
mM in the absence o f  Triton, whereas the maximum velocity was elevated 3- 
fold in Triton. This stimulatory effect on the sugar phosphorylation assay at 
25°C is in marked contrast to an apparently irreversible inactivation of  Enzyme 
IIlac during prior treatment with Triton at 37°C in the absence of  the other 
assay components  (Fig. 1, squares). The kinetics of  this inactivation were first 
order to about 10% residual Enzyme IIlac activity (Fig. 2). Apparent inactiva- 
tion rate constants, k, were obtained from the plots of  Fig. 2, and the marked 
temperature dependence was analyzed. The points on a plot  of  In k versus 
(absolute temperature) -1 gave a good fit to a single straight line whose slope 
corresponded to an apparent activation enthalpy of  48 kcal/mol. The rate of  
inactivation increases sharply with Triton concentration in the range 0 .05- -  
0.2%. The increase is most  dramatic at 37°C (Fig. 3). 

In order to determine whether the inactivation could be reversed by separa- 
tion of  the membrane from Triton, the fol lowing experiments were performed. 
(Triton is not  easily removed from these membranes by dialys is . )A suspension 
of  Enzyme IIlac in 0.5% Triton at 25°C was diluted 20-fold with phosphate 
dilution buffer and centrifuged at 4°C for 90 min at 250 000 × g. Evidentally 
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Fig.  I .  E f f e c t  o f  T r i t o n  X - 1 0 0  o n  t h e  r a t e  o f  ~ -ga lac tos ide  p h o s p h o r y l a t i o n .  (A)  E f f e c t  o f  d e t e r g e n t  
p r e s e n t  d u r i n g  p h o s p h o r y l a t i o n  a s s a y s  (o) .  P h o s p h o r y l a t i o n  a s says  we re  p e r f o r m e d  as d e s c r i b e d  u n d e r  
Ma te r i a l s  a n d  M e t h o d s ,  u s i n g  2 0 0  ~g  o f  E n z y m e  II lac  p r e p a r a t i o n ,  3 /~g  o f  F a c t o r  III l ac ,  excess  E n z y m e  I 
a n d  h i s t i d i n e  p r o t e i n ,  3 . 3  m M  1 4 C - l a b e l e d  m e t h y l t h i o  ~ -ga lac tos ide  ( spec i f ic  a c t i v i t y ,  1 .5  • 105  c p m  p e r  
~ m o l ) ,  a n d  t h e  d e t e r g e n t  c o n c e n t r a t i o n s  i n d i c a t e d .  T o t a l  a s say  v o l u m e  w a s  3 0 0  /~I. A re la t ive  a c t i v i t y  o f  
1 . 0  c o r r e s p o n d s  t o  0 . 5  n m o l  p e r  m i n .  D a t a  p o i n t s  r e p r e s e n t  t h e  ave rage  o f  d u p l i c a t e  d e t e r m i n a t i o n s .  (B) 
E f f e c t  o f  p r i o r  t r e a t m e n t  o f  E n z y m e  I I lac  w i t h  T r i t o n  X - 1 0 0  ([]). I n a c t i v a t i o n  e x p e r i m e n t s  we re  per -  
f o r m e d  as d e s c r i b e d  u n d e r  Ma te r i a l s  a n d  M e t h o d s ,  u s i n g  2 0 0 / ~ g  o f  E n z y m e  I I lac  a n d  t h e  i n d i c a t e d  T r i t o n  
c o n c e n t r a t i o n s .  P r i o r  t r e a t m e n t  w a s  a t  3 7 ° C  f o r  3 0  r a in  in  a v o l u m e  o f  6 0  ~I; s u b s e q u e n t  p h o s p h o r y l a t i o n  
a s say  w a s  as  d e s c r i b e d  u n d e r  A a b o v e ,  e x c e p t  t h a t  f ina l  T r i t o n  c o n c e n t r a t i o n  in  al l  a s says  was  0 .1%.  

