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The passage of inorganic s ~ t ~  ~ u c o s ~  amino ~ s  and peptides across p o l ~ n e - b a c k e d  d o u s e  
m e m ~ a n ~  ~egative-po~tive fixed-charge junctions) was s ~ e d  in a t w ~ c o m p a ~ m e ~  cell and compa~d  
to a known cel l~ar ~ e m ,  the E ~ l ~ L e t t r e  a s ~ s  c a r ~ n o m ~  h was concluded ~ a t  passage p r o c e e ~  by 
a 1:1 exchange ~ d f f ~ n g  ions in ~ e  m e m b ~ n ~  The m o ~  ~ y  ~ a m p o ~ e d  ~ e m s  ~ f l ~ t e d  an 
~ e a ~ d  p m b a ~ l i ~  of exchange in ~ l  case~ as evidenced both by a ~ m ~ f i o n  ~ f e c t  and by the d e ~ e e  ~ 
w ~ c h  ~ e  space c h a ~ e  was perturbed at the membrane. The amino ~ o u p  (as N H ~ )  of the amino a c ~  
~ v ~ v e d  in the exchange process was ~ t ~  for ~ a n s p o ~  The presence of a second amino ~ o u ~  ~ther  
~ n ~ e d  or as -NH~,  accdera~d the exchang~ The presence of e l e c ~ o ~ a t t r ~ f i n g  ~ o u p s  on the ~de  c h i n  
~ ~ a m~hyl  ~ o u p  Cn ~ e  ~pha ~arbon ~ s o  ~ c i l ~ e d  pa~age.  Cation dependence ~as  seem P ~ g e  ~as  
hindered by a second carboxyl ~ o u ~  an ~cohol ic  ~ o u ~  or a ~ n ~ h e n e d  side cha~.  Use ~ d o u s e  
m e m b ~ n ~  permi~ e x p e ~ m e ~  e ~ c ~ o ~ c  ~ a n s p o ~  moddfing and may ~ H ~  d e i g n  ~ a drag d d ~ e ~  
~s t~m.  

~ o d ~ t ~ n  

B i ~ o ~ c ~  membranes are organ~ed as a fluid 
mos~c con~sting of a phospholi~d b~ayer in 
which a ~  ~spe~ed  a ~ariety of protein c o m p ~ x ~  
e~sting in dynamic equilibrium [1]. Lipids and 
pro ton  c o m ~ e x ~  can move l ~ e r ~  in the p~ne  
of the membrane [2]. Charges ~ander  across the 
membrane of mpMo~cM~ d o ~ d  vesicl~ [3]. 
Membrane surfaces are higNy charged, orienting 
m ~ e c ~  ~ na~ow ~ r m e m b r a n e  space [~. A 
membrane po~ntiN is ~ q ~ r e d  for ~ru~urM 
mNntenance [5]. 

Active ~anspo~ across c~ tNn NNoNcM mem- 
branes has been well demon~ra~d.  S o ~ s  recog- 
~zed  as ' a c t i v ~  ~anspo~ed are in fact driven 
by coupfing to the downhi~ movement of speNfic 
ions: so , u rn  ions ~ ammM cells and protons in 
prokaryotic calls and wM~d eukaryo~s [6]. The 

sodium ions or protons are in turn driven uphill 
through the same membranes by coupfing to ATP 
hydrolyfs  [7]. The molecular defices that accomo 
pfish coupfing have become known as co~anspo~ 
sys~ms (the 'driveF ion and coupled solu~ mcve 
in the same direction) or coun~r~anspo~ sys- 
tems. Inifi~ observations th~  many ~anspo~ sys- 
~ms  exhibit M~haefis-Men~n k i n ~ s  led to at- 
temp~ to describe carfie~mediated ~anspo~ in 
terms an~ogous to enzyme ~nefics. Experimen~ 
with a wide range of cellular membranes have 
reve~ed great kinetic he~rogendty  in cotranspo~ 
and coun~r~anspo~ mechanism~ with the pro- 
hferation of a va r i fy  of ad hoc explanations [8]. 

