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Summary 

The addition of  N-ethylmaleimide (MalNEt), or of fluoro dinitrobenzene to 
a suspension of  Escherichia coli during the phosphorylating uptake of  methyl- 
a-D-glucopyranoside (Me-Glc), a glucose analog, stops uptake and phosphoryla- 
tion and causes the loss of  previously accumulated sugar and of  its phosphate 
ester. After removal of  the reagents, the phosphotransferase system remains 
irreversibly inactive. 

Pretreatment of the bacteria with the same reagents under the same condi- 
tions of  concentration, pH, temperature and for the same length of  time causes 
very little inactivation. Mercuric chloride, a reversible inactivator, prevents the 
phosphotransferase system from reacting simultaneously with MalNEt or with 
fluorodinitrobenzene. This protection strongly suggests that all three reagents 
react with the same site, presumably an -SH group. 

The change which makes this site available to the reagents depends on the 
phosphorylative uptake of  Me-Glc. Preload of the cells and efflux of Me-Glc do 
not  achieve the same change. 

The rate of inactivation is directly proportional to the rate of  phosphoryla- 
rive uptake. When the Km of phosphorylative uptake is modified by an uncou- 
pling agent, the substrate concentration allowing half maximal rate of inactiva- 
tion by MalNEt changes accordingly. 

The reactive sites of  the phosphotransferase system can also be made accessi- 
ble to the -SH group reagents by fluoride inhibition of phosphoenolpyruvate 

Abbreviations: Me-Gle, methyl-c,-D-glueopyranoside; Me-Gle-6-P, methyl-a-D-glueopyranoside-6- 
phosphate; MalNEt. N-ethylmaleimide; Enzyme I, E.C. 2.7.3.9. Phosphoenolpyruvate-protein 
phosphotransferase; Enzyme II, E.C. 27.1.69 phosphohistidinoprotein-hexose phosphotrans- 
ferase; HPr, histidine containing phosphate carrier protein of the phosphoenolpyruvate dependzalt 
phosphotrans ferase system. 
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synthesis. This suggests that  the inactivator resistent form is an "energized 
form" of the enzyme. 

The unmasking of the reactive site is not  due to a change in transmembrane 
penetration of the reagents since incubation of toluene treated cells with 
MalNEt in the presence of phosphoenolpyruvate fails to inactivate the phos- 
photransferase activity, while incubation with MalNEt plus Me-Glc causes fast 
inactivation. 

Introduct ion 

The discovery of the phosphoenolpyruvate hexose phosphotransferase sys- 
tem of bacteria [1] was a decisive step towards the understanding of the molec- 
ular mechanism of membrane transport. 

Together with the translocation across the membrane, the system performs 
a useful metabolic reaction with the same expenditure of chemical energy and 
the impermeability of the cell membrane to sugar phosphates insures a reten- 
tion and prevents waste of work spent in transport as well as waste of a useful 
metabolite. 

It would be nevertheless an oversimplification to think that  the only pecu- 
liarity of a vectorial enzyme is to have its active site accessible to its substrate 
exclusively from outside while its product can only be released on the other 
side. Obviously, the sugar phosphate cannot leave on the outer face but pre- 
sumably the sugar cannot approach from the inner face [2]. Moreover the sugar 
cannot cross the inward pathway unphosphorylated when a phosphate donor 
or the intermediate phosphate carrier Phospho-HPr is absent [3--5]. 

During the study of inactivating protein group reagents, looking for possible 
substrate protection, like that  observed in lactose permease [6,7] a strikingly 
opposite effect was observed [8], namely a protection by the absence of (trans- 
port) substrate. This suggested a conformational change during the activity of 
the membrane bound enzyme. 

Observations of similar sensitizing effects of the substrate have been reported 
in the case of mitochondrial translocators [9], in red blood cell choline [10] 
and sugar carriers, and in glucuronate active transport in Escherichia coli [12]. 

In the present article, we report experiments which show that  the site sensi- 
tive to several reagents is common and very likely a thiol group, that  this site is 
unmasked during actual function of the phosphotransferase and not  simply due 
to the presence of the sugar or its phosphate ester at high concentration in the 
cell and that  the reactive conformation is the deenergized conformation of the 
enzyme. Moreover, it is shown that  inaccessibility of the reactive thiol to the 
thiol reagent in the energized conformation is not  due to the permeability bar- 
rier of the membrane. It was shown in a previous report [8] that  the reactive 
thiol is on the membrane bound component  of the system. 

In all the experiments reported below, phosphoenolpyruvate glucose phos- 
photransferase system was studied in vivo by the use of methyl-a-D-gluco- 
pyranoside (Me-Glc); a non metabolisable glucose analog. 

The kinetic features of Me-Glc uptake have been repeatedly described [13-- 
151. 
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Intracellular radioactivity in E. coli exposed to [UJ4C]Me-Glc is composed 
by [ ~4C] methyl-a-D-glucopyranoside-6-phosphate (Me-Glc-6-P measured in this 
paper as barium precipitable radioactivity) and [14C]Me-Glc which is calculat- 
ed as the difference between the total intracellular [~4C] and [14C]Me-Glc-6-P. 
As shown previously [13--15],  [~4C]Me-Glc appears after a short lag while 
[~4C] Me-Glc-6-P appears immediately and this is consistent with the sequence: 

[ J4C'Mj e-t~me~" phosphotransferase system_~ [14C]Me_Glc_6.Pi. phosphatas,; [14C]Me_Glci. 