Fig .  2. T ime  c o u r s e  o f  i n a c t i v a t i o n  o f  E n z y m e  I I lac  b y  0 . 5 %  T r i t o n  a t  v a r i o u s  t e m p e r a t u r e s .  I n a c t i v a t i o n  
t r e a t m e n t s  w e r e  p e r f o r m e d  a n d  r e s i d u a l  E n z y m e  I I lac  d e t e r m i n e d  b y  t h e  s u g a r  p h o s p h o r y l a t i o n  a s say  as 
d e s c r i b e d  u n d e r  Mate r i a l s  a n d  M e t h o d s ,  I n a c t i v a t i o n  s a m p l e s  ( v o l u m e ,  6 0  /~1) c o n t a i n e d  5 0  /~g E n z y m e  
n lac  p r e p a r a t i o n  a n d  T r i t o n  X - 1 0 0  t o  a f i na l  c o n c e n t r a t i o n  o f  0 .5%.  T r e a t m e n t s  we re  a t  t he  t e m p e r a t u r e s  
i n d i c a t e d :  o, 2 5 ° C ;  G, 2 9 ° C ;  e ,  3 3 ° C ;  A, 3 7 ° C .  ( In  s imi l a r  i n a c t i v a t i o n  e x p e r i m e n t s  a t  3 7 ° C  us ing  2 0 0  #g  
o f  E n z y m e  II lac,  t h e  i n a c t i v a t i o n  r a t e s  we re  t h e  s a m e  w i t h i n  e x p e r i m e n t a l  e r ro r . )  A s s a y s  o f  r e s i d u a l  En-  
z y m e  I I lac  a c t i v i t y  b y  t h e  s u g a r  p h o s p h o r y l a t i o n  a s say  a t  2 5 ° C  f o r  6 0  r a i n  in  0 .1% T r i t o n  we re  as 
d e s c r i b e d  u n d e r  Ma te r i a l s  a n d  M e t h o d s ,  u s i n g  4 /~g F a c t o r  III  lac ,  a n d  1 m M  1 4 C - l a b e l e d  i s o p r o p y l t h i o  
~ -ga lac tose  ( spec i f i c  a c t i v i t y ,  1 0 5  c p m  p e r / ~ m o l ) .  
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very little Triton adheres to the pellets obtained from this detergent-removal 
procedure,  since a membrane sample mixed with Triton (but not  heated at 
37°C) before centrifugation and a control  sample mixed only with aqueous 
buffer yielded pellets which had identical Enzyme II ~¢ activities, even after 
subsequent  resuspension in 1/20 volume and incubation for 30 min at 37°C. 
(This latter t reatment  should have inactivated any resuspended pellet in which 
the residual Triton concentrat ion was greater than about  0.1%.) However, when 
a membrane sample was first inactivated by  t reatment  with 0.5% Triton at 
37°C for 30 min, and then diluted, sedimented, and resuspended, less than 10% 
of the activity of  the control  sample was recovered in the pellet. This is the 
same loss (90%) which results if the resuspended pellet from a control sample is 
subsequently made 0.5% in Triton and heated at 37°C for 30 min. Thus we 
conclude that once these membranes have been inactivated by Triton, activity 
cannot  be restored by their physical removal from the detergent. 

Since Triton and other  detergents have previously been used to "solubilize" 
Enzyme II l~c [2,3], it was important  to determine whether the enzyme 
remained particulate during the detergent inactivation treatment.  Membrane 
samples in phosphate dilution buffer  containing no detergent,  or containing 
0.1 or 0.5% Triton X-100, were sedimented at 25°C for 90 min at 250 000 X g, 
and the Enzyme IIlac activity remaining in the supernatant was compared to 
that  of  a control  sample not  subjected to centrifugation. When detergent was 
not  present during sedimentation only 13% of the activity remained in the 
supernatant.  In the presence of  0.1% Triton the supernatant activity was 21% 
of the control  value, and in 0.5% Triton it was 92%. It is thus likely that the 
condit ions of  the irreversible inactivation experiments (37°C, 0.5% Triton) 
were such that the Enzyme II la~ was in a non-sedimentable ("solubilized") 
form. The Triton concentrations used for inactivation are well above the critical 
micelle concentrat ion {about 0.02% [ 1 ]). 

