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Summary 

N-Ethylmaleimide (MalNEt) binds covalently and without  specificity to 
accessible sulfhydryl residues in proteins. In some cases specificity has been 
imposed on this reaction by manipulating reaction conditions, yielding infor- 
mation concerning both enzyme mechanism and the identity of specific pro- 
reins (for example C.F. Fox and E.P. Kennedy (1965) Proc. Natl. Acad. Sci. 
U.S. 54, 891--899) and R.E. McCarty and J. Fagan (1973) Biochemistry 12, 
1503--1507). We have examined the effects of MalNEt on the active accumula- 
tion of nine amino acids by E s c h e r i c h i a  col i  strains ML 308-225 and DL 54. 
Whole cells have been used in order that  transport systems both dependent on 
and independent of periplasmic binding proteins could be studied under various 
conditions of energy supply for transport. Our results suggest that the systems 
transporting ornithine, phenylalanine and proline are those most likely to 
undergo inactivation by direct reaction of MalNEt with the transport appara- 
tus, rather than merely via side effects such as interruption of their energy sup- 
ply. The inhibition of proline transport is specifically enhanced by the presence 
of proline, competitive inhibitors of proline transport, or carbonYleyanide 
p-tr i f luoromethoxyphenylhydrazone during MalNEt treatment.  The other eight 
systems tested showed no analogous effects. 

Introduction 

The sulfhydryl reagent N-ethylmaleimide (MalNEt) has fi'equently been used 
to study active transport in E s c h e r i c h i a  col l .  Capable of penetrating the plasma 
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membrane, MalNEt reacts covalently with free sulfhydryl residues and, less 
readily, with other amino acid functional groups [1,2]. In whole cells MalNEt 
has been shown to inhibit sugar phosphotransferase systems [3--5] and various 
systems for the active transport of sugars [6--10], amino acids [11,12] and 
dicarboxylic acids [13], but not the glycerophosphate acyltransferase system 
[4]. In two cases direct reaction of MalNEt with proteins catalyzing active 
transport has been demonstrated and used to identify them for purification 
[6,13]. 

As a protein group-specific reagent MalNEt can inhibit a number of meta- 
bolic pathways, including respiration and glycolysis, when applied to whole 
cells [1,14]. The enzymes inhibited by MalNEt treatment of E. coli in vivo 
have not been fully enumerated, but the hydrolytic activity of the Mg 2+- 
ATPase is known not  to be inhibited [15]. While the effect of MalNEt on oxi- 
dative phosphorylation in E. coil has not been determined, ATP synthesis via 
the corresponding enzyme in chloroplasts (CF 1) is inhibited by MalNEt under 
certain conditions [ 16,17 ]. 

The purpose of this investigation was to identify those amino acid transport 
systems suitable for further study using MalNEt. Whole cells were used in order 
that both osmotic shock-sensitive and -resistant transport systems could be 
studied and compared and so that a variety of energy-producing pathways 
could be used to drive transport. Our basic approach has been to treat cells 
with MalNEt under a single set of conditions and then to measure their trans- 
port activity under various conditions of energy supply. We have also examined 
the effects of MalNEt treatment in the presence of transport substrate or of 
energy poisons. 

Materials and Methods 

Chemicals. ~H- and 14C-labelled amino acids were purchased from New Eng- 
land Nuclear Corp. and prepared for use in transport assays as previously de- 
scribed [18]. MalNEt and 2,4-dinitrophenol were purchased from Sigma. Car- 
bonylcyanide p- tr i f luoromethoxyphenylhydrazone (FCCP) was a gift from Dr. 
Efraim Racker. Resazurin was a gift from Dr. Jane Gibson. All other reagents 
were analytical grade. 