Both [14C]Me-Glc-6-P and [14C]Me-Glc pools eventually reach a steady-state, 
which usually corresponds to approximate equality of the two components.  
The steady-state is due to a passive leak of  [14C]Me-Glc. The steady-state level 
is approximately proportional to the initial rate of phosphorylative uptake, as 
would be expected if hydrolysis of  Me-Glc-6-P and the leak of internal Me-Gtc 
are described by pseudo first order kinetics. 

This cycle of renewal of intracellular Me-Glc in whole cells is schematized in 
Fig. 1 (top). 

Correlation between in vivo Me-Glc transport and phosphotransferase activi- 
ty have been well documented,  among others with the use of toluene treated 
bacteria. The complete permeabilization of the membrane by this t reatment is 
still compatible with the phosphotransferase activity, although not  with phos- 
phorylative uptake [14,16,17].  Endogenous phosphoenolpyruvate synthesis is 
abolished by toluene treatment,  but  added phosphoenolpyruvate has free 
access to enzyme I and HPr which remain in the cell. Similarly Me-Glc-6-P 
escapes freely from the cell and so it does not  build up a sufficient concentra- 
tion to be hydrolyzed by the phosphatase which remains bound to the cell. 

The phosphorylat ion of  Me-Glc in toluene treated bacteria is schematized in 
Fig. 1 (bot tom).  The identity between specific activity and kinetic features of  
phosphorylat ion in toluene treated bacteria and uptake in whole cells, compar- 

~ Fluoride 

/ PEI~-- - F ~ E I  H ~ g  * Hpr ~-~ao<S~mo6 p 

~ p y r ~  j ~-~P~Hpr E - ~ !  c<mg 

pEpI~\ Hpr \ \  En o,,mcj6P 

pyruva P~ \ -  \ p. ~xmg 

Fig. :1. Diagrammatic representation of phosphotransferase  react ions in whole cells (top) and in to luenizcd  
cells (bottom). 
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ed to the important  loss of phosphorylative ability of extracts (see for example 
refs. 1 and 4), were useful in the following study devoted to conformational 
changes of enzyme II during in vivo phosphorylative uptake of Me-Glc. 

Materials and Methods 

Bacteria 
E. coli K 12 strains 3300 Lac i-z÷y*a ÷, 3000 Lac i+z÷y+a ÷ and AJ19 met-  con- 

stitutive for glucuronate permease and deficient in glucuronic acid metabolism 
[18] were grown at 37°C in medium 63 [14] with 4 g/1 glycerol (or in some 
experiments glucose) as a carbon source, 50 pg/ml thiamine and 100 pg/ml of 
the required amino acid in aerated Erlenmeyer flasks. Cultures were harvested 
during exponential growth. 

In vivo uptake and phosphorylation 
The bacterial culture arrested at a density of 275 pg/ml (dry weight) by addi- 

tion of chloramphenicol 50 pg/ml was equilibrated at 25°C with aeration. 
[u-lac]Me-Glc was then added at a final specific activity of 0.5 pCi/pM and a 
final concentration of 0.05 mM. 

(a) Total intracellular sugar (free and phosphorylated). Samples usually of 
1 ml were withdrawn and filtered on millipore filters HA 0.45 pm pore size, 
and rinsed twice with medium 63 at 25°C. The filtrate did not  contain sugar 
phosphate in detectable amounts. 

(b) Determination of  total Me-Glc-6-P. Samples of the same volume as above 
were pipetted into 10 volumes of 90% aqueous ethanol containing 11 mg/ml 
BaBr2 (13,16,20]. Precipitation was allowed to proceed for 20 min at 0°C, then 
the alcoholic sample was filtered on a glass fiber filter (Whatman GFB) and 
rinsed twice with 3 ml 80% ethanol. Both millipore filters and glass fiber filters 
were dried and counted in a toluene based scintillation mixture in a Mark 1 
scintillation spectrometer (Nuclear Chicago). 

Toluene treatment was made according to Gachelin [16]. 10 pl of toluene 
were added to 10 ml samples of a bacterial suspension. The mixture was shaken 
vigorously for 1 min, and then incubated for 30 min at 37°C with constant 
agitation. 

Phosphorylation in toluene treated bacteria was then measured. The reaction 
was started after equilibration at 30°C by addition of I mM phosphoenol- 
pyruvate and 0.05 mM of [14C]Me-Glc. Me-Glc-6-P was measured by Ba precipi- 
tation as described above. 

Inactivation by protein reagents 
Unless otherwise stated, inactivation by N-ethylmaleimide (MalNEt) was per- 

formed in medium 63 at 25°C at a bacterial concentration of 275 pg/ml (dry 
weight). Inactivation was stopped by the addition of 2-mercaptoethanol in 
excess. Inactivation by fluorodinitrobenzene was made in similar conditions 
and was stopped by filtration and wash with cold distilled water. This latter 
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t reatment was used furthermore each time it was necessary to deplete the cells 
of  intracellular solutes used during preincubation [21]. Bacteria were subse- 
quently resuspended in the appropriate medium. 

Chemicals 
Phosphoenolpyruvate was obtained from Boehringer, Mannheim, N-ethyl- 

maleimide from Calbiochem, 1 fluoro 2-4 dinitrobenzene, from Baker Organic 
Chemical, and methyl-a-D-glucopyranoside [U-14C] 3 Ci/mol from the Radio- 
chemical Center, Amersham. Other chemicals were reagent grade from conven- 
tional commercial sources. 