Protection of Enzyme H zac by sugar substrates and substrate analogs against 
inactivation by Triton 

Substrates and inhibitory substrate analogs were tested for their effect  upon 
the rate of  inactivation by Triton, using the procedure described under 
Materials and Methods. The lactose analog methylthio fl-galactoside effectively 
protec ted  Enzyme IIlac against inactivation by 0.5% Triton at 37 ° C. The degree 
of  protection,  as measured by the decrease in the rate of  inactivation, was a 
function of the sugar concentrat ion (Fig. 4A). A strong protective effect  was 
exhibited by  the substrate analog methyl  6-O-(p-toluenesulfonyl) fi-galactoside 
(Fig. 4B), previously shown to be a competit ive inhibitor of/3-galactoside phos- 
phorylat ion in the presence of  Triton [9]. The specificity of  this protective 
effect  is indicated by the failure of  the anomer of  the inhibitor, methyl  6-O- 
(p-toluenesulfonyl) a-galactoside, to protect .  This compound  is not  an inhibitor 
of  ~-galactoside phosphorylat ion [8]. 

A quantitative estimate of  the protective efficiency of  these compounds  was 
obtained in the following way. If it is assumed that the rate of  inactivation of  
Enzyme II ~ac complexed with protective agent is negligible compared to that  of  
free enzyme, then the dependence of  the apparent inactivation rate k upon 
protective agent concentrat ion [A] should follow a hyperbolic binding iso- 
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Fig.  3. D e p e n d a n c e  o f  i n a c t i v a t i o n  r a t e  o n  c o n c e n t r a t i o n  a n d  t e m p e r a t u r e .  I n a c t i v a t i o n  t i m e  c o u r s e s  
s imi l a r  t o  t h o s e  o f  Fig .  2 we re  u s e d  t o  d e t e r m i n e  a n  a p p a r e n t  f i r s t - o r d e r  i n a c t i v a t i o n  r a t e  c o n s t a n t ,  k, a t  
e a c h  o f  t h e  t e m p e r a t u r e s  a n d  T r i t o n  c o n c e n t r a t i o n s  i n d i c a t e d .  All  t r e a t m e n t  s a m p l e s  ( v o l u m e ,  6 0  ~1) 
c o n t a i n e d  5 0  #g  o f  E n z y m e  I I lac  p r e p a r a t i o n .  The  t r e a t m e n t  a n d  s u b s e q u e n t  assay  p r o c e d u r e s  we re  as 
d e s c r i b e d  u n d e r  t he  l e g e n d  f o r  Fig .  2. o,  t r e a t m e n t  a t  2 5 ° C ;  A 2 9 ° C ;  ~, 3 3 ° C ;  e,  3 7 ° C .  