Recently Sande~ et M. [9] described a minim~ 
modal of co~anspo~. The modal consists of a 
sin~e ~anspo~ loop finking fix discre~ states: 
one ~an~membrane c h a r g ~ a n s p o ~  s~p and one 
step each for binding of substrate and dr~ver ion 



at each fide of the membran~ Spedfic beha~or  of 
the modal depends upon the s ~ e  of indi~duN 
reaction constants among the whNe set in the 

~ ~ r ~ S P m ° ~ :  t l°°poPstulaP tesr°p°Sedo " f spedT ~ he m°dm elechanismd s°eS 

in e~gta'ansport. The observed experimentM dNe~ 
fity in cotransport kinetics reflects c o n ~ N ~ d ~ e d  
selection of reaction rate constant~ 

These confiderafions lead to the condufion that 
~an~fions or junctions of fixed charge denfities of 
opposi~ fign will present highly localized space 
charge tenons  and con~r  upon the sys~m the 
conservative property of capadtanc~ The prop- 
erty of asymmetricM conductance is r d a ~ d  to the 
concen~afion of the ions in solutiom determined 
by the fidd created by the junctions of fixed 
charge~ 

The E h f l ~ h - L ~ e  asd~s  cardnoma has been 
well ~ud~d.  MNntNned call lines are employed 
for comparative drug testing Free cells are able to 
accompfish the inward transfer of amino adds 
~om the suspending medium agNnst con~derab~ 
concentration gradients [10]. Most of the accu- 
mulated amino add  remNns unbound [11]. The 
uptake was noted to be exponenfiM with time and 
Mso exponentiM~ dependent upon the ratio of 
in~acdlular  to extracellular a~ino ~cid c o n c e n ~  
fion [12]. Amino add  di~fibufion was found to 
approach a t im~independent vMue within 15 min 
a~er addition of Nydne  to the suspending medium 
[13]. Inward ~anspo~ ~ dependent upon the pre~ 
ence of a cation gradient in the oppof i~  direction 
[1~. A proton group is rdeased in the ~anspo~ 
reaction [15]. 

The purpose of the present study is to examine 
the phenomenon of exchange ~anspo~ in a modal 
sys~m that is control~d and m~abolically ind~ 
pendent and to compare that ~anspo~ to a known 
cellular sys~m. Knowledge gNned may facilita~ 
de~gn of a drug delivery sy~em. To achieve this 
purpos~ the movement of inorganic sMts, ~ucose, 
amino adds and amino add  derivatives across 
po~styren~backed ion-exchange double mem- 
branes was examined. 

M ~ h o d s  and M ~ e f i ~ s  

AU m e ~ u ~ m e m s  w~e  p ~ r m e d  in a l u d ~  
call confisting of two chamb~s (9 × 7 × 7 cm) of 
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approx. 400 ml capad t~  divided by a l u d ~  parti- 
tion in the center of which was an ape~ure (2 × 2 
cm) which could be covered by the membrane 
used. Fu~hermore, there was a removable stun- 
less steal shut~r  which covered the aperture and 
separated the s~utions on Other fide of the parti- 
tion until time zero. The two chambers were filled 
with st~red s~utions of the amino add, ~ucos~ 
or the d e c ~ o ~  to be ~udied. One p ~ r  of e ~  
trodes was a~anged to measure the v~tage across 
the junction, one p~r  to measure the cu~ent. 

Electric~ measurements were obt~ned at 24 ± 
1°C with a Radiome~r TTT- la  pH me~r  con- 
nected to an SBR2C recorder and a ~mpson 260 
m~roamm~er .  The amino acid s~utions were 
made up with 0.1 M NaCl and m~n t~ned  at a 
pH of 6.8 with potasfium phospha~ buffer 
throughout the d e ~ f i c ~  measurement .  