Results 

Fig. 2 shows the basic observation which is analyzed in the rest of  the 
report:  the phosphorylative uptake of  Me-Glc when a suspension was pretreat- 
ed 2.5 min with 0.2 mM MalNEt, and the treatment terminated by the addition 
of 50 mM 2-mercaptoethanol before addition of [14C]Me-Glc (Fig. 2A, curve d) 
is hardly diminished compared to control uptake (curve a). This is in sharp con- 
trast with the strong inactivation observed when treatment with MalNEt was 
made during the first 2.5 min of uptake (Fig. 2A, curve f) or throughout  the 
experiment starting at time zero {curve e). If during the control experiment 
MalNEt was added at the steady state for a 2.5-min treatment  period (curve c) 
or throughout  the experiment (curve b), the pools decreased and approached 

B _. a 

01 15 ~, b 

d ~ o - -  -~ 
: / ~Tim-l° (mi -is ) e n 2o 

14 ~ c 

2 s 

I[ 

0 5 10 15 20 5 10 15 20 I~ 

T i m e ( r a i n )  T ime  ( ra in )  

Fig.  2. E f f e c t  M a l N E t  on Me-Glc u p t a k e :  E. coli  s t ra in  3 3 0 0  275  p g / m l  (dry  we igh t )  was s u p p l e m e n t e d  at  
zero  t i m e  wi th  [14C]Me-Glc 0 .05  m M .  1 ml  s amp le s  were  f i l t e red  on  mi l l ipore ,  d r ied  and c o u n t e d ,  (A) ,  

to ta l  u p t a k e :  1 m l  s amp le s  were p r ec ip i t a t ed  by  9 ml  of  an a lcohol ic  so lu t i on  of  BaBr  2 11 m g / m l ,  and  
t h e n  f i l te red ,  washed ,  d r ied  and  c o u n t e d ;  (B), Me-GIc-6-P. D i f f e r e nc e  b e t w e e n  (A)  and  (B), free Me-Glc 
(C).  a,  (e )  con t ro l ;  b,  (A) con t ro l  s u p p l e m e n t e d  wi th  0.2 m M  M a l N E t  at  11 m i n ;  c , ( v )  M a l N E t  t r e a t m e n t  
of  b was t e r m i n a t e d  2.5 m i n  la ter  by  a d d i t i o n  of  50 m M  2 - m e r c a p t o e t h a n o l ;  d,  (m) bac t e r i a  p re txea ted  
wi th  0.2 m M  M a l N E t  fo r  2.5 m i n .  A t  zero  t ime  2 - m e r c a p t o e t h a n o l  was added  t o g e t h e r  wi th  [14C]Me-Glc;  
e,  (~) bac t e r i a  s u p p l e m e n t e d  wi th  M a l N E t  a t  the  t i m e  of  a d d i t i o n  of  Me-Glc;  f, (v )  M a l N E t  t r e a t m e n t  as in 
e was t e r m i n a t e d  a t  2.5 ra in  by  add i t i on  2 - m e r c a p t o e t h a n o l .  
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the same final levels as in the samples treated from the beginning of  uptake. 
The changes in [14C]MeGlc (Fig. 2C) and in [14C]Me-Glc-6-P (Fig. 2B) were 

roughly parallel to each other and to the total radioactive pool as if the dephos- 
phorylation and leak were not significantly affected by the treatments. The 
important features of the experiment are the inefficiency of pretreatment with 
MalNEt compared to the dramatic inactivation when MalNEt treatment is made 
during uptake, and secondly, the arrest but not the reversal of inactivation by 
2-mercaptoethanol. 

This irreversibility of inactivation can be used to compare the effect of pre- 
treatments under a variety of conditions, the assay being made in a separated 
test. Two experiments of  this kind are summarized in Fig. 3. These represent 
the effect of  pretreatments for variable times with MalNEt 0.15 mM or with 
fluorodinitrobenzene 0.5 mM. 

The remaining activities are represented on a logarithmic scale. Although the 
inactivation deviates from first order kinetics, the difference in the rate of inac- 
tivation with or without substrate present is striking. In the presence of sub- 
strate, 80% inactivation was reached in less than 2 min with either reagent 
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Fig.  3.  I n a c t i v a t i o n  b y  M a l N E t  o r  f l u o r o d i n i t r o b e n z e n e  f o r  v a r i o u s  l e n g t h s  of t ime .  I n a c t i v a t i o n  b y  
MalNEt :  g lucose  g r o w n  E. co l i  33C0 r e s u s p e n d e d  in m e d i u m  63  w e r e  t r e a t e d  b y  M a l N E t  0 . 1 5  m M  f o r  vari -  
o u s  l e n g t h s  o f  t ime  in  t h e  p r e s e n c e ,  (A) o r  a b s e n c e ,  (e)  o f  Me-Glc  1 m M .  T r e a t m e n t  w a s  t e r m i n a t e d  b y  
a d d i t i o n  o f  2 - m e r c a p t o e t h a n o l  10  r a M ,  f o l l o w e d  b y  f i l t r a t i o n ,  wash  w i t h  dis t i l led  w a t e r ,  a n d  r e s u s p e n s i o n  
in m e d i u m  63 .  I n a c t i v a t i o n  b y  f l u o r o d i n i t r o b e n z e n e .  G l y c e r o l  g r o w n  E. coIi  A J 1 9  r e s u s p e n d e d  in m e d i -  
u m  6 3  g lyB 1 a t  15~C w e r e  t r e a t e d  b y  f l u o r o d i n i t r o b e n z e n e  0 .5  m M  f o r  v a r i o u s  l e n g t h s  of  t ime  in  t h e  
p r e s e n c e ,  (A) o r  a b s e n c e ,  (©) o f  Me-Glc  1 r aM.  T r e a t m e n t  w a s  t e r m i n a t e d  b y  f i l t r a t i o n ,  w a s h  w i th  co ld  
d is t i l led  w a t e r ,  a n d  r e s u s p e n s i o n  in  m e d i u m  63 .  Re la t ive  in i t ia l  r a t e  o f  u p t a k e  o f  [14C]Me-Glc  0 .05  m M  
w a s  t h e n  m e a s u r e d  in  b o t h  e x p e r i m e n t s .  In i t ia l  r a t e  o f  u p t a k e  in u n t r e a t e d  b a c t e r i a  w a s  18 # t o o l  • m i n  -1 
• g-1 a n d  16  p m o l  • r a in  -1 • g-1 r e s p e c t i v e l y .  

