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Proline binding activity of the Escherichia colt Na+/proline symport carrier is inhibited by a sulfhyd~l reagent, N-cthylmalei- 
midc (NEM). Proline and its analogs protected the carrier against the NEM-inactivation in a Na + (or Li+)-dcpendcnt manner. 
Na + alone, even ia the absence of proline, parttaliy protected it from the NEM-inactivation. Mutant proline carriers, CS281, 
CS344 and CS349, which have a serine residue in place of Cys-281, Cys-344 and Cys-349, respectively (Yamato, I. and Anrakth Y. 
0988) J. Biol. Chem. 263, 16055-16057)were also analyzed for cation-dependem proline binding and NEM-sensitivity. Proline 
binding activities of CS28! and CS344 were almost comple:ety fe~ist~nt to NEM, whereas that of CS349 was not. Furthermore, 
the pco]ine binding activity of C8344 was remarkably lower than those of the wild-type, CS281 and CS349 carriers. Thcse results 
indicate that Cy~;-344, which is located in the putative eighth membrane-spanning domain in the carrier, is a cystcine residue 
functionally involved in the high-affinity binding for sodium ion and proline. 

Introduction 

Proline carrier,  the pu tP  gen:  product  in Es- 
cherichia colt, is the cytoplasmic membrane protein 
which mediates electrogenic Na+/pro l ine  symport [1]. 
The carrier activity in cells and  proteoliposomes is 
dependent  on membrane  potential and a chemical 
gradient  of Na + or  Li +, either of which can act as a 
coupling cation [1-6]. The proline carrier consists of 
502 amino acid residues, and is preaicted to have 
twelve membrane-spanning domains [7]. It binds Na + 
or  Li + and the car r ie r /ca t ion  binary complex binds 
proline with high affinity [8]. The transport  cycle via 
the symport carr ier  consists of four elementary pro- 
cesses [9]. (i) Unloaded carr ier  exposing the binding 
site for a coupling cation to the cis side of the mem- 
brane first binds Na*,  and the c a r r i e r / N a  + binary 
complex binds proline at the same side of the mem- 
brane. (it) The c a r r i e r / N a + / p r o l i n e  ternary complex 
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changes its conformation so that the binding sites for 
substrate and coupling cation expose to the trans side 
of the membrane.  (iii) At  the trans side, proline first 
dissociates from the ternary complex and then Na ÷ 
dissociates from the resultant binary complex. (iv) The 
unloaded carrier changes its conformation back to the 
initial state, to which Na ÷ and proline are accessible 
from the cis side. All processes of the transport  cycle 
are reversible, and the net flux of  proline depends on 
the balance of electrochemical gradiems of  proiine and 
Na "~ across the membrane.  This model highlights that  
the bound Na + molecule affecting the affinity of the 
carrier for proline is the symporting Ha + molecule. 

The binding reaction of  Na + and proline to the 
carrier protein primarily directs the coupling-specificity 
in the s,~nport reaction. For  manifestation c,f the 
molecular mechanism of  the Na ÷/prol ine s~anport, it is 
impor" .. to study the structure of bindi,:g ~ites for 
Na + , , td  proline in  the carrier protein. One  way of  
doing this is by mutation analysis. Several mutants  in 
which the Na+/pro l ine  symport car  :,*r have defects in 
substrate specificity ar.d cation coupling have been 
isolated and the lesions of the mutations were located 
on the pu tP  gene [10-13]. The other  way is by selective 
protein modification with chemical reagents. Fox and 
Kennedy [14] developed an elegant 'differential label- 
ing' experiment to identify the E. colt l acy  gene prod- 
uct (a H+/ lac tose  symport carrier) where they utilized 
a protection activity of B-D-thiodigalactosidc from the 
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inactivation by a sulfhydryl reagent, NEM. Later, the 
cysteine residue protected by/3-o-thiodigalactoside was 
identified to be Cys-148 [15]. These results indicate 
that Cys-148 is located near the substrate-binding site 
and is mainly relevant to the NEM sensitivity although 
it is not necessary for the HVlac tose  symport activity 
[16,17]. 