Fig.  4.  (A)  P r o t e c t i o n  o f  E n z y m e  II lac  b y  s u b s t r a t e  s u g a r  a g a i n s t  i n a c t i v a t i o n  b y  T r i t o n  X - 1 0 0 .  S a m p l e s  
( t o t a l  v o l u m e ,  6 0  #1) c o n t a i n i n g  1 5 0  # g  E n z y m e  I I lac  p r e p a r a t i o n ,  T r i t o n  X - 1 0 0  ( f inal  c o n c e n t r a t i o n ,  
0 .5%) ,  a n d  u n l a b e l e d  t h i o m e t h y l  ~ -ga l ac tos ide ,  a t  the  c o n c e n t r a t i o n s  i n d i c a t e d  b e l o w ,  w e r e  t r e a t e d  a t  
3 7 ° C .  S u b s e q u e n t  assay  o f  r e s i d u a l  ac t i v i t y  ( a f t e r  5 - fo ld  d i l u t i o n  o f  t r e a t m e n t  m i x t u r e s )  w a s  as d e s c r i b e d  
u n d e r  t he  l e g e n d  f o r  Fig .  2 ,  e x c e p t  t h a t  t he  14C- l abe l ed  i s o p r o p y l t h i o  ~ -ga lac tos ide  was  6 .7  raM.  (The  
Michae l i s  c o n s t a n t  f o r  t h i s  s u b s t r a t e  is a b o u t  1 / 1 0  o f  t h a t  f o r  t h i o m e t h y l  ~ -ga lac tos ide . )  o, n o  t h i o m e t h y l  
~ -ga lac tos ide  p r e s e n t  d u r i n g  i n a c t i v a t i o n  t r e a t m e n t ;  A, 0 .7  m M  t h i o m e t h y l  ~ -ga lac tos ide  p r e s e n t ;  u, 2 .2  
m M  t h i o m e t h y l  ~ -ga lac tos ide  p r e s e n t ;  o,  8 .2  m M  t h i o m e t h y l  ~ -ga lac tos ide  p r e s e n t .  (B) P r o t e c t i o n  o f  
E n z y m e  I i  b y  s u b s t r a t e  s u g a r  a n a l o g  a g a i n s t  i n a c t i v a t i o n  b y  T r i t o n  X - 1 0 0 .  S a m p l e s  ( f ina l  v o l u m e ,  6 0  #l)  
c o n t a i n i n g  1 5 0  # g  E n z y m e  II lac  p r ep&ra t i on .  T r i t o n  X - 1 0 0  ( f ina l  c o n c e n t r a t i o n ,  0 .5%)  a n d  the  i n d i c a t e d  
c o n c e n t r a t i o n s  o f  m e t h y l - 6 - O - ( p - t o l u e n e s u l f o n y l )  f l -ga lac tos ide  w e r e  t r e a t e d  a t  3 7 ° C ,  t h e n  d i l u t e d  a n d  
a s s a y e d  as d e s c r i b e d  u n d e r  t he  l e g e n d  f o r  A.  o, n o  m e t h y l - 6 - O - ( p - t o l u e n e s u l f o n y l )  ~ -ga lac tos ide  p r e s e n t  
d u r i n g  i n a c t i v a t i o n  t r e a t m e n t ;  ~, 0 . 6 3  m M  m e t h y l - 6 - O - ( p - t o l u e n e s u l f o n y l )  ~ -ga lac tos ide  p r e s e n t ;  G, 1 .25  
m M  m e t h y l - 6 - O - ( p - t o l u e n e s u l f o n y l )  ~ -ga iac tos ide  p r e s e n t ;  e,  2 .5  m M  m e t h y l - 6 - O - ( p - t o l u e n e s u l f o n y l )  
~ -ga lac tos ide  p r e s e n t .  

therm, 

k = k o K p r / ( [ A ]  + Kpr) (5) 

Here ko is the inactivation rate for free enzyme and Kpr is the concentration of 
protective agent which results in half-maximal protection. This latter parameter 
can thus be determined from plots of 1/k versus [A ]. 

In Table I, the Kpr determined thus for the substrate methylthio fl-galacto- 
side is compared to the Michaelis constants (Kin values) for this compound 
under various conditions. Similarly, the Kpr for the inhibitor methyl 6-0- 
(p-toluenesulfonyl) fi-galactoside is compared to its inhibition constants (K i 
values). For the tosyl galactoside inhibitor, the agreement between Kpr and 
Ki is fairly good. For the substrate sugar, however, the Kpr value is much higher 
than the Kin. It may be that the structure of  the tosyl sugar is such that it 
protects Enzyme IIlac more efficiently when bound to the membrane. How- 
ever, the comparison here is of  Kpr values, which reflect static binding of sugar 
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T A B L E  I 

C O M P A R I S O N  OF K I N E T I C  P A R A M E T E R S  W I T H  P R O T E C T I O N  P A R A M E T E R S  

Micahelis  cons t an t s  (K m values)  for  m e t h y l t h i o  ~-galactoside a t  the  cond i t ions  ind ica ted  were  ob t a ined  
f r o m  doub le  r ec ip roca l  p lo t s  of  the  da t a  f r o m  sugar  p h o s p h o r y l a t i o n  e x p e r i m e n t s  p e r f o r m e d  as descr ibed 
u n d e r  Me thods  and  Materials.  Samples  c o n t a i n e d  50 ~g of  E n z y m e  II lae  p r epa ra t i on ,  an d  the  final con- 
c e n t r a t i o n  of  F a c t o r  I I I  lac was  0.1 pM. (The  K m for  sugar is n o t  s t rongly  d e p e n d e n t  on Fac to r  I I I  lac 
c o n c e n t r a t i o n ;  see ref .  9.) E n z y m e  I and  his t idine p ro t e in  were  p re sen t  in excess.  The  inhib i t ion  cons tan t s  
(K i va lues)  for  m e t h y l  6 -O- (p- to luenesu l fony l )  ~-gaiactoside are those  d e t e r m i n e d  prev ious ly  u n d e r  
s imilar  cond i t ions .  The  p a r a m e t e r  K p r  is the  c o n c e n t r a t i o n  necessary  fo r  h a l f - m a x i m a l  p r o t e c t i o n  of  
E n z y m e  IIlac. Values  of  Kpr  were  o b t a i n e d  f r o m  the  da t a  of  Fig. 3 as desc r ibed  in the  text .  