Fig.  4 .  E f f e c t  Of HgC12 o n  Me-Glc  u p t a k e  a n d  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  w a s  p e r f o r m e d  o n  E. co l i  
s t r a i n  3 0 0 0 .  [14C]Me-Glc  0 . 0 5  m M  was  a d d e d  a t  ze ro  t i m e .  c~, e ,  c o n t r o l ;  D, i ,  a d d i t i o n  of  HgCl  2 1 m M  a t  

5 ra in  to  c o n t r o l ;  ~., A, a d d i t i o n  o f  2 - m e r c a p t o e t h a n o l  5 m M  a t  1 0  r a in  to  the  Hg  i n h i b i t e d  s u s p e n s i o n .  
T o t a l  u p t a k e ,  ful l  s y m b o l s  a n d  l ines ;  Me-Glc-6-P ,  o p e n  s y m b o l s  a n d  d o t t e d  l ines .  X t o t a l  u p t a k e  in bac -  
t e r i a  p r e t r e a t e d  5 ra in  w i t h  HgCl  2 1 m M  b e f o r e  a d d i n g  [14C]Mc-Glc .  
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while without  substrate the inactivation was less than 20% after 5 min. 
The remaining phosphotransferase activity can be determined indifferently 

by measuring initial rate of uptake, steady-state accumulation, or rate of phos- 
phorylation in toluene-treated bacteria, as shown in Table I. 

Several types of strains, wild type in the phosphotransferase genes, showed 
rates of inactivation increased by a factor of 5--10 when substrate was present 
together with inactivating agent. 

Fig. 4 shows the inactivation of phosphotransferase system by HgC12, and its 
reversibility. 

HgC12 inactivation was somewhat different from that  produced by MalNEt 
and fluorodinitrobenzene, in that it caused rapid efflux of free Me-Glc with no 
decrease of total Me-Glc-6-P. When added before Me-Glc, HgC12 caused com- 
plete inhibition of phosphorylative uptake. Thus HgC12, contrary to MalNEt 
and fluorodinitrobenzene, does inhibit the hexose phosphatase responsible for 
the intracellular dephosphorylation of the sugar. The most striking difference 
with the previous reagents is the reversibility of HgC12 inhibition by excess 
2-mercaptoethanol. After addition of this thiol compound, phosphorylative 
uptake of Me-Glc resumed. On the other hand, the hydrolysis of Me-Glc-6-P 
did not  approach a new steady state. Instead, the level of intracellular Me-Glc- 
6-P increased linearly at a rate somewhat lower than before inhibition, but 
accumulated well beyond the previous steady state: 10 min after reversion of 
HgC12 inhibition, there was a 3-fold increase in the total radioactive pool. We 
observed that total uptake equalled Me-Glc-6-P pool. It is, to our knowledge, 
the only example of transformation of the "permease like" in vivo uptake of 
Me-Glc, characterized by a steady-state accumulation, into a linear vectorial 
phosphorylation. 

Fig. 5 shows the protection that HgC12 provides against inactivation by 
MatNEt: phosphorylation was reactivated by 2-mercaptoethanol even if MalNEt 
was added after HgC12, while the same incubation with MalNEt in the absence 
of HgC12 caused more than 90% inactivation. 

T A B L E  I 

E F F E C T  O F  F L U O R O D I N I T R O B E N Z E N E  ON V A R I O U S  P A R A M E T E R S  O F  U P T A K E  IN P R E S -  

E N C E  A N D  A B S E N C E  O F  Me-Glc  

E x p e r i m e n t  was  p e r f o r m e d  o n  E. coli s t r a i n  A J 1 9  in  m e d i u m  6 3 g l y B  1 as d e s c r i b e d  in  l e g e n d  o f  Fig.  3. 
I n i t i a l  r a t e  o f  u p t a k e  a n d  s t e a d y - s t a t e  a c c u m u l a t i o n  were  m e a s u r e d  r e s p e c t i v e l y ,  a f t e r  20  s and  18  r a in  

i n c u b a t i o n  a t  3 0 ° C  in  t h e  p r e s e n c e  o f  [ 1 4 C ] M e - G l c  0 . 0 5  m M .  T o l u e n e  t r e a t m e n t  was  m a d e  a f t e r  c h e m i -  

cal i n a c t i v a t i o n  as d e s c r i b e d  in  t he  M a t e r i a l s  a nd  M e t h o d s .  Me-Glc -6-P  was f o r m e d  in  t o l u e n e  t r e a t e d  
b a c t e r i a  m e a s u r e d  b y  b a r y u m  p r e c i p i t a t i o n  a f t e r  6 r a in  i n c u b a t i o n  a t  3 0 ° C  in  p r e s e n c e  o f  I m M  p h o s p h o -  
e n o l p y r u v a t e  a n d  0 . 0 5  m M [  14C]Me-Glc .  