The extent of amino add  ~anspo~ was 
determined by ti~ating aliquots of the amino add  
solutions in each compartment at various time 
i n , r y e s  with biuret reagenL The extent of other 
d ec~o ly ~  movement was de~rmined in analo- 
gous fashion with the use of a Beckman flame 
photom~er  with an in~ rn~  ~thium standard. 
Glucose concentrations were determined on a 
two~hannd  Technicon autoan~yzer ufing the 
~rf ic  cyanide m~ho& The resul~ were plot~d 
and the rates of diffufion were determined graphi- 
c ~  ~om the ~opes of the fines drawn by the 
m~hod  of least square~ 

The ~anspo~ of amino adds and thdr  deriva- 
tive~ inorganic s~t~ and ~ucose across f in~e 
anionic or cationic membranes, and across a junc- 
tion of negativ~positive fixed charge in which 
cation and anion exchange membranes were em- 
ployed as d o s d y  apposed p ~ ,  was ~udied. 

The membranes used were polystyren~backed 
(Nepto~ Ionics, Inc., Cambfidg~ MA, U.S.A.L 
one cont~ning neg~Ne fixed charge, SOs,  the 
other a po~tive fixed charge, NH~.  The negativ~ 
po~tNe fixed charge junctions of the modal sys- 
tem were formed by cementing tog~her mem- 
branes (70 ~-thick) of each charge type with di- 
m~h~formamide,  allowing lhe combination to dry 
for 24 h under pressure before use. 

The amino acids and derivatives used were 
commerd~  preparat~ns of the highest purity. 
Inorgan~ compounds and ~ucose used were all of 
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analytical reagent grade. Deionized, distilled water 
was used to prepare all solution~ 

Experimental ~ s d ~  

The capaotance of the constructed negative- 
pofitive fixed charge junction measured 1 ~ F / c m  2 
with a shunt resistance of 5 • 104 /cm 2. Hydrogen 
ion is many times more mobi~  than is any other 
cation in this wate~solvated sy~em [16]. Pore fize 
as an influence is negligible [17]. 

The variation of ion flux with concen~ation 
gradient through a negative fixed charge mem- 
brane (ufing sodium chloride) was found to be 
exponential. The resul~ ind~ate that the rapidity 
of the exchange is related to the availabihty of 
exchangeable oppofing ions. The membrane was 
then soaked in dectrolyte for 24 h and the varia- 
tion of ion flux with the concentration of charge 
at the membrane was determined. Rapidity of 
exchange was determined to rdate  to the availabil- 
ity of exchangeable sites at the membran~ The 
number of sites, not the ion present, is importan~ 
Transport proceeds by a 1 : 1 exchange of diffus- 
ing ions at the membran~ the more rapidly trans- 
ported sy~ems reflecting the increased probabi~ty 
of exchange. The addition of charg~ as ions to be 
exchanged, results in an ohmic drop across the 
membrane as a whole, a reflection of the accd- 
crated transport rates. The abifity to exchange is 
the limiting process. 

TABLE I 

RATES OF ION MOVEMENT TH RO U G H  ~ N G L E  MEM- 

BRANES 

K +, Na + and Li + w e ~  p ~ n t  ~ ~ r  c~o~de  s~K C1 and 
Br were p ~ n t  ~ ~ r  so~um salt. n represents the n u m b ~  

of ions in the hyd~f ion  ~ h e ~  ~ the cation [18]. 

Ion Rdafive Measured rate n 
rate (mol /min)  

Cation exchange membranes (negatNe fixed charge junction) 
K + 1.00 46.10 4 1.9 
Na ÷ 0.70 30.10 4 3.5 

Li + 0.54 25.10 -4 7.1 

Anion exchange membranes (po~five fixed charge junoion)  
CI 1~0 30.10 4 
Br 0.86 26-10 4 

The rdative rates of movement for various 
cations through a negative fixed charge membrane 
as determined in this sy~em c o . d a t e d  with the 
number of oppof i tdy  charged ions or dipoles in 
the hydration spher~ a reflection of the rdative 
extent to which the diffusing ion perturbs the 
space charge at the membran~ These are shown in 
T a b ~  I, where the rdative diffufing rates of vari- 
ous ions through a pofitive fixed charge mem- 
brane are also detailed. These data taken together 
indicate that the nature of the dectrolyte is unim- 
po~ant  when an exchange of mobi~  spedes can 
be made at the membran~ When a second dec~o-  
~ te  with a lesser abihty to accommoda~  oppo- 
sitely charged ions in Rs ionic sphere and conse- 
quent inability to perturb the space charge at the 
membrane surface is added to the sys~m, a re- 
tardation of ~anspo~  resul t .  A n ~ o g o u ~  an 
accderation of ~anspo~  may be induced when an 
ion dec~olyte  wh~h can fu~her perturb the mem- 
brane charge is added. A shunt refinance of 1 3 /  
cm 2 was measured for the anion exchange mem- 
brane (chloride form). 