The proline carrier is inactivated by NEM [18,19], 
and can be differentially labeled with radioactive NEM 
[20]. Yamato and Anraku [2i] prepared mutant proline 
carriers in which Cys-281, Cys-344 or Cys-349 in the 
carrier was replaced by a serine residue and showed 
that Cys-281 and Cys-344 were the NEM-reactive cys- 
teine residues. In this work, we have examined whether 
coupling cations as well as substr,,te could protect the 
Na+/proline symport carrier from inactivation by 
NEM, hoping to understand the Iocatio'.i of the binding 
sites for Na + and proline in the carrier molecule. 

Materials and Methods 

Strains and growth of ce!ls 
Transformants of Escherichia coli K-12, ST3009 

[relevant genotype: proP proT putP recA F'lacl q ], with 
a plasmid pKHPI (carrying patP ~ gene) or a vector 
plasmid pUCi3 r22], and transfarmants of ST3501 
[ proP proT putP recA ], wi~h plasmid pMOP7-223-13, 
pMOP7-325-23 or pMOP7-325-32 [21] were used. 
The pt;tP products of pMOP7-223--13, pMOPT-325- 
23 and piv~OP7-325-32 have replacements of Cys-281, 
Cys-344 and Cys-349 to a serine residue, respectively 
I21]. The mutant carriers of Cys-281 ~ Set-281, Cys- 
344 ~ Ser-344 and Cys-349 ;= Ser-349 are aesignated 
as CS281, CS344 ar.d CS349, respectively, in this paper. 
Cells were grown as described previously [20]. 

Assays of proline binding and t~'ansport acticities 
Cytoplasmic membrane vesicles were prepared by 

the method of Yaa~ato et al. [23] with a modification 
[27]. ~'~.L,..d~ag activiLv of proline to cytoplasmic mem- 
brane ve.,.:icles was determined in the reaction mixture 
( l  ml) containing tl.l M Tris-maleate (pH 5.3), 0.1 M 
~aCI ae.d 1 /.tM L-[l~C]proline (290 mCi/mmol,  1 
Ci =3.7.10;; ;  Bq, Amersham) by tile ultracentrifuge 
method [8]. Transport activity of pro line in cytoplasmic 
membrane vesicles was determined in the reaction 
mixture (0.2 ml) composed cf 51.' ,n;.! Tris-maleate (pH 
8.0). 2 mM MgSO4, 20 mM ascorbate-Tris (pH 8.0), 0.2 
mM phenazine mcthosulfate and 1 /.tM L-[14C]proline 
by the tiltration method [24]. The reaction m~xture for 
the transport assay contained 30 p.M Na + [9]. The 
initial rate of transport was calculated from the amount 
of radioactive proline accumulated in membranes for 
the initial 10 s. The data represent the means from two 
or three experiments. The deviations were within 
+ 10% of the means. Protein was determined by the 

method of Lowry et al. [25], using bovine serum albu- 
min as a standard. 

Treatment of membranes with NEM 
Cytoplasmic membrane vesicles (l to 2 mg of pro- 

tein) were incubated in 1 ml of buffer (see below) with 
l0/ . t l  ethanol solution of 50 mM NEM for 30 rain at 
25°C. After stopping the rcaction with 5 mM dithio- 
threitol, membranes were washed with 8 ml of 0.1 M 
Tris-maleate (pH 7.0) two or three times by ultracen- 
trifugation at 4°(2, and then the binding or transport 
activity of the vesicles was determined. Compositions 
of the buffer used are indicated in legends to figures 
and tables. As a control, the vesicles were treated with 
1% ethanol, which did not appreciably affect the activi- 
ties of the proline carrier. NEM was purchased from 
Wako Pure Chemicals, Tokyo. 