P a r a m e t e r  T e m p e r a t u r e  Tr i ton  Data  for  Da ta  for  m e t h y l  
c o n c e n t r a t i o n  m e t h y l t h i o  6 . -O-(p- to luenesul fonyl )  
(v/v)  fl-galactoside ~-galactoside 

(raM) (mM) 

K m 37 None  0 .15  -- 
K m 25 0.1% 0.37 --  
K m 25 None  0 .13  - -  
K i 37 None  - -  0 .34  
K i 25 0 .1% --  0 .22  
Kpr  37 0 .5% 3.42 0 .78  

and inhibitor to Enzyme li lac in 0.5% Triton at 37°C, with Km and Ki values, 
which reflect the steady-state level of  binding during the phosphorylation proc 
process in 0.1% Triton at 25°C. Thus the reason for the greater protection by 
the tosyl sugar cannot be unequivocally determined. 

A further experiment was performed to determine whether the protective 
effect was exerted only at the beginning of the inactivation (e.g. protection 
against some hypothetical event by which the detergent "primes" the mem- 
branes for inactivation) or whether protection could be exerted at any time 

1.0 

- 0 . 5  

0.2 

[] 

[] 

\o 

I I I I I I I I 
4 6 $ 

TIME OF TREATMENT (min. 

Fig. 5. E f fec t  of  t i m e  of  a d d i t i o n  on  p r o t e c t i o n  of  E n z y m e  I I  lac b y  a sugar  subs t ra t e  analog.  Tubes  
con ta in ing  ident ica l  samples  (vo lume ,  0 .45  ~I) of  E n z y m e  I I lac  (50  #g)  dissolved in 0 .66% Tr i ton  X-100,  
and  the  i nd i ca t ed  addi t ions ,  we re  t r e a t e d  a t  37°C.  At  2 -min  intervals ,  one  t u b e  f r o m  each set  was with-  
d r a w n  and  chil led rap id ly  to  0°C.  AH tube s  were  s u b s e q u e n t l y  d i lu ted  an d  assayed  for  res idual  sugar  phos-  
p h o r y l a t i o n  ac t iv i ty  as desc r ibed  in the  legend  fo r  Fig. 4A.  [3, co n t ro l  (15  ~I of  p h o s p h a t e  d i lu t ion  b u f f e r  
added) ;  o, 15  pl of  10  m M  m e t h y l  6 -O- (p - to luenesu l fony l )  ~-gaiactoside inh ib i to r  ad d ed  a t  the  beginning  
of  the  37°C  t r e a t m e n t ;  A same  a m o u n t  of  inh ib i to r  a d d e d  a f t e r  4 rain of  t r e a t m e n t .  
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during the time course of  inactivation. The results (Fig. 5) indicate that  the 
tosyl sugar can form a detergent-resistant complex with Enzyme II 1~c at any 
stage during the inactivation process. 

Effects of  other compounds on inactivation o f  Enzyme H zac by Triton 
Although sugar substrates and analogs substantially slowed the rate of  

irreversible inactivation of  Enzyme II ~a¢ in Triton, the reaction product  
galactose 6-phosphate slightly stimulated the inactivation rate. In 0.5% Triton 
at 37°C the inactivation rate constant,  0.14 min -~, increased to 0.17 rain -1 in 
33 mM galactose 6-phosphate and to 0.20 min -1 at 66 mM. Sodium phosphate 
or glucose 6-phosphate added at similar concentrations had no effect.  