The rates of movement of various amino acids 
and derivatives through a negative fixed charge 
membrane and through a pofitNe fixed charge 

TABLE I1 

RATES OF D I F F U ~ O N  THROUGH SINGLE MEM- 
B R A N ~  

Amino add  Rdafive Exchange m e m b ~ n ~  
rate me~ured  rate 

(10 4 m ~ / m i n )  

cation a ~ o n  

Glycine 1.00 1.25 0.55 
Alanine 0.63 0.79 0.33 

Asparagine 0.58 0.72 0.30 

Serine 0.56 0.70 0.33 

Aspartic acid 0.54 0.68 0.35 
Cysteine 0.2 0.65 0.29 
Arginine 0.52 0.65 0.28 
Lysine 0.50 0.63 0.27 
Diglycine 0.47 0.59 0.26 

Glycine ethyl ester 0.43 0.54 0.28 
Methionine 0.45 0.56 0.25 

Hisfidine 0.48 0.53 0.25 
Phenylalanine 0.30 0.38 0.20 
Leucine 0.16 0.20 0.09 
Triglycine 0.13 0.16 0.07 
N-Acetylglycine 0.01 0.01 0.01 



m e m b ~ n e  as ~ ~ d  ~ ~ i s  modal ~ s ~ m  are 
~ e ~  in Table II. These too are ~ n t ~  
for both m e m b ~ n e  ~pes.  Variations in the com- 
p a ~ o n  d e ~ r d y ~ s  used to swamp ~ e  sys~m &d 
not ~ p r ~  affect the ~anspo~  times of the 
various a ~ n o  adds.  Remov~  of ~ e  ~ e  
reduced ~anspo~  times con fde rab l~  a conse- 
quence of the n e c ~ f ~  ~ r  exchange at the mem- 
brane surface. The decrease in ~ e  rate of move- 
ment of ~ y d n e  peptides ~ r ~ d s  the increase in 
• e ~ d ~ t f i c  ~ r ~ t t i ¼ f f  of the d i f fufng  s~ution. 
The data in Table II indicate ~ a t  the rates of  
transport of those a ~ n o  adds  ~ short c h i n s  
were gma~r  than those ~ t h  long fide ch~n~  
which was apparently not a consequence of 'pore  
f zE ,  as g i y c ~ y d n e  moves ~ a ~  in this ~ s ~ m .  
The response of the membrane to the various 
amino adds  ~ m b ~ s  that to the various ion 
~pes.  

At no time c o u ~  transport be d e m o n i z e d  
with ~ u c o ~  s~utions ~one.  

In the presence of abrupt uan~t ion  ~gions of 
fixed charge, a n e g ~ N ~ p o f t i v e  fixed c h ~  junc- 
tion ~ r m e d  by cementing a ~ o ~ c  and c ~ c  
m e m b ~ n ~  m ~ ,  ~ f i ~ n g  phenomena were ob- 
served in ~ e  ~anspo~  of s o ~ u m  ion and potas- 
sium ion. The concemra t~n  of p ~ a s s ~ m  ion 
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Fig. 1. Ion flux with double membrane (positive-negative fixed 
charge junctionL Inifiall~ C 1 cont~ned  0.5 M KCI or 0.5 M 
NaC1, while C 2 con t~ned  0.5 M NaCI or KCI. F i n ~ l ~  C 1 
contained &3 M KCI or NaCI, whi~ C z contained the ofiginM 
&5 M KC1 or NaC1 plus 0.2 M of the KCI or NaCI which was 
transported. 
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increased, that is K + flowed into compa~ment  
two, regardless of whether it was present in greater 
or lesser concentration in the other compartment.  
Sodium ion was concentrated also, even in the 
presence of high potasfium ion concentration in 
that compa~ment ,  though not as rapidly as potas- 
sium ion. The difference was apparently related to 
the rdative abifity to be exchanged with hydrogen 
ions at the membrane surface. The membrane 
response is given in Fig. 1, which shows the ion 
flux, and Fig. 2, which reflects the capacitance and 
rectification properties of the sy~em in which 
small perturbations of charge at the membrane 
surface lead to nonohmic alterations in refstance.  
It appears that the call is in nonequifibrium with 
respect to concentrations in the outer solution at 
all times. 