Results 

Protectire effects of substrate and snbstrate a talogs on 
NEM-b~actiration of the proline carrier 

High-affinity binding of proline to the proline car- 
rier requires the presence of Na + or Li + [8]. Consis- 
tent with the reaction model proposed [9], proline in 
the presence of Na + or Li + was found to protect 
proline carrier functions "from NEM-inactivation; the 
binding and transport activities remained mc,~tly un- 
changed (Table 1). Protection efficiencies of substrate 
and substrate analogs increased in the order of their 
binding or transport affinities to the carrier [8,26]. 
These results indicate that the pro~.cction was due to 
the formation of a Na + (or Li+) /prol ine /ear r ie r  
ternary complex in the cytoplasmic membrane [9], so 
that NEM could not gain access to the cysteine 
residue(s) which is involved in proline binding of the 
carrier molecule. The fact that proline in the presence 
of K + or Rb + showed no protective effect (Table l)  
supports this conclusion. 

The protectice effects of coupling cations on NEM-in- 
acticativn of the carrier 

We further found that coupling cations alone also 
showed partial protective effects. When membrane 
vesicles were treated with 0.5 mM NEM in the pres- 
ence of Na* but in the absence of proline, residual 
binding and transport activities were 68% and 54%, 
respectively, of those of the control membranes (Table 
I). Scatchard analysis of the residual binding activity 
showed that the NEM-treatment in the presence of 
Na + reduced the BSma x value without any effect on the 
K d value of the activity (Fig. 1), indicating that the 
inactivation and the protection of the carrier molecule 
were in an all-or-none fashion, l'he half-saturation 
concentration of Na + for protection vas  determined to 
bc 3 mM (Fig. 2), which was consistent with the K d for 



TABLE I 

Protection of the praline c~lrri:r against NEM inactit'ation by i.-proline, 
praline analogs and coupling cations 

Cytoplasmic membrane vesicles (2 mg of protein/ml) prepared from 
ST30~9/pKHPI were incubated with or without NEM (0.5 raM) and 
snhstrates (1 mM) in 0.1 M Trls-maleate (pH 7.0) ,:ontain~ng 0.I M 
alkaline metal c~tion (chlorlde-form) indicated, and washed three 
times with 0.1 M Tris-maleate IpH 7.0). Residual proline binding and 
transport activities in the membrane vesicles after N'EM treatment 
were measured, and are represented as the pelcentages of the 
activities of control membranes. The control membranes were incu- 
bated without NEM in the absence of substrates, The proline bind- 
ing and transport activities in the control membranes were 944 
pmol/mg protein and 16.5 nmol/mg protein per rain, respectively. 

Salt Substrate Residual activi, ies 

bindino o transport 
(%) (%) 

NaCI L-proline 97 96 
LiCI L-proline 88 100 
KCI L-proline 28 
RbCI L-proline 15 12 
LiCI "D-proline 9.7 4.7 
LiCI D,L .pipecolinic acid 9. I 4.8 
LiCI L-azetidine 2-carboxylie acid 28 26 
LiCI 3,4-dehydro-D.L-proline 50 5t 
NaCI None 68 54 
LiCI None 7.6 5.3 
KCI None 3.9 7.9 " 
RbCI None 5.5 3.5 

Na  + of  the  prol ine  car r ie r  [8]. Al though  the  K o value 
for Li + o f  the  car r ie r  was  es t imated  to be  31 m M  
(Mogi ,  T.,  unpubl i shed  results),  0.1 M Li + did  not  
show signif icant  protect ive effect  under  :hese  condi-  
t ions (Table  1 and  t,'i~. 2). However ,  Li + exhibhed  a 

mound proIIne (pmol per mg protein) 

Fig. I. Effect of NEM treatment on the Na+-dependent proline 
binding activity in cytoplasmic membrane vesicles. Cytoplasmic mem- 
brane vesicles were incubated in the presence of 0.1 M NaCI with (e) 
or without (o) C.5 mM NEM as indicated in the legend to Table !. 
Then, proline binding activities of the membranes were- measured at 
various proline concentrations. The data obtained are represented in 
the form of Scatchard plots. The K,t and BSm~ values of proline 
binding were 1.2 p.M and i.2 nmol/mg protein, respectively, in the 
NEM-treated membranes and 1.2 F,M and !.8 nmol/mg p:otein, 

respectively, in the umr¢~'d membranes. 
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Fig. 2. The Na ÷ dependence of prot,:c;ie.= of the profine carrier 
against NEM-inactivation. Cytep!a:,-'. ;~. membrane ve~icles were in- 
cubated with 0.5 mM NEM in the presence of salts (NaCI, o: LiCI, 
A; KCI, Ill) at various concentrations, and then praline binding 
activities were measured. Residual activities are shown as percent- 

ages of the activity of NEM-untreated membranes. 

slight protect ive effect  when  concent ra t ions  of  N E M  
were  much  lower (see below). K + or  Rb  * did  not show 
any protect ive ~ffect at  all. 