As Eqn. 4 indicates, phospho-Factor  III lac is a substrate for Enzyme IIlac, 
whereas the unphosphoryla ted  protein is actually a product  of  the sugar phos- 
phorylat ion reaction. Several preparations of  Factor  III l~c were tested for their 
ability to protec t  Enzyme IIla¢ against inactivation by  Triton. Some of these 
preparations were purified to homogenei ty  as described under Materials and 
Methods; others {about 75% pure) were purified through the DEAE-cellulose 
step. In all cases the Factor  III ~ itself was shown not  to be irreversibly 
inactivated by the Triton t reatment  (0.5% Triton, 37°C, 15 min). (Enzyme I 
and histidine protein were also stable under these conditions.) In several experi- 
ments, the presence of  unphosphoryla ted Factor  III 1~c (final concentrat ion 
abou t  10 pM) significantly reduced the rate of  Triton inactivation. This effect  
could no t  be reproduced using all o f  the Factor  III 1~ preparations, however. 
Even the two homogeneous  preparations used gave differing results. In all 
cases, though, phospho-Factor  III lac, the actual substrate for Enzyme II 1~, did 
no t  protect .  Thus when a phosphogenerating system (phosphoenolpyruvate,  
Mg 2÷, Enzyme I and histidine protein) was included in the detergent t reatment  
mixture along with Factor  III ~c, Enzyme II l~c was inactivated at the same rate 
as in a control  sample wi thout  added proteins. In a simultaneous experiment,  
using this particular Factor  III l~c preparation, in which the same proteins were 
included but  phosphoenolpyruvate  was omit ted from the phosphogenerating 
system, the rate of  inactivation was significantly less (about  20%) than that  of  
the control  sample. 

It has been reported by  Lanyi [ 11,12] that  lipid-protein interactions in Halo- 
bacterium cutirubrum membranes could be stabilized against lysis by Triton 
X-100 by divalent cations. In the case of  Enzyme II la~, however,  we found no 
change in the rate of  inactivation by Triton in the presence of  MgC12 (4--100 
mM), or when EDTA (4.4 mM) was added and Mg ~÷ was omitted.  The effects 
of  all agents on the Triton inactivation rate are summarized in Table II. 

Effects of  other non-ionic detergents 
The effects of  the non-ionic detergents Tween 40 and Brij 35 are qualita- 

tively similar to those of  Triton X-100, but  are considerably milder. The 
maximal stimulation of  the sugar phosphorylat ion assay occurs at much lower 
detergent concentrat ions {0.002% versus 0.1%) and the degree of  stimulation is 
less. The extent  of  irreversible inactivation of  Enzyme IIla¢ by Tween and Brij 
is only 15% under conditions (0.5% detergent,  37°C, 15 min) where it is 
rapidly and completely inactivated by Triton. 
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T A B L E  II 

S U M M A R Y  O F  E F F E C T S  O F  S U B S T R A T E S ,  P R O D U C T S ,  I N H I B I T O R S  A N D  Mg 2+ ON I R R E V E R S -  
I B L E  I N A C T I V A T I O N  O F  E N Z Y M E  IIlaC BY T R I T O N  X-100  

C o m p o u n d  Role  in r e a c t i o n  E f f e c t  on  i n a c t i v a t i o n  ra te  

M e t h y l t h i o  f l-galactoside S u b s t r a t e  R e d u c e s  i na c t i va t i on  

Me thy l  I n h i b i t o r y  R e d u c e s  i n a c t i v a t i o n  

6-0-  ( p - t o l u e n e s u l f o n y l )  s u b s t r a t e  

f l -galactoside ana log  

Me thy l  N o n - i n h i b i t o r y  No e f f e c t  
6 -O- ( p - t o l u en esu l f o n y l )  a n o m e r  of  
~ -ga lac tos ide  s u b s t r a t e  

ana log  

Ga lac tose  6 - p h o s p h a t e  P r o d u c t  Sl ight ly  e n h a n c e s  i n a c t i v a t i o n  

F a c t o r  I I I  l a c  P r o d u c t  R e d u c e s  i n a c t i v a t i o n  * 

P h o s p h o - F a c t o r  I I I  l a c  S u b s t r a t e  No e f f e c t  

Mg 2+ - -  No e f f e c t  

* S o m e  F a c t o r  I I I  lac p r e p a r a t i o n s  h a d  no  effect .  