V a l u e  in u n t r e a t e d  b a c t e r i a  Per  c e n t  a f t e r  0 .5  ra in  t r e a t m e n t  b y  

0 .5  m M  f l u o r o d i n i t r o b e n z e n e  

A l o n e  In  p r e s e n c e  o f  1 mR] Mc-GIc  

I n i t i a l  r a t e  o f  u p t a k e  16 p m o l  • r a in  -1 • g-I  89  36  

S t e a d y - s t a t e  a e e u m u l a -  86 p m o l  - g-I 81 34  

t i o n  

P h o s p h o r y l a t i o n  in  9 p m o l  • m i n  -1 • g-1 1 0 0  37  

t o l u e n e  t r e a t e d  b a c t e r i a  
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Fig. 5. P ro t ec t i on  by  HgC12 against  inac t iva t ion  of  Me-GIe u p t a k e  by  MalNEt .  E x p e r i m e n t  was p e r f o r m e d  
on E. coli  strain A J 1 9 .  [14C]Me-Glc was added  at zero t ime .  ( . ) ,  con t ro l ;  (m), add i t ion  of  HgCl 2 I m M  at  
5.5 rain to cont ro l ;  (L~), add i t i on  of 2 - m e r c a p t o e t h a n o l  10 mM at 14 .5  rain to Hg inhib i ted  suspens ion ,  
(A), add i t ion  of MalNEt  0.3 m M  at  10 .5  m i n  to the  Hg inhib i ted  suspens ion;  (A), add i t ion  of 2 -mercap to -  
e thano l  at  16 .5  rain to the  f o r m e r  to r e m o v e  un re a c t e d  MalNEt  and HgCl2: (T) add i t ion  of MalNEt  0.3 
mM at 6.5 rain to the con t ro l  fo l lowed  by  add i t ion  of 2 - m e r c a p t o e t h a n o l  10 mM at  11.5 rain (v)  

Fig. 6. C o m p a r i s o n  b e t w e e n  e f fec t  of  in t racel lu lar  and ex t race l lu la r  Me-Glc on MalNEt  inac t iva t ion .  E. 
coli  strain A J19  was suspended  in m e d i u m  63 glyB 1 at a densi ty  of  1.4 m g / m l  (dry we igh t )  in absence  or 
p resence  of Me-Glc 0 .02  raM. 15 rain la ter ,  bac te r i a  were s u b m i t t e d  to  a 50-fold d i lu t ion  and inac t iva ted  
by var ious  c o n c e n t r a t i o n s  of MalNEt  for  1 rain.  Inac t iva t ion  was s topped  by  addi t ion  of  2 -mercaPto-  
e thano l  20 m M ,  fo l lowed  by f i l t ra t ion wash and resuspens ion  in 63 glyB 1 wi th  2 - m e r c a p t o e t h a n o l  20 raM. 
S teady-s ta te  a c c u m u l a t i o n  of  Me-Glc was m e a s u r e d  a f te r  30 min  i ncuba t ion  in the  presence  of  0 .05 mM 
[14C]Me-Glc.  ($)  inac t iva t ion  by  MalNEt  a lone;  (()), inac t iva t ion  by MalNEt  dur ing  ef f lux  of  p re ]oaded  
Me-Glc; ( . ) ,  i nac t iva t ion  by  MalNEt  in presence  of  Me-Glc.  S teady-s ta te  a c c u m u l a t i o n  in u n t r e a t e d  bac-  
ter ia  was 100  p m o l / g .  

The same result was obtained using f luorodini t robenzene instead of MalNEt. 
This parallelism, together  with that  shown on Fig. 3 strongly suggests that  
MalNEt and f luorodini t robenzene act on phosphotransferase at the same site. 

Since the presence of  substrate appeared necessary to make the phospho- 
transferase system sensitive to inactivation by MalNEt, the question could be 
asked, whether  extracellular Me-Glc, intracellular Me-Glc-6-P or intracellular 
Me-Glc was responsible for this effect. To answer this question, cells were pre- 
loaded with Me-Glc (and Me-Glc-6-P) then diluted into inactivation medium so 
that  total Me-Glc concentrat ion dropped to 4.10 .7 M, insufficient to promote  
inactivation by MalNEt (cf. Fig. 7). Samples were submitted to 1 min incuba- 
tion with MalNEt at variable concentrations.  All samples were exposed to 
MalNEt during the same short  early period of exit  of Me-Glc. Control inactiva- 
tions were run in the presence of 10 mM Me-Glc in the medium or in its com- 
plete absence. Fig. 6 shows that  internal Me-Glc and Me-Glc-6-P did not  alter 
the resistance of  the system to MalNEt as did external Me-Glc. 