Effects  o f  alkaline r.tetal cat ions on the  NEM-inhibi -  
f lea  were  e.v.~n~_ned in m o r e  delai i  at  var ious  concen- 
t ra t ions  of  N E M .  NEM-concen t ra t ions  requi red  for  
50v~ inhibit ion of  the  b inding activity were  10 /~M,  20 
/~M and  1.3 m M  in the  presence  o f  0.1 M K +, Li + and  
Na  +, respectively (Fig.  3). Th i s  result  conf i rmed the  
effect ive protect ion of  Na  +, and  fur ther  showed tha~. 
Li ~" also had  a sl ight protect ive effect ,  compared  with 
K +. T h e  fact  that  not  only prot ine but  also coupling 
cat ions  pro tec ted  the  car r ie r  f rom NEM-inac t iva t ion  
sugges ts  that  the  b ind ing  s i tes  for coupling cat ions and  
pra l ine  a re  spatially close in the  car r ie r  molecule  and  
that  the  two b inding  s i tes  it, valve an  NEM-reac t ive  
c ~ t e i n e  residue(s) .  

100 
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Fig. 3. Residual proline binding activity of cytoplasmic memb~nes 
after treatment with various concer.t.mtions of NEM. Ojtoplasmic 
membrane vesicles were incubated in the presence of 0.1 M salts 
(NaCI, e; LiCI, A: KCL II) with various conce~nrations of NEM. 
Residual ~ct,."JitJes a~-e sllown as percentages of :-ke activity of NEM- 

m~treated membranes. 



Cys-344 is a car:dtdate residue involved in cation and 
pro!ine binding 

The nucleotide sequence of the putP gene predicts 
that the prg!iue carrier contains five cysteine residues 
[7]. We previously prepaicd mutant  proline carriers 
CS281, CS3a4 aad  CS349 and examined their transport  
activities and NEM-sensitivities [21]; the CS344 carrier 
showed lower activity than the other mutant  carriers 
and the wild-type carrier, and the CS281 and CS344 
carders  are r~sistant to NEM. Here, we examined the 
cation-dependence and NEM-sensitivity of proline 
binding to the three mutant  carriers. 

Table I1 shows that the CS281 and CS349 carriers 
had Na + (and Li+)-dependent proline binding activi- 
ties as high as those of the wild-type carrier. The 
Na+-dependent proline binding of the CS344 carrier, 
however, was found to be remarkably low and its 
Li+-dependence was less than the Na+-dependence. 

The Na+-dependent proline binding activities of 
CS281 and CS344 carriers were resistant to NEM 
treatment whereas that of CS349 carrier was not (Ta- 
ble 11). Inactivation of the CS349 carrier by NEM was 
protected by the presence of Na + and proline (data 
not shown). Thus, it is concluded that chemical modifi- 
cation by NEM of a reactive cysteine residue(s) in the 
proline carrier inhibits the Na+-dependent proline 
binding activity and results in the inhibition of the 
Na*/pro l ine  s¢! port cycle (Tables 1 and I1; also see 
Ref. 21). We suggest that Cys-344 may be one of 
candidate residues which are functionally involved in 
operation of  the symport cycle or located near  or 
spatially close to the binding sites for proline and 
sodium ion. 