Discussion 

A dispersion in Triton X-100 of membrane fragments containing Enzyme 
IIlac changes its properties as the detergent concentration or temperature (or 
both) are increased. The principle observations are: (1) maximum stimulation 
(2--3-fold) of Enzyme IIlac at 25°C by 0.1% Triton; (2) solubilization {without 
inactivation) at 25°C by 0.3--0.5% Triton; (3) irreversible, rapid inactivation at 
detergent concentrations and temperatures above the narrow range for 
optimum solubilization; (4) protection of Enzyme IIlac against irreversible 
inactivation by certain of its substrates and substrate analogs. 

Triton X-100 is the detergent of choice for solubilization of many mem- 
brane-bound enzymes. The narrow range of temperatures and detergent con- 
centrations for optimal solubilization observed here serves to reemphasize the 
importance of careful adjustment of these parameters. For instance, the half- 
life of Enzyme IIlac in 0.2% Triton decreases 10-fold between 29 and 37°C. 
For this enzyme sugar substrate and substrate analogs provide strong protection 
against inactivation in the presence of detergent. This result suggests that some 
membrane-bound enzymes, refractory to solubilization under milder condit- 
tions, might be succesfully extracted by more drastic treatments in the 
presence of protective substrates. Our results further suggest that some sub- 
strate analogs may prove to be more protective than might be predicted on the 
basis of their apparent steady-state affinities under reaction conditions. 

Protection by substrates against heat inactivation has been described for a 
variety of soluble enzymes [13--15]; a parameter analogous to the Kpr here 
was determined by Sudi [15] for lactate dehydrogenase. Although protection 
of membrane-bound enzymes by substrates against loss of activity during 
extraction or storage has been described [16], neither the inactivation process 
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nor the protective effect  was analyzed quantitatively. Lanyi [11,12] found 
that the plasma membrane of  respiring cells of  H. cutirubrum were much more 
resistant to lysis by Triton X-100 than those of  cells poisoned with respiration 
inhibitors. It is not  known whether  or not  this protect ion was a direct result 
of  substrates interacting with respiratory enzymes in the membrane. In the 
present s tudy,  the inactivation is a well-defined first-order process, so that  the 
effect  of  both  reaction conditions and protective ligands can be determined 
quantitatively. This has two potentially useful consequences. First, it offers a 
novel probe for investigation of  the nature of  the interactions between this 
particular t ransport  enzyme and other  components  of  the membrane, and of  
the effect  of  substrates upon these interactions. Further studies should include 
isolation of both  active and inactive membrane-detergent complexes, and their 
chemical and physical characterization, as in the studies of  phospholipid-Triton 
complexes by Dennis and coworkers [17--20] and of  detergent-protein com- 
plexes by Helenius and Simons [21].  Second, effects upon inactivation rate 
provide a convenient  assay for the interaction of  putative ligands with the 
enzyme, including interactions not  demonstrable by  other  techniques. For 
instance, we demonstrate  here a specific effect  upon inactivation by the 
product  analog, galactose 6-phosphate, which does not  inhibit the action of  
Enzyme IIlac in vitro. 

The actual mechanism of  the inactivation is not  known. One possible trivial 
explanation, chemical at tack by some contaminant  in the Triton preparation, 
seems unlikely. Triton does not  inactivate Factor  III lac, histidine protein, or 
Enzyme I (a very labile protein [3] ) under the experimental conditions, and 
the dependence of  the Enzyme II 1~¢ inactivation rate upon detergent concentra- 
tion (Fig. 3) is not  linear, bu t  is instead more suggestive of  a cooperative inter- 
action over a critical concentrat ion range. Another  possible trivial explanation 
is detergent activation of  a membrane-bound protease. However, the procedure 
used to prepare the membranes was quite effective in removing peripheral 
proteins, such as Factor  III 1~¢. Furthermore,  Factor  III 1~¢ and the other soluble 
proteins were not  inactivated by  Triton in the presence of  membranes. Thus 
the putative protease would have to be tightly membrane-bound,  and, even 
when activated, ineffective against soluble proteins. The membrane preparation 
is too  heterogeneous to permit  identification of  an Enzyme II 1~¢ band by gel 
electrophoresis in dodecyl  sulfate, which would otherwise permit a specific 
assay for a putative protease. Thus we cannot  rule out  rate-limiting attack by a 
protease with the postulated properties, subsequent  to a detergent-mediated 
step. Nevertheless, the most  likely explanation would seem to be that  the 
detergent perturbs the interactions among the lipid and protein components  
of  the membrane.  
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