Analogous phenomena were also observed in 
the ~anspo~  of amino adds. The transport rates 
of several amino adds  and derivatives are given in 
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Fi~  2. Conductance properties of double membrane (positive- 
negative fixed charge juncfionL 
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Fi~ 3. Hux of ~y~ne and derivatives across a negativ~po~- 
tive fixed char~ junctiom 

Fi~ 3. The corresponding current and voltage 
changes are shown in Fig. 4. Here too, with small 
perturbations at the membrane surface the result- 
ing alterations in refinance are nonohmi~ i.e., the 
rdat ion between current and voltage is nonhneaa 
The membrane unit exhibi~ both the prope~y of 
capaNtance and the property of rectification. It is 
immediatdy apparent that with the proper orien- 
tation of the membran~ an amino and  or peptide 
may be t ransposed again~ a concentration gradi- 
ent. The phenomenon is modified with the sub- 
stitution of constituent dec~oly t~  potasfium 
stimulating transpor~ and bromide depresfing 
~anspo~  ~ighfl~ This is shown in Table III.  It 
was noted that substitution of anions did not 
modify the phenomenon to the degree by which it 
was modified by cation substitution. It was found 
that the cations would tend to concentrate again~ 
the amino add  gradient no matter which cation 
was present with the amino a~d. The transport 
phenomenon itself was abolished upon removal of 
the added dectrolyte. 

Several general points are apparent from the 
data on the t ranspo~ of amino ands  in this sys- 
tem. The amino group (as N H ~ )  is the portion of 
the amino and  involved in the exchange process at 

/ t = O  

15 // t = ~ . ~  

0 

~. 
g 

o 

-9 
o ~ 

Current (pa) 

Fig. 4. Conduc~nce properties of double membrane 
(negative-positive fixed charge junction) ~ ~ m ~  

the membran~ If the amino group is bound, as in 
N-acetylglycin~ ~anspo~  of the amino add  Nther 
with or again~ the concentration gradient is 
severdy retarded (Table IV). The presence of a 
second amino group accNerates the exchange of 
amino add.  The second group may be ionized or 
present as -NH 2. It should be noted that the 
second amino group present in an amide link in 
asparagine also accelerates the exchange of the 

TABLE IIl 

RATES OF GLYCINE DIFFU~ON THROUGH DOUBLE 
MEMBRANES 

Measured rate (10 4 mol/min) 

negativ~positive positiv~negative 
fixed charge junction fixed charge junction 

H e c t a r e  

0.50 1.60 KCI 
0.38 1.10 NaCI 
0.29 0.87 LiCI 
0.35 0.99 NaBr 



TABLE IV 

RATES OF D I F F U ~ O N  T H R O U G H  DOUBLE MEM- 
R A N ~  

Amino acid Relative Fixed charge junction, 
rate measured rate 

(10 4 mo l / mi n )  

negafiv~ p ~ v ~  
pos i f i~  nega t i~  

Glycine 1.00 0.50 1.6 
Alanine 0.62 0.31 0.98 
Asparagine 0.58 0.29 0.94 
Sefine 0.56 0.28 0.92 
Asparfic acid 0.54 0.27 0.87 
Cysteine 0.52 0.26 0.85 
Arginine 0.52 0.26 0.84 
Lyfine 0.50 0.25 0.82 
Diglycine 0.50 0.25 0.81 
Glycine ethyl ester 0.42 0.21 0.67 
Methionine 0.40 0.20 0.66 
Histidine 0.40 0.20 0.66 
Phenylalanine 0.30 0.15 0.51 
Leucine 0.16 0.08 0.25 
Tfiglycine 0.16 0.08 0.24 
N-Acetylglycine 0.01 0.005 0.01 