When taken together  with results reported below on toluene-treated cells, 
the exper iment  of  Fig. 6 means that  intracellular Me-Glc cannot  significantly 
play the role of  phosphate acceptor  in the phosphotransferase system. 
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Fig. 7 establishes an even stronger correlation between activity of phospho- 
transferase and sensitivity to inactivation by MalNEt. Here the Me-Glc concen- 
tration dependence of the rate of phosphorylative uptake and the rate of inac- 
tivation by MalNEt were compared in two conditions, the absence or the pres- 
ence of sodium azide. It was demonstrated by Englesberg and his group [22, 
23], that  "glucose permease" activity was stimulated by energy starvation or 
by energy inhibitors such as uncouplers. The stimulation was due to a decrease 
in Km of the system for the sugar [24,25]. This is confirmed by the first part of 
the experiment reported on Fig. 7, while the second part of the experiment 
shows variations of the rate of inactivation under the same conditions. When 
plotted on a double reciprocal scale, the results of Fig. 7 show that  both Km of 
Me-Glc uptake and the concentration of Me-Glc involving half maximal en- 
hancement of MalNEt inactivation were 0.2 mM and 0.066 mM in the absence 
and presence of 40 mM sodium azide respectively. Besides the strong correla- 
tion between activity and unmasking of a site sensitive to MalNEt, this experi- 
ment  suggests that  the stimulating effect of the "energy uncoupled state of the 
membrane",  brought about by a H * conducting agent like sodium azide on 
phosphotransferase activity, occurs via the membrane bound sugar specific 
component  and not  as sometimes hypothesized [26] indirectly by modifying 
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F i g .  7. S u b s t x a t e  c o n c e n t r a t i o n  d e p e n d a n c e  o f  s t e a d y . s t a t e  a c c u m u l a t i o n  a n d  o f  s e n s i t i v i t y  t o  M a l N E t  
i n a c t i v a t i o n  i n  t h e  p r e s e n c e  o r  a b s e n c e  o f  s o d i u m  a z i d e .  E. col i  s t r a i n  3 0 0 0  w a s  e q u i l i b r a t e d  a t  2 5 ° C  in  
t h e  p r e s e n c e  o r  a b s e n c e  o f  s o d i u m  a z i d e  4 0  r a M .  A l i q u o t s  w e r e  s u p p l e m e n t e d  w i t h  v a r i o u s  c o n c e n t r a -  
t i o n s  o f  [ 1 4 C ] M e - G l e .  S t e a d y - s t a t e  a e e u m u i a t i o n  w a s  d e t e r m i n e d  a f t e r  1 5  r a i n .  A ( ~ ) ,  s t e a d y - s t a t e  a c c u -  
m u l a t i o n  in  t h e  a b s e n c e  o f  s o d i u m  a z i d e ;  B (o ) ,  s t e a d y - s t a t e  a c c u m u l a t i o n  in  t h e  p r e s e n c e  o f  s o d i u m  
a z i d e .  T h e  s a m e  b a c t e r i a  w e r e  s u b m i t t e d  t o  1 r a i n  i n a c t i v a t i o n  b y  M a l N E t  0 . 1 5  m M  in  t h e  p r e s e n c e  o f  
v a r i o u s  c o n c e n t r a t i o n s  o f  M e - G l c .  I n a c t i v a t i o n  w a s  s t o p p e d  b y  a d d i t i o n  o f  2 - m e r c a p t o e t h a n o l  1 r a M ,  f o l -  
l o w e d  b y  f i l t r a t i o n ,  w a s h  w i t h  w a t e r ,  a n d  r e s u s p e n s i o n  in m e d i u m  63  g l y B  1. S t e a d y - s t a t e  a c c u m u l a t i o n  
w a s  t h e n  m e a s u r e d  a f t e r  1 5  r a i n  i n c u b a t i o n  i n  t h e  p r e s e n c e  o f  [ 1 4 C ] M e - G l c ,  0 . 0 5  m M  a n d  in  t h e  p r e s e n c e  
o f  s o d i u m  a z i d e  4 0  m M  ( f o r  b a c t e r i a  i n a c t i v a t e d  i n  t h e  p r e s e n c e  o f  s o d i u m  a z i d e )  a n d  i n  t h e  a b s e n c e  o f  
t h i s  a g e n t  ( f o r  b a c t e r i a  i n a c t i v a t e d  in  i t s  a b s e n c e ;  h e n c e  t h e  d i f f e r e n t  sca le  o f  o r d i n a t e s  f o r  A A  a n d  AB) .  
F o r  e a c h  c o n c e n t r a t i o n  o f  M e - G l c  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 h e  i n c r e m e n t  o f  i n a c t i v a t i o n  d u e  t o  i t s  
p r e s e n c e  w a s  c a l c u l a t e d .  A A  ( . ) ,  s u b s t r a t e  d e p e n d a n t  i n c r e m e n t  o f  i n a c t i v a t i o n  p r o d u c e d  b y  M a l N E t ;  A B  
($ ) ,  s a m e  as  A A  in t h e  p r e s e n c e  o f  s o d i u m  a z i d e .  S t e a d y - s t a t e  a c c u m u l a t i o n  a f t e r  i n a c t i v a t i o n  b y  M a l N E t  
a l o n e  w e r e  r e s p e c t i v e l y  20  p m o l / ~  a n d  5 p m o l ] g  in  t h e  p r e s e n c e  a n d  a b s e n c e  o f  s o d i u m  a z i d e .  
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the level of the intracellular phosphoenolpyruvate pool, which should not alter 
the apparent affinity for the sugar. 