TABLE It 

Cat:~n-dependence and NEM-sendtirity of proline b?!;,!i:~ .wtirity of 
mut.:.nt carriers 

Binding activity ;~ (pmol/mg pr,~,tein) Residual 
None LiCI NaCI KCI activity h t%) 

after NEM- 
nealnlClU 

C~  ' 150 4=0 470 170 9b 
CS344 4 6 (  i I l i t  7 8 ~* 
CS349 200 450 470 26n g! 
Wild-type c 100 I(l~P,] 940 140 

Praline binding activity in membrane w, sicles was mea~:nred in 0.! 
M Tris-maleate (pH 5.3) containing I /.tM [14Clproline in the 
absence or presence of 0,1 M LiC'I. NaCI or KCL 

h Membranes were treated with 0.5 mM NEM in the absence of 
proline and Na*, and the residual activities ol proline binding 
were measured as described in Materials and Methods, and are 
represented as the percentage of the activities of control (NEM- 
untreated) membrane.,. 

¢ Wild-type carrier was abo,t twice more overproduced then mutant 
carriers because plasmid DKHPI has tandem promoters for the 
expression of the pulP* genc [20.22]. 

Discussion 

The ordered binding of coupling cation and prolinc 
to their specific sites in the proline carrier is an ele- 
me~*ary process in the Na+/pro l ine  symport cycle [9]. 
in m; .  study, to obtain insights into domains of these 
binding ires, we characterized protective effects of 
proline and coupling cations against the inactivation of 
wild-type and mutant  carriers by NEM. 

The proline binding activity af  the wild-type carrier 
was inactivated by.~NEM, and the inactivation was 
protected by p,) l ine and its attuiogs in an Na +- or 
Li+-dependent manner  (Table I). Furthermore,  Na + 
alone showed the protective effect against the NEM- 
inactivation (Table !). From these results, we suggest 
that the reactive cysteine residue(s), to which NEM 
binds covalently, is located near  binding sites for pro- 
line and coupling cation, and that NEM molecule is 
less accessible to the cysteine residue(s) in the 
c a r r i e r / N a  + or the ca r r i e r /Na  + (Li+) /prol ine  cou:- 
plex than in the unloaded carrier. Li + alone also 
showed a slight protective effect but the efficiency was 
mucl- ltrxcf than that expected from the binding affin- 
ity of Li + to the carrier (Fig. 3). even though both 
cations are the coupling cations [1-6]. We do not know 
why Na + and Li* render  such dfffcr,.:::~,,, i~'.~'~h: protec- 
tion efficiency. The differenc6 in their ionic raoii Or the 
conformations of ca t ion /car r ie r  binary comp.lexes may 
cause the difference in the accessibility of NEM to a 
re~,:etive cysteine residue(s) in the carrier. 

The proline and coupling cation binding sites were 
further  clarified by analysis of the mutant  carriers 
CS281, CS344 and CS349. Proline binding activities of  
the CS281 and CS344 carriers were rests:dot to NEM 
(Table lit. Furthermore,  the proline binding activity of 
the CS344 carrier was remarkably lower than those of 
CS281, CS349 and wild-type carriers (Table 11). The 
diit,~rential dependence of the CS344 carrier on Na + 
and Li + (Table l i t  suggests that this mutant  carrier has 
an altered conformation at the cation binding site. 
Thus, it is reasonable to conclude that Cys-344 is a 
cysteine residue functionally i,wolved in the Na + and 
proline blotting. We propose that the proline binding 
site and cation binding site are close to Cys-344, which 
is located itt the putative eighth membrane-spanning 
domain in tSe proline carrier (Fig. O. Althougl~ Cys-281 
was shown t: be relevant to NEM-sensitivity (Table ll; 
Ref. 21), its actual function remains unsolved. Cys-349 
does not seem to play a role in the Na+/pro l ine  
symport reaction because the rep laceme, t  of Cys-349 
by a serme residue showed no significant change in 
carrier activities and NEM-sensitivity (Table I1; Ref. 
21). 