amino add  to some degree. The presence of elec- 
Won-atwacting groups such as are found in 
methionine also accderates the exchange of the 
amino add. Transpo~ is retarded if a second 
carboxyl group or an alcoholic group is present on 
the amino acid; howeveL if the only carboxyl 
group is bound, as in glydne ethyl esteL no effect 
on Wanspo~ ~ noted. Finall~ the increasing length 

TABLE V 

COMPARISON OF RELATIVE RATES D E T E R M I N E D  IN 
VARIOUS SYSTEMS 

Rdat ive rates we~  d ~ m i n e d  with: A, s in~e  membrane 
(negative fixed charge junction); B, d o u s e  m e m b ~ n ~  (nega- 
f iv~po~five fixed charge junction); and C, E h d ~ h  a s ~ s  
tumor c~ls [19]. 

A m ~ o  add  R d ~  ~ 

A B C 

Glycine 1.00 1.00 1.00 
Alanine 0.63 0.62 0.57 
Methionine 0.45 0.40 0.53 
Phenylalanine 0.30 0.30 0.28 
Leucine 0.16 0.16 0.14 
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of the side c h i n  of an amino add  is &~cfly 
r d a ~ d  ~ an i n , e a se  in time ~ q m ~ d  for ffans- 
port across the double membrane u~t .  This may 
reflect hydophob~ ~ r a c t i o n  b~ween the r e i n  
and the amino add  s~e  ch ins .  

Tab~  V iHus~a~s the relative degree to which 
amino adds are Vanspo~ed i n ~  E h d ~ h - L ~ e  
asoms cardnoma cells and compar~  data with 
the rdafive ~anspo~ rates presented e a d ~  

Discussion 

A gener~ minim~ ~anspo~ modal compatible 
with that loop described by Sande~ may be pro- 
posed on the bails of the resul~ with the present 
sy~em. It is sugges~d that the inifi~ s~p of the 
exchange proce~ involves the lo~ of hydrogen ion 
from the ionized amino p o t i o n  of the amino add  
at the negative interface of the negative-pofitive 
fixed charge junction, with the consequent rever- 
fion of the amino ni~ogen to a relativdy more 
negative form. The amino add  (~fipped of the 
hydrogen ion) must be in the membrane at this 
intermediate time. It is Oec~d because of the 
rather large repulsive forces between the nega- 
tively charged portion of the membrane and the 
relativdy negative form of the amino add. The 
direction of travd demanded by the rather steep 
fidd gradient is to the pofit ivdy charged p o t i o n  
of the double membran~ 

At the po~tive interfac~ in a highly polarized 
medium, a hydrogen ion is reg~ned by the amino 
ni~ogem That this is pos~b~ is due to the greater 
attraction of the fixed charge for the rda t ivdy 
concentrated charge den~ty of the free anion in 
the form of swamping dectrolyte. A compensatory 
shi~ of the cation is thus imperativ~ At the posi- 
tive interface the cation is believed to shed its 
o p p o ~  charged hydration sphere, and is 
acderated to the negative interface. The increased 
saturation of exchange ~ s  at the negative inter- 
face by the cation appears across the membrane as 
a whole where it results in an ohmic drop, and 
consequently enhances the measured response of 
the fixed charge junction as both a capadtor  and 
as a rectifie~ approaching time independence at 
maximum saturation. 

A controlled double membrane mod~ trans- 
port sy~em may be manipulated for dec~odic  



transport moddfin~ permitting separation of con- 
tributory transport mechanisms for k i n ~  anMy- 
sis. thus permitting dissection of complex forms 
seen in living cells. An unde~tanding of physi- 
cochemical mechanisms of transport (and, by 
ex~nfiom membrane stabifity) f a d h ~ s  deign 
of drug de,very sy~ems ,with applications of ~ant 
~posomes and recepto~dire~ed pharmaceuticals 
being favored. 
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