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SU M M A R Y  

The influence of  a Donnan  effect on the transport  of glycine by hemo- 
lysed and restc, rcd pigeon red cells was examined. The Donnan  effect was produced 
by replacing C i -  with 2,4-tcluenedisull 'onate or glutamate. The effects of the asso- 
ciated membrane potential and inside-outside pH difference on glycine entry and exit 
rates were examined. The effects of p H  on entry and  exit rates in the absence of  a 
Donnan  effect were also examined. 

In the absence of a Donnan  effect, Na+-dependent  glycine entry requires the 
protonated form of a group with a pK, pp of  7.9 and the deprotonated form of another  
group with a pK~pp of  6.8. Neither of these are required for exit but the deprotonated 
form of a group(s)  with a pKap p of  6.2 is required. The pK 7.9 group and pK 6.2 
group probably react with H + at the inner face of the membrane and the pK 6.8 
group probably reacts at the outer face. 

The V for glycine entry was determined for cells with their CI -  largely replaced 
by toluenedisulfonate and without such replacement. Between pH 6.1 and 7, the ratio 
of  the respective V values, VT/VCl, was 1.5-1.7. VT/V o rose above p H  7 to near 4 
at pH 8.3. At p H 6 .9 ,  with glutamate replacing cell C l - ,  the analogous ratio 
(Vo~.J Vcl)was 1.7. Tne increase o f  VT[ Vc~ above p H  7 could b~ quantitatively accoun- 
ed for by the increase in cell [H+ ]/medium [H + ] caused by the Donnan  effect 
together with the assumption that the pK 7.9 grot 'p reacts with H + at the inner face 
of  the membrane.  

When cell CI -  was replaced by toluenedisulfonate or glutamate there was a 

drop in the term in the glycine Km describing Na + dependence of glycine entry. When 
cell CI-  was ~p laced  by toluenedisulfonate there was a rise in the Na+-independent  
term in the glycine entry K m. By replacing varying amounts  of cell CI -  witll either 
toluenedisulfonate or glutamate, plots were obtained of entry rates vs. the cell [CI-] /  

* T o  w h o m  rcprir~t r cqugs t s  s h o u l d  be  addxcssed .  
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medium [CI-]  ratio consistent with the assumpt ion tha t  the ~ o n n a n - i n d u c e d  mem- 
brane  potential  acts on a " 'moving" charge, (31ycinc exit wa~ only slightly accelerated 
by trans-toluenedisuifonate. The ratio, exit rate into toluenedisulfonate  medium/exi t  
rate into CI -  med ium rose with decreasing pH.  Thi:; rise could, be accr" ~nted for by 
a Donnan- induced  inside-outside p H  difference which affects a pS,~pp 6.2 group  
reacting with in~ernal H +. 

The observed influences of the D o n n a n  effect on  V(glycine er.try), on  both 
components  of  Km(glycine entry),  on the shape of t ae plot  of  glycine entry rate vs. 
the cell [(21- ] /medium [CI- ] rat io and  on g!ycine exit all fit the assumpti~. 'st tha t  when 
the empty  porter  reorients,  one unit  of" negative cha~ge accompanies  it "ac ross"  the 
membrane  and  that  no  other  steps involve charge m~,vement. 

The propert ies of  the system seem inconsist~ nt with a t ransla t ional  ("ferry 
b o a t " )  mobile c~:?ier. 

I N T R O D U C T I O N  

Pigeon red cells can be hemolysed and their selective imgermeabi l i ty  to  small 
molecules then restored. By lysis and  restorat ion t h .  ~ composi t ion of the solut ion 
inside the cell can be manipula ted .  Such lysed and  restored cells actively t ranspor t  gly- 
cine like intact  cells [1-4]. Our  lysis and  restorat ion procedure  equil ibrates cell K + and  
glycine with the external  solution and  nearly equilibrat.~s hemoglobin.  This procedure 
gives a 6-fold dilut ion of  small molecules and  an  approx.  5-fold dilution of hemo-  
globin. Intact  cells at  neutral  p H  show only a small D,~nnan effect; they ha,Je a high 
net permeabi l i ty  to CI -  [5] and  the cell [(21- ]/me(iium [ C I ]  ratio is approx.  1.25 [6]. 
In the present  work,  cells lysed and  restored with CI -  as the major  anion showcct a 
still smaller D o n n a n  effect (med ium [CI- I/cell [CI-  ] := 1. l ) .  

Glycine crosses the m e m b r a n e  of  bo th  intact and  lysed and  restore.d ceils by 
two Na+~tependen t  routes [I, 4, 7, 8] and  a Na+- independen t  route [i,  2]. Giycine 
and  two N a  ~ arc co- t ranspor ted  by the main  N a + - d e p m d e n t  route [3, 5, 9, 10]. An 
an ion  is also required [11]. The system is highly specit~c for Na  L" and  glycine [I, 8] 
but  much  less specific for the anion [11 ]. The N a  + electrochemical gradient  supplies 
most  if  not  all of  the energy for glycine "ac t ive"  t ranspor t  [2-5, 9, 10]. 