Recently, I iediger  et al. [27] found that the human 
intestinal Na+/glueose  symport carrier and the E. colt 
Na +/proline symport carrier are highly homologous in 
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Fig. 4. A topological model of the Na"/prnline sympor( carrier in 
the cytoplasmic membrane. Potential membrane-spanning regions 
{represented as rectangles with Roman numerals) were predicted 
from hydropathic analysis of the carrier [7]. The carrier does not 
have a cleavable signal sequence * and the carboxyi terminus of the 
carrier is exposed to tim cytoplasmic side of the cytoplasmic mem- 
brane [22,31]. Locations of amino acid residues in the carrier are 
shown as one-lener symbol, and Cys-281, Cys-344 and Cys-349 are 
highlighted. Mutation studies indicate that Gly-22. Cys-141 and Arg- 
257 (bold-face characters) play important roles in cation bincting tilL. 
Ill. The SOB-motif, a proposed binding motif for Na + (Gly-328, 

Aia-366, Lcu-371. Gly-375 and Arg-376L is a!so shown. 

their  predic ted amino  acid sequences.  Mammal i an  in- 
testinal Na +/g lucose  carr iers  a re  inhibited by sulfhydryl 
reagents ,  but  not  pro tec ted  f rom the inhibition by their  
substrates ,  suggesting tha t  the  react ive cysteine 
r~sidue(s) doc.s not reside near  the substrate-binding 
site [28,29]. This  apparen t  contradict ion be tween  ho- 
mology of  the primary structure and the ~differenc¢ in 
protective effects of  substrates in the E. coli N a + / p r o  - 
line and human  intestinal Na+ /g lucose  symport  carri-  
ers is not  surprising, because there  is no conservative 
cysteine residues be tween  the two carr iers  [7,27]. Thus,  
the locations o f  reactive cysteine residues may  be quite  
different  be tween  these carriers.  Probably, the cysteine 
residue(s), including Cys-344, in the pral ine carr ier  is 
very close to its subs t ra te /cosubs t ra te -b inding  sites, 
but  the cysteine residue(s) in the  glucose carr ier  is not. 

" The praline carrier was purified near homogeneity as described 
previously ill. Prior to the determination of the N-terminal amino 
acid sequence, phospholipids and dodecyl maltoside contained in 
the purified preparation were removed by ele:tropboresis in 
sodium dodecylsulfate-polyacrylamide gel followed by electroelu- 
tion [32]. The sample thus obtained was analyzed with a gas phase 
s-~qaeqcer (model 477A/120A, Applied Biosystems) and a se- 
quence of six N-terminal amino acre resmues tM.~ISTI-b was 
determined. The sequence was Zdentical to a seque,,ce predicted 
from the DNA sequence of the putP gene [7], indicating tha:. :he 
proiine carrier has dO cleavable signal sequence (Hanada, K. and 
Anraku, Y., unpublished results). 
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Praline binding activity was completely inhibited by 
t rea tmcnt  of  cytoplasmic membrane  vesicles with 3 
mM dieth:,,l pyrocarbonate u~ 0.3 .aM dicyciohexyl- 
carbodiimide,  and the activity was protected from these 
inhibitions by praline in the presence of  Na + (or Li ÷) 
or  partially by Na* alone (unpublished observation), 
suggesting that  histidine and g la tamate /aspa . - ta te  
residues are also located near  the binding sites. 

Recently, Deguchi  et al. [30] repor ted that there 
is a conserva t ive  a m i n o  acid s equence  (G_Q---- 
A X X X X L X X X G R )  in molecules of  the E. coil 
N a + / g l u t a m a t e ,  Na+ /p ro l i ne  and mammal ian  N a + /  
glucose symport  carriers,  which is suggested to be a 
sodium ion binding-motif  (SOB-motif).  In a topological 
model  of  the praline carrier ,  this putalive SOB-motif  
exists in the region between Gly-328 to Arg-376 and is 
m a p p e d  on the eighth and ninth membrane-spanning  
domains  (Fig. 4). In addition, we have shown that 
mutat ions at Gly-22 to Glu-22 or  Cys-141 to Tyr-141 
caused a remarkable  decrease  of  affinity for Na + to 
the praline carr ier ,  and 3uggested that  these residues 
are  related to the  bindin~ for coupling cation [9]. In 
summary,  we suggest that  the first, third, eighth and 
ninth membrane-spanning  domains  as well as the cyto- 
plasmic loops be tween sixth ancl geventh, and eighth 
and ninth membrane-spann ing  domains  are  involved to 
form binding sites for the ~,ympor~ carr ier  (Fig. 4). 
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