One more correlation had to be explored between activity and sensitivity to 
MalNEt, namely the modulation of activity with an inhibitor of phosphoenol- 
pyruvate synthesis. According to our previously reported observations [27] 
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Fig. 8. pH d e p e n d a n c e  of  f luoride inh ib i t ion  of  p h o s p h o r y l a t i o n  of  Me-Glc and of  f luor ide  sensi t izat ion to  
MalNEt .  (1) Bacter ia  ha rves ted  dur ing  exponen t i a l  phase  of g rowth  and r e suspended  in 50 mM K phos-  
pha t e  b u f f e r  c o m p l e m e n t e d  wi th  glycerol  4 g/l at  the  a pp ro p r i a t e  pH were  i n c u b a t e d  10 min  in the pres- 
ence or  absence  of sod ium f luor ide  50 raM. [ l ~ C ] M e . G l c  0 .05  m M  was then  added .  2 rain later ,  samples  
were  p rec ip i t a t ed  by  add i t ion  of  BaBr 2 11 m g / m l .  (c~), ra te  of  Me-Glc p h o s p h o r y l a t i o n  res is tant  to fluo- 
r ide inh ib i t ion ,  per  cen t  of  con t ro l  ra te  (con t ro l  ra te ,  3 p m o l / m i n  pe r  g). (2) Bacter ia  ha rves t ed  dur ing  
expo nen t i a l  phase  of  g rowth  were  r e suspended  in K p h o s p h a t e  b u f f e r  at  the  ap p ro p r i a t e  pH c o m p l e m e n t -  
ed wi th  glycerol  and p r e i n c u b a t e d  10  min  in the absence  or p resence  of  sod ium f luor ide  50 mM.  Sam-  
ples were  t hen  s u b m i t t e d  to  2 rain inac t iva t ion  by  MalNEt  0.4 m M  t e r m i n a t e d  by  add i t ion  of 2 -mercap -  
t o e t h a n o l  4 raM, and  fo l lowed  by  f i l t ra t ion,  wash wi th  m e d i u m  of same p H ,  and resuspens ion  in 63  glyB 1 
(pH 7.2) .  Steady~state  a c c u m u l a t i o n  of Me-Glc was m e a s u r e d  in each sample  a f te r  15 min  i ncuba t ion  in 
the  presence  of  [ 14CJMe-Glc 0 .05  raM. (rJ), s t eady-s ta te  a f te r  inac t iva t ion  by  MalNEt  a lone;  (m), s teady-  
s ta te  a f t e r  inac t iva t ion  by  MalNEt  in the  presence  of  sod ium f luoride.  

Fig. 9. Inac t iva t ion  by  MalNEt  of  Me-Glc p h o s p h o r y l a t i o n  in to luene  t r ea ted  bacter ia .  E. coli strain 3300  
ha rves ted  in the  exponen t i a l  phase  of g r o w t h  and r e suspended  in m e d i u m  63 s u p p l e m e n t e d  wi th  4 g/1 
glycerol  and  50 p g / m l  c h l o r a m p h e n i c o l  was t r e a t e d  by  1 p l /ml  to luene  for  30 m i n  at  37°C,  and  then  
equ i l ib ra ted  at  30°C.  A, (e)  con t ro l ,  bac te r i a  s u p p l e m e n t e d  a t  zero t ime wi th  phosphoenolpyruvate 1 mM 
and  [14C]Me-Glc 0 .05  raM; B, (A) bac te r ia  p r e t r e a t e d  for  2 rain wi th  0.2 m M  MalNEt  were s u p p l e m e n t e d  
a t  zero t ime  wi th  2 - m e r c a p t o e t h a n o l  1 raM, phosphoenolpyruvate 1 raM, and [14C]Me-Glc 0 .05 ;  C, (c)) 
bac te r ia  p r e t r e a t e d  for  2 m in  wi th  0.2 mM MalNEt  in the  presence  of 1 mM phosphoenolpyruvate were  
s u p p l e m e n t e d  at  zero  t ime  wi th  2 - m e r c a p t o e t h a n o l  1 m M  and  [14C]Me-Glc 0 .05  mM;  D, (,~) at  zero  t ime ,  
add i t ion  of  0.2 m M  MalNEt  and 0 .05  m M  [14C]Me-Glc,  2 rain la ter  add i t ion  of  2 - m e r c a p t o e t h a n o l  1 mM 
and  phosphoenolpyruvate 1 raM; E,  (m) at zero t ime ,  add i t ion  of 0 .02  m M  MalNEt  1 mM phosphoenol-  
p y r u v a t e ,  and  0 .05  m M  [14C]Me-Glc,  2 rain la ter  add i t ion  of  2 - m e r c a p t o e t h a n o l  1 raM. 



128 

fluoride is such an inhibitor at a pH below 6.5 in the medium (or below pH 7.2 
in the cytoplasm). Fig. 8 shows this pH dependence of fluoride inhibition of 
phosphorylative uptake [8] and also the pH dependence of the rate of inactiva- 
tion by MatNEt in the presence and the absence of fluoride. The inhibition of 
phosphotransferase activity by fluoride here parallels its effect promoting inac- 
tivation by MalNEt, in the absence of Me-Glc. Fluoride inhibition of phospho- 
enolpyruvate synthesis therefore causes the same conformational change as 
some step of the phosphate transfer process. Both conditions favor a dephos- 
phorylated or energy poor state of the system. 