Previous work  h,td yielded a model  (Fig. 1) for glycine t ranspor t  by .~he main 
Na+-dependen t  route,  rate equat ions  describing the model,  anti some tests of  the 
adequacy  of  the rate equat ions  [1-4, 9, 11 ]. The equat ions  descr ib :  a t ranspor t  model 
which is purely passive if  bo th  N a  + and  glycine electrochemical  potentials are 
considered. Coupl ing  between N a  ÷ and  glycine fluxes oH:curs because glycine cannot  
combine  with the por ter  unless N a  + has already combine4,  and  the change of orienta- 
t ion ( E N a , G C I o  ~ - E N a 2 G C l l )  alters accessibility to bo th  N a  ÷ and  glycine simul- 
taneously,  producing  co- t ranspor t  of  glycine and  Na  ÷. 

In the present  work  the central  questions were: what  step or steps in the 
t r¢nslocat ion process involves movement  of  charge normal  to the membrane  plane 
and  how much  charge moves? The app roach  used was to impose  an  t:lectriaal potential  
across the membrane  with a D o n n a n  effect and  measure  the resulting; glycine try" nsport  
rates relative to  those of the unper tu rbed  system. Kinet ic  analyses were ~aade to assign 
membrane  potential  effects to individual  te rms of the previously derived. [4] rate 
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Fig. i. The cttrrent model for 1Na+-dependeut glycine transrJort by hemolysed and restored pigeoxt 
red cells. This model was derived from kinetic studies. *'G" is glycine. Capital K values designate 
equitibri.~'~ dissociation constants and small k values designate rate corw, tants. Subscripts "'o'" and 
"'~'" distinguish c(~nstants for reactions with substrates outside and inside the cells, respectively. For 
Na÷-dependent glycine entry into cells with kineti,~lly negligabl¢ Nat + and saturating [CIo-] the 
rate equation [4] is: 

IGIyo] 
The part of the equation enclosed in [ ] is K~,.. The p~rt outside { } is !/V. The above equation 
has been simplified from that in ref. 4 by omitting the imperceptible first-power Na + term from 
K~.. and omitting k2, which is small compared to k.. o, from the Koe term in Kin. 

equa t ions .  Since m o v i n g  species migh t  be p ro te ins  whose  charges  depend  on  p H ,  
mea.~urements were  m a d e  at  several  p H  values.  

T h e  D o n n a n  effect was o b t a i n e d  by  subs t i tu t ing  2 ,4- to luenedisu l fona te  o r  
g l u t a m a t e  for  C I -  in the  fluid c o m p a r t m e n t  in to  wh ich  the  glycine moved .  T h e  
L~0nnan poten t ia l  p r o m o t e s  co-~ranspor t  o f  posi t ive charge  o r  c o u n t e r - t r a n s p o r t  o f  
negat ive  charge .  The  imposed  m e m b r a n e  po ten t ia l  was e s t ima ted  f rom the  cell [CI -  ]/ 
m e d i u m  [ C I - ]  rat io.  

l ' h e  m e m b r a n e  po ten t ia l  p r o d u c e d  a pH-insens i t ive  increase  in V for glycine 
en t ry  of  approx .  70 %. This  is ascr ibed  to  the  m o v e m e n t  o f  a b o u t  one  uni t  o f  negat ive  

charge  a c c o m p a n y i n g  the  r eo r i en t a t ion  o f  the  emp ty  por te r  (Eo ~ E l ,  Fig. 1) 
k - o  

with  no charge  m o v e m e n t  at  any  o the r  steps.  T h e  observed  m e m b r a n e  po ten t ia l  
effects on  o the r  kinet ic  pa r ame te r s  fit this  in te rp re ta t ion .  There  were  a lso p H -  
dependen t  m e m b r a n e  po ten t ia l  effects on  b o t h  glycine en t ry  a n d  exit. These  a re  
a t t r i b u t e d  to  *.he D o n n a n - i n d u c e d  shift  o f  cell p H  ~way f r o m  the  p H  o f  the  m e d i u m  
affecting ionizable  g roups  in to luened i su l fona te  bu t  no t  C I -  cells. 

Abbreviations and definitions 
M E S ,  2 [ N - m o r p h o l i n o ] e t h a n e  sulfonic  acid;  TES,  N- t r i s [hyd roxymethy l ] -  

me thy l -2 - aminoe thanv  sulfonic  acid. 
Subscr ip t s  o a n d  i, these  d is t inguish  the  external ly  a n d  in te rna l ly  o r ien ted  

fo rms  o f  the  glycine por te r ,  k inet ic  cons t an t s  o r  subs t ra tes .  
VT, Va~u, Vc~: N a + - d e p e n d e n t  c o m p o n e n t  o f  the  glycine en t ry  ra te  in to  cells 

wi th  cell C I -  (par t ia l ly)  rep laced  by ~oluenedisulfonate  (VT), by DL-glutamate  (voju),  
o r  no t  rep laced  (Vcl), respectively. 
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V T, Vol ~, Vet: the V component:;  of  vx, vol~, vcl above. 
KIn,T, Km. Gt~, Kin, el: The K m components  of  vT, Vet,, r~ct above. 
v~., Vet: ,:xit rate coefficients. These are Na+-dependen t  glyc~ne exit ra~e:~ divided 

by cell glycine concentrat ions  when CI -  of  the med ium is replace,:[ by t¢luenedi-  
sulfonate (vT) or not  replaced (Vcl). 

K'Go, KtoK2oK'Go/[Na+]2: components  of  K,,.o defined by K=.o = K ' ~ o +  
KtoK2oK'Go/[Na+] 2. Pr imed K values are used for brevity. "lhus K'Go is Kco 
(