Bacterial strains. The parent strain, E. coli ML308-225, and the Mg 2+- 
ATPase-deficient mutant  derived from it, DL 54 [19], were donated by Dr. 
R.D. Simoni (Stanford University). All strains were grown in a synthetic phos- 
phate-buffered medium [20] (Medium A) supplemented with 0.5% (v/v) glyc- 
erol as previously described [21] with the exception that for ceils assayed using 
succinate as energy source, 1% sodium succinate was used in place of glycerol 
as carbon source for growth. 

Transport assays. Initial rates of aerobic transport were measured as pre- 
viously described [18]. 

In order to modify this procedure to allow the measurement of rigorously 
anaerobic transport, an oxidation-reduction indicator system (2 ng/ml of 
resazurin plus 0.1 mg/ml of cysteine) was used to monitor  oxygen concentra- 
tion in dummy assays. The reaction mixture containing Medium A, chlor- 
amphenicol (80 /ag/ml), and energy substrate was simultaneously boiled and 
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bubb l ed  with  N2 to  r em ove  dissolved oxygen .  An a p p r o p r i a t e  vo lume  of  reac- 
t ion  mix tu r e  was t rans fe r red  into  a small tes t  t ube  t h rough  a se rum cap and 
fu r the r  bubb led  wi th  n i t rogen  for  5 rain. S imu l t aneous ly ,  the  cell suspens ion  
to  be  assayed  was b u b b l e d  wi th  N2 for  5 min.  Cells were  added  to  the  m i x t u r e  
in the  reac t ion  t ube  and a l lowed to  incuba te  for  5 min  at  23°C be fo re  the  reac- 
t ion  was in i t ia ted by  the  add i t ion  of  rad ioac t ive ly  labeled subs t ra te .  Samples  
of  0.2 ml were  t aken  at  15 and  40 s, f i l tered and c o u n t e d  as usual.  All t ransfers  
were p e r f o r m e d  wi th  Ham i l t on  syringes.  

Measurement of  A T P  levels. ATP was e x t r a c t e d  and measured  as descr ibed 
previous ly  [18] .  

Oxygen uptake measurements. O x y g e n  u p t a k e  m e a s u r e m e n t s  were made  
wi th  a Gilson o x y g r a p h  using a sample  vo l ume  of  1.2 ml. 

Protein assay. The  pro te in  c o n t e n t  of  cell suspensions  was d e t e r m i n e d  by  a 
m ic ro -mod i f i c a t i on  of  the  m e t h o d  of  L o w r y  et  al. [22]  wi th  bovine  se rum 
a lbumin  as a s tandard .  

MaINEt treatments. Reac t ion  flasks con ta in ing  Med ium A, cells (0.5 mg per  
ml) ,  c h l o r a m p h e n i c o l  (80 pg /ml ) ,  glucose (11 mM) ,  and inhib i tors  or  t r a n s p o r t  
subs t ra tes  when  used were  p r e incuba t ed  for  5 min  at  37 ° C. MalNEt  was added  
and  the  reac t ion  was a l lowed to  p roceed  for  10 min  before  it was s t o p p e d  by  
adding  a 5-fold m o l a r  excess of  ~ -mercap toe thano l .  The  cells were cen t r i fuged ,  
washed  three  t imes wi th  Med ium A and resuspended  in 20 ml  of  Med ium A per 
g we t  cell weight .  Fo r  e x p e r i m e n t s  on the  e f fec ts  o f  arsenate  dur ing the  MalNEt  
t r e a t m e n t ,  Med ium B [21 ] -washed  cells were used and Med ium B replaced  
Med ium A in the  t r e a t m e n t  mix .  Af te r  t r e a t m e n t ,  the  cells were washed  and 
resuspended  in Med ium A as above.  

Fo r  every e x p e r i m e n t  two  assays were p e r f o r m e d  on con t ro l  cell prepara-  
t ions.  The  un t r ea t ed  con t ro l  was exposed  to  ne i ther  MalNEt  nor  ~ -mercap to -  
e thano l  bu t  was p repared ,  i ncuba t ed  and washed  wi th  the  t r ea t ed  cells. A sec- 
ond,  " ze ro - t ime  c o n t r o l "  p repa ra t ion  was m a d e  by  adding a m i x t u r e  of  b o t h  
MalNEt  and  ~ - m e r c a p t o e t h a n o l  a f te r  the  p re incuba t ion  per iod,  incuba t ing  and 
washing the  cells as above.  In the  e x p e r i m e n t s  r epo r t ed  the  t r a n s p o r t  rates  of  
zero t ime  and u n t r e a t e d  con t ro l s  were  wi th in  e x p e r i m e n t a l  e r ror  of  each other .  
The  t r a n s p o r t  ra te  of  the  zero t ime  con t ro l  was t aken  as an un inh ib i ted  ra te  of  
t r anspor t .  

Expression and reliability o f  transport data. In our  hands the  s tandard  er ror  
for  repl icate  amino  acid t r a n s p o r t  assays using a single ba t ch  of  cells is less than  
5% of  the  mean  act ivi ty .  However ,  the  t r a n s p o r t  act iv i ty  of  d i f fe ren t ,  t hough  
ident ical ly  p repa red ,  cell ba tches  varies m u c h  m o r e  widely  as is shown in Ta- 
ble I. We have t he re fo re  expressed  residual  t r a n s p o r t  act iv i ty  in MalNEt - t r ea ted  
cells as a f rac t ion  of  the  un inh ib i t ed  ra te ,  and the  da ta  in Fig. 1 - -4  r ep resen t  
averages of  two  or m o r e  sets of  values d e t e r m i n e d  in this manne r .  

The  rates of  t r a n s p o r t  s u p p o r t e d  by  endogenous  energy  reserves in cells 
g rown and t rea ted  as descr ibed were  a lways  small  in c o m p a r i s o n  with  those  
rates  d e t e r m i n e d  in the  presence  of  exogenous  energy  supplies.  

Results  

Fig. 1 i l lustrates  the inh ib i t ion  of  the  nine t r a n s p o r t  sys t ems  on t r e a t m e n t  of  
the  cells for  10 min  wi th  MalNEt  concen t r a t i ons  f r o m  0 to  1 mM. At a MalNEt  
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T A B L E  I 

R E P R O D U C I B I L I T Y  O F  T R A N S P O R T  A S S A Y S  

T r a n s p o r t  w a s  a s s a y e d  in  s t r a i n  M L  3 0 8 - 2 2 5 ,  u s i n g  g l u c o s e  as e n e r g y  s o u r c e ,  as p r e v i o u s l y  d e s c r i b e d  [ 1 8 ] .  

T r a n s p o r t  is r e p o r t e d  in  n m o l / m i n  p e r  m g  o f  cel l  p r o t e i n .  T h e  n u m b e r  o f  d i f f e r e n t  ce l l  b a t c h e s  a s s a y e d  t o  

y i e l d  t h e s e  d a t a  is g i v e n  i n  p a r e n t h e s e s  a f t e r  t h e  m e a n  v a l u e  in  t h e  t a b l e ,  

A m i n o  A c i d  M e a n  r a t e  R a n g e  o f  S t a n d a r d  e r r o r  
o f  t r a n s p o r t  t r a n s p o r t  r a t e s  o f  m e a n  

P h e n y l a l a n i n e  4 . 5  (5 )  3 .3  6 .5  1 .3  
P r o l i n e  6 .4  (6)  4 . 6 - - 1 1 . 3  2 .5  

G l y c i n e  4 . 6  (5)  1 . 7 - - 7 . 5  2 .8  

C y s t c i n e  6 0 . 0  (5)  2 1 . 0 - - 1 0 5 . 0  3 0 . 0  

S c r i n e  1 4 . 0  (5 )  8 . 9 - - 1  "7.9 4 .0  

G l u t a m i n c  7 .6  (6)  4 .8 - - -11 .4  2 .2  

A r g i n i n c  7 .4  (5)  4 . 2 - - 1 2 . 0  3 .0  
t l i s t i d i n e  1 .9  (5 )  0 . 9 - - 2 . 6  0 .6  

O r n i t h i n e  7 .3  (5 )  5 . 1 - - 1 0 . 9  2 .9  

concentra t ion of 0.5 mM, respiration supported either by glucose or by D-lac- 
tate is inhibited 15% in strain ML 308-225 and 30% in strain DL 54. ATP levels 
are unaltered by 0.5 mM MalNEt t reatment  of strain ML 308-225, supplied 
with glucose. 
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F i g .  1.  T h e  i n h i b i t i o n  o f  n i n e  a m i n o  a c i d  t r a n s p o r t  s y s t e m s  in  s t r a i n s  M L  3 0 8 - 2 2 5  (o  o)  a n d  D L  54 
(~ ~)  b y  t r e a t m e n t  f o r  1 0  m i n  w i t h  v a r y i n g  c o n c e n t r a t i o n s  o f  M a l N E t .  T h e  cel ls  w e r e  t r e a t e d  a n d  
t r a n s p o r t  w a s  m e a s u r e d  as  d e s c r i b e d  u n d e r  M a t e r i a l s  a n d  M e t h o d s  u s i n g  g l u c o s e  as  t h e  t r a n s p o r t  e n e r g y  
s o u r c e .  T h e  g r a p h s  r e p r e s e n t  t h e  a v e r a g e d  v a l u e s  f r o m  f ive  e x p e r i m e n t s  in  t h e  case  o f  s t r a i n  M L  3 0 8 - 2 2 5  
a n d  f r o m  t w o  e x p e r i m e n t s  in  t h e  c a s e  o f  s t r a i n  D L  54 .  R d e s i g n a t e s  o s m o t i c  s h o c k - r e s i s t a n t  t r a n s p o r t ,  
S t h e  o s m o t i c  s h o c k - s e n s i t i v e  s y s t e m s .  
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Osmotic shock-sensitive transport 
Among the four osmotic shock-sensitive transport systems studied the inhibi- 

tion of glucose supported transport in strain ML 308-225 by 0.5 mM MalNEt 
varied from 20 to 60% with increasing inhibition in the order glutamine, argi- 
nine, histidine, and ornithine. In every case the inhibition was less in strain DL 
54 under the same treatment and assay conditions (Fig. 1). By comparing 
D-lactate supported uptake in strain ML 308-225 with glucose supported up- 
take in strain DL 54, one can assess the relative abilities of the respiratory and 
glycolytic pathways to support osmotic shock-sensitive uptake in MalNEt- 
treated cells. Fig. 2 shows accordingly that  transport supported via respiration 
(ML 308-225, D-lactate) is much more susceptible to MalNEt inhibition than is 
transport supported via glycolysis (DL 54, glucose). Furthermore,  the use of 
succinate as the respiratory substrate in strain ML 308-225 gives results similar 
to D-lactate (data not  shown) while glycerol, which enters the later stages of 
the glycolytic pathway as dihydroxyacetone phosphate, is similar to glucose in 
its ability to support uptake in strain DL 54 (Fig. 2). Thus the variations in 
MalNEt inhibition of each system generated by using alternate pathways of 
energy supply are probably due to differential effects of MalNEt on these path- 
ways of energy metabolism. 

Attempts were also made to vary the degree of transport inhibition by intro- 
ducing substrate or inhibitors during MalNet treatment.  Cells treated with 
MalNEt in the presence of glutamine (10 pM), histidine (2 pM), ornithine (10 
gM), FCCP (5 pM), or sodium arsenate (0.5 mM) showed no change in the de- 
gree of inhibition for transport of any of these substrates over that  observed for 
MalNEt t reatment  alone. 

• M L 3 0 8 - 2 2 5 ,  D - l a c t a t e  
o DL 54  , glucose 

I [3 DL 54  , glycerol 

J5 1 2 5 ~  ~ l u t o m i n e  ' TArgln ine ' 

1.0 

"~ 75  g 
5 0  

o 
.25 

uJ ~ o 
e: 125  

~ I 0  

a. 75 

w .50 _> 

~ 2 5  

Hisf id ine 

L i t I 

~: 0 2 5  5 0  75  1.0 

Ornithine 

~'~ ~o ~'~ ,b 
MAINE? CONCENTRATION (raM) 

F ig .  2. T h e  v a r i a t i o n  i n  o s m o t i c  s h o c k - s e n s i t i v e  t r a n s p o r t  a c t i v i t y  s u p p o r t e d  by  th ree  e n e r g y  g e n e r a t i n g  

p a t h w a y s  i n  ce l l s  t r e a t e d  w i t h  v a r y i n g  M a l N E t  c o n c e n t r a t i o n s  fo r  10 ra in .  T h e  cel ls  were  t r e a t e d  a n d  

t r a n s p o r t  was  m e a s u r e d  as d e s c r i b e d  u n d e r  M a t e r i a l s  a n d  M e t h o d s .  The  c u r v e s  r e p r e s e n t  D - l a c t a t e - s u p p o r t -  
ed  t r a n s p o r t  in  s t r a i n  M L  3 0 8 - 2 2 5  ( A - - A ) ,  D - g l u c o s e - s u p p o r t e d  t r a n s p o r t  in  s t r a i n  D L  54 ( - - , ) ,  

a n d  g l y c e r o l - s u p p o r t e d  t r a n s p o r t  i n  s t r a i n  D L  54 (r I - - - - - E  1). 



3 3 3  

Osmotic shock-resistant transport 
As Fig. 1 demonstrates, the osmotic  shock-resistant transport systems are 

inhibited to varying degrees by MalNEt in strain ML 308-225 and this inhibi- 
tion is either unaltered or increased in strain DL 54. In strain ML 308-225 
D-lactate, glucose- (Fig. 3) and succinate- (not shown)-supported uptake show 
similar levels of  inhibition by MalNEt. Glycerol-supported respiration is much 
more strongly inhibited by MalNEt than is glucose-supported respiration (82 
and 41%, respectively in DL 54 at 1 mM MalNEt), probably because both 
glycerol kinase and the membrane bound glycerol-3-phosphate dehydrogenase 
contain sensitive sulfhydryl groups. Yet glycerol-supported uptake rates for the 
osmotic shock-resistant systems in strain DL 54 (data not shown) were not  sig- 
nificantly different from those supported by glucose (Fig. 1). 

In an attempt to differentiate inhibition of energy metabolism from inhibi- 
tion of  the transport apparatus for these systems we compared the MalNEt 
effects on transport supported by an electrochemical gradient generated via 
respiration or via the hydrolysis of glycolytic ATP (Fig. 3). Osmotic shock- 
resistant uptake in strain ML 308-225 supported aerobically by D4actate 
(respiratory pathway) is inhibited by MalNEt to the same degree as uptake 
supported anaerobically by glucose (glycolytic pathway), although D-lactate 
supported respiration is only very slightly inhibited (21% at 1 mM MalNEt). 

The apparent reduction in sensitivity to MalNEt inhibition shown by anaer- 
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~ k  Phenylalanine Transport 
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F i g .  3 .  T h e  v a r i a t i o n  in  o s m o t i c  s h o c k - r e s i s t a n t  t r a n s p o r t  a c t i v i t y  s u p p o r t e d  b y  t h r e e  e n e r g y - g e n e r a t i n g  

p a t h w a y s  in  c e l l s  o f  s t r a i n  M L  3 0 8 - 2 2 5  t r e a t e d  w i t h  v a r y i n g  c o n c e n t r a t i o n s  o f  M a l N E t  f o r  1 0  ra in .  T h e  

c e l l s  w e r e  t r e a t e d  a n d  t r a n s p o r t  w a s  m e a s u r e d  as d e s c r i b e d  u n d e r  M a t e r i a l s  a n d  M e t h o d s .  T h e  c u r v e s  r e p -  

r e s e n t  a e r o b i c  D - g l u c o s e - s u p p o r t e d  u p t a k e  (e-  0) ,  a n a e r o b i c  D - g l u c o s e - s u p p o r t e d  u p t a k e  ( e  . . . . . .  o ) ,  
a n d  a e r o b i c  D - l a c t a t e - s u p p o r t e d  u p t a k e  (A- -  . ) .  

F i g .  4.  T h e  i n h i b i t i o n  o f  L - p h e n y l a l a n i n e  t r a n s p o r t  b y  M a l N E t .  S t r a i n  M L  3 0 8 - 2 2 5  w a s  t r e a t e d  a n d  t rans -  

p o r t  w a s  m e a s u r e d  as  d e s c r i b e d  u n d e r  M a t e r i a l s  a n d  M e t h o d s  u s i n g  g l u c o s e  as  t h e  t r a n s p o r t  e n e r g y  s o u r c e .  
T h e  c u r v e s  r e p r e s e n t  t h e  r e l a t i v e  t r a n s p o r t  a c t i v i t y  o f  c e l l s  t r e a t e d  w i t h  M a l N E t  in  t h e  p r e s e n c e  ( o -  o)  
a n d  a h s e n c e  ( . . . . .  ) o f  L - p h e n y l a l a n i n e  ( 1 0  p M ) .  
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obic phenylalanine transport in Fig. 3 in fact results from the unusual lability 
of the phenylalanine system. The uninhibited rates from which these data are 
derived were 4.5 and 4.7 nmol/min per mg cell protein, respectively, for aero- 
bic glucose and D-lactate supported uptake and only 0.5 nmol/min per mg cell 
protein for anaerobic uptake supported by glucose. Thus the absolute, MalNEt- 
inhibited rates of anaerobic phenylalanine transport are similar to those deter- 
mined aerobically and the difference in relative inhibition is probably not  sig- 
nificant. The rate of phenylalanine uptake could be restored to 80% of its 
original level if cells that  had been made anaerobic for 15 rain were bubbled 
with oxygen for 10 rain prior to measuring transport. 

In addition to its specific inactivation by anaerobiosis, the phenylalanine sys- 
tern was unusually sensitive to MalNEt inhibition (Figs. 1 and 3). Fig. 4 shows 
that phenylalanine transport is 90% inactivated at 50 t~M MalNEt, and that 
half-maximal inactivation occurs at roughly 15 /JM MalNEt, a 10-fold higher 
sensitivity to MalNEt than was observed for any other system. 

Attempts  to vary the degree of transport inhibition by introducing transport 
substrate or inhibitors of energy transduetion during MalNEt t reatment  met 
with some success. Treatment of strain ML 308-225 with 0.25 mM MalNEt in 
the presence of phenylalanine (10 gM), proline (10 t~M), glycine (10 tiM), 
cysteine (190 gM), serine (10 /JM), sodium arsenate (0.5 mM) or FCCP (5 t~M) 
did not  alter the extent  to which MalNEt inhibited the glucose-supported up- 
take of phenylalanine, glycine, cysteine or serine. Nor ~vas there any alteration 
in the inhibition of phenylalanine transport if phenylalanine (10 tiM) was 
added during treatment of the cells with 10, 20 or 50 t~M MalNEt (Fig. 4). The 
inhibition of proline transport was enhanced notably,  however, by proline or 
by FCCP in the inhibition mixture. 

T A B L E  I I  

T H E  E N H A N C E M E N T  O F  M a l N E t  I N H I B I T I O N  B Y  T R A N S P O R T  S U B S T R A T E  O R  U N C O U P L E R  

T r a n s p o r t  w a s  a s s a y e d  as P r e v i o u s l y  d e s c r i b e d  [ 1 8 ]  in  s t r a i n  D L  5 4 ,  u s i n g  g l u c o s e  as e n e r g y  s o u r c e .  T h e  
n u m b e r s  s h o w n  arc  r e l a t i v e  v a l u e s  c a l c u l a t e d  w i t h  r e s p e c t  t o  t h e  u p t a k e  r a t e  o f  cel ls  t r e a t e d  f o r  1 0  r a i n  a t  
3 7 ~ C  w i t h  a m i x t u r e  o f  M a l N E t ,  ~ - m e r c a p t o e t h a n o l  a n d  t h e  s t a t e d  a d d i t i o n  as d e s c r i b e d  u n d e r  M a t e r i a l s  
a n d  M e t h o d s .  T h e  c o n c e n t r a t i o n s  o f  t h e  a d d i t i o n s  in  t h e  t r e a t m e n t  m i x t u r e  w e r e :  d i n i t t o p h e n o l ,  1 r a M ;  

F C C P ,  5 t~M; a m i n o  ac id s  a n d  a n a l o g u e s ,  1 0 0  t iM.  

C o n d i t i o n s  o f  M a l N E t  t r e a t m e n t  R e l a t i v e  t r a n s p o r t  a c t i v i t y  

P r o l i n e  Glyeine Glutamine 

MalNEt (0.25 raM) 0.38 0.52 1.34 
MaINEt (0.5 raM) 0.26 0.43 1.25 
MalNEt (0.25 raM), FCCP 0.09 n.d. n.d. 
MaINEt (0.5 mM), FCCP 0.04 0.47 1.26 
MalNEt (0.25 raM), dinitrophenol 0.32 n.d. n.d. 
MaINEt (0.5 mM), dinitrophenol 0.21 0.27 0.80 
MalNEt (0.25 raM), I,-proline 0.06 0.48 1.65 
MalNEt (0.25 mM), 4-hydroxy-L-prolinc 0.27 n.d. n.d. 
MaINEt (0.25 raM), L-thiazolidine-4-earboxylic acid 0.05 n.d. n.d. 
MaiNEt (0.25 mM), L-azctidinc-2-carboxylic acid 0.06 n.d. n.d. 
Ma]NEt (0.25 raM), L-glutamine 0.40 0.43 1.51 
MaINEt (0.25 raM), L-glycinc 0.34 0.38 1.44 

n .d . ,  n o t  d e t e r m i n e d .  
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Table II shows that  the enhancement of inhibition is specific for proline 
transport and that  it is also produced by the proline analogues L-thiazolidine- 
4-carboxylic acid and L-azetidine-2-carboxylic acid which are competitive 
inhibitors of proline transport [23]. 4-Hydroxy-L-proline, which does not  
inhibit proline transport in our hands, also does not yield the same strong 
enhancement of MalNEt inhibition. Unlike FCCP, dinitrophenol yields only a 
slight enhancement of MalNEt inhibition that is shared by the transport sys- 
tems for glutamine, proline, and glycine (other systems not  tested). 

Discussion 

The objective of these experiments has been to identify those amino acid 
transport systems whose protein components are inactivated by reaction with 
MalNEt. A major aspect of this problem has been to resolve the generalized 
MalNEt inhibition of energy metabolism or other metabolic activities from its 
inactivation of those components specifically concerned with energy utiliza- 
tion and amino acid translocation during active transport. This difficulty is 
intensified by our ignorance of the mechanism and stoichiometries of energy 
coupling to transport. 

The results in Figs. 1, 2 and 3 may be summarized as follows. Among the 
osmotic shock-sensitive systems the smallest extent of MalNEt inhibition was 
always seen for transport energized via glycolysis, for example by measuring 
glucose- or glycerol-supported transport in strain DL 54 (Figs. 1 and 2). Under 
these conditions glutamine transport was not  inhibited, showing a reproducible 
stimulation of up to 20%. Arginine and histidine transport were slightly inhibit- 
ed by MalNEt under the same conditions indicating either partial inhibition of 
the transport process or more stringent energy requirements than those for 
glutamine transport. Finally, ornithine transport is substantially inhibited at 
I mM MalNEt (58% inhibition), making the ornithine system the best candi- 
date for MalNEt inactivation of a transport component.  Although the amino 
acid composition of the binding protein involved in ornithine transport has not  
been determined, most periplasmic binding proteins are devoid of sulfhydryl 
groups. The MalNEt sensitivity of ornithine transport may therefore provide 
the key to the first biochemical identification of a membrane-bound protein 
involved in osmotic shock-sensitive transport. 

Among the osmotic shock-resistant systems, in contrast with those sensitive 
to osmotic shock, glucose- (or glycerol-) supported transport was inhibited to 
the same extent or more strongly in strain DL 54 than in strain ML 308-225 
(Fig. 1). The supply of energy via the wide variety of pathways depicted in 
Figs. 1 and 3 (including D-lactate-supported respiration, which is notably 
MalNEt resistant) yielded essentially no variation in the inhibition of transport 
by MalNEt. This observation is consistent either with MalNEt inactivation at 
the level of the transport apparatus, or with inactivation due to side effects of 
MalNEt treatment not  specifically effecting particular energy-generating path- 
ways. 

Phenylalanine transport is uniquely sensitive to MalNEt inactivation (Fig. 4), 
as well as to inhibition by anaerobiosis. The latter effect may be due to the 
interaction with the transport proteins of endogenous reducing agents present 
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at elevated levels in cells subjected to our very stringent conditions of anaero- 
biosis. In contrast Sprott et al. [24,25] have shown a singular resistance ol 
phenylalanine transport to anaerobiosis in E. coli strain ML 308, though per- 
haps under less strict conditions of anaerobiosis. The small, residual transport 
activity for phenylalanine, both on MalNEt treatment and during anaerobiosis, 
may be due to the relatively weak osmotic shock-sensitive transport system for 
phenylalanine described by Brown [26]. Thus the extreme lability of the 
phenylalanine transport system makes it the second candidate for MalNEt inac- 
tivation at the level of the transport apparatus. 

For all nine transport systems attempts were made to vary the effect of 
MalNEt on transport by introducing transport substrate or energy poison dur- 
ing the MalNEt treatment.  The enhanced inhibition of proline transport by 
MalNEt in the presence of transport substrate or FCCP is analogous to the pre- 
viously reported effects on D-glucuronate transport [8] and the glucose phos- 
photransferase system [5]. Each observation may result from the exposure of a 
critical sulfhydryl group during a protein conformational change as a result of 
substrate translocation. The results of our investigation support the view that  
the observed inhibition of proline transport is a specific effect on the transport 
apparatus and may provide a procedure for the identification and purification 
of the proline transport protein(s). Recent work (Grunwald, G.B., unpublished) 
has confirmed that  proline transport in cytoplasmic membrane vesicles is very 
sensitive to MalNEt inhibition (100% inhibition at 100 pM MalNEt), but has 
shown that  proline itself no longer enhances transport inhibition in that  sys- 
tem. Perhaps inhibition in this case results from reaction of MalNEt with newly 
exposed components of the membrane, overwhelming more specific effects on 
the transport system itself. If so, the previously obselwcd inhibition of trans- 
port by sulfhydryl reagents in membrane vesicles [101 may result from inac- 
tivation of their energy supply, resulting in both failure to couple metabolic 
energy to uptake and failure to catalyze efflux [27--31]. Since dinitrophenol 
does not  specifically enhance MalNEt inhibition while FCCP does cause a strik- 
ing enhancement that  is specific for proline transport, further investigation will 
be required to determine whether the enhancement is due to the uncoupling 
activity of FCCP or to some other property. 

These results provide very limited support for the earlier observation by 
Berger and Heppel [18] that osmotic shock-sensitive transport systems are less 
subject to MalNEt inhil)ition than are osmotic shock-resistant systems. The 
small general differences may be due to differential inhibition of their two 
modes of energy supply, and the data do not permit us to draw any more de- 
tailed mechanistic distinctions. 
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