The following experiment further supports this interpretation. When tolu- 
ene-treated cells were incubated with MalNEt under various conditions the 
results represented in Fig. 9 were obtained. 

The presence of Me-Glc with or without  phosphoenolpyruvate permitted a 
more than 90% inactivation by 2-min exposure to 0.5 mM MalNEt while 
MalNEt alone gave about 50% inactivation. The presence of phosphoenol- 
pyruvate without  Me-Glc provided a protective effect so that inactivation was 
less than 20%. 

It is likely that the presence of phosphoenolpyruvate affected enzyme II 
through the presence of Phospho-HPr. Fluoride did not provide any inhibition 
of phosphoenolpyruvate dependant phosphorylation of Me-Glc in toluene 
treated bacteria. Neither did it sensitize to MalNEt inactivation in this system 
in the presence of added phosphoenolpyruvate (experiments not  shown). These 
observations confirm that  its sensitizing effect in vivo occurred through its 
effect on phosphoenolpyruvate synthesis. Substrate alone sensitized to inactiva- 
tion in the absence of any significant activity. 

Sensitization to MalNEt in toluene treated cells depends on a minimal 
amount  of phosphate group transfer as opposed to a phosphate group transfer 
rate in substrate amounts in vivo. Here the conformationat change is carried out 
in less than a single cycle. Me-Glc alone sensitizes completely and phosphoenol- 
pyruvate alone protects completely. 

Discussion 

Like N-ethytmaleimide, fluorodinitrobenzene, usually an amino group 
reagent, can react with thiols [28]. Their similarity in the inactivation of phos- 
photransferase, as well as the similar protection provided by HgC12 against 
both, strongly suggest that they react with the same essential thiot of the phos- 
photransferase system. 

The change in reactivity of this essential thiol group can be attributed to a 
conformational change of the membrane bound phosphotransferase Enzyme II 
during its functional cycle. 

A conformational change is expected in an enzyme which catalyses a recto- 
rial reaction since a hydrophilic hexosyl radical is translocated across a hydro- 
phobic membrane and this translocation is strongly linked to a phosphate trans- 
fer reaction. Out of the 4 reactants, the phosphate donor and the phosphate 
acceptor substrate and the corresponding two products, one only, the phos- 
phate acceptor sugar has access to the enzyme site from outside the membrane. 
The three others react from inside, a set up which does not suggest that a bulk 
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movement of the enzyme is linked to sugar translocation. The nature and the 
possible steps of the conformational change are presently unknown,  but the 
unmasking of an essential thiol and its trapping by a covalent reaction provide 
a valuable index for a conformational change. 

The conformation in which the thiol group is unreactive predominates when 
phosphate donor (Phospho HPr) is high and phosphate acceptor sugar absent. 
When phosphate acceptor is added the transition to the state where the thiol 
group is reactive occurs with a probability which is proportional to the phos- 
photransferase activity. Therefore, this state is one among those which are char- 
acteristic of the functional cycle of the enzyme. 

The Michaelis complex formation of the enzyme with outer acceptor sugar 
but not  with cytoplasmic sugar or with cytoplasmic sugar phosphate product 
can lead to this conformation. This strongly suggests that intracellular sugar 
cannot be phosphorylated. 

The unmasking of the thiol during fluoride inhibition tends to indicate that 
the Michaelis complex formation is not necessary for the transition to occur. It 
can be brought about by lowering the phosphate donor. 

That the same conformational cycle can be observed in toluene treated bac- 
teria shows first that  the unreactive conformation is not  due to the exclusion of 
the thiol reagent by the membrane barrier but to molecular changes of the 
enzyme proper, and second, that  neither the reactive nor the unreactive con- 
figuration is due to a transmembrane potential difference or to the chemical or 
electrochemical gradient of a solute, since all these are abolished by the toluene 
treatment.  

The conformation with the unreactive thiol group could be roughly describ- 
ed as the energized state of the phosphotransferase enzyme and the conforma- 
tion with the thiol exposed as the deenergized state. In a sequence of phos- 
phate group transfer reactions from phosphoenolpyruvate to Enzyme I from 
Phospho-Enzyme I to HPr, from Phospho-HPr ultimately to the sugar, it would 
be tempting to consider the phosphorylated form of the membrane bound 
enzyme H as its energized form. The ordered ping-pong kinetics of the Enzyme 
II specific for ~-glucosides makes the existence of the phosphorylated Enzyme 
II plausible [29]. No similar argument is available in favor of the phosphory- 
lated form of E. coli Enzyme II specific for glucose. Another alternative could 
be a Michaelis complex between Enzyme I I a n d  Phospho-HPr as the energized 
state. 

In both of these hypotheses it is easy to see how the acceptor sugar causes 
the transition toward the deenergized state. In contrast, when the transition is 
caused by fluoride inhibition, the mechanism remains unclear. Phosphorylated 
Enzyme II or phospho-HPr Should lose a phosphate residue without  the natural 
phosphate acceptor being present. Is this dephosphorylation due to the re- 
versibility of the phosphorylation step(s) or to some trivial phosphatase activi- 
ty? In this respect it is important  to state that  the energized form postulated 
seems to be relatively stable in the toluene treated bacteria since after more 
than 30 min incubation without  phosphoenolpyruvate, more than half of the 
Enzyme II remains in the form unreactive with MalNEt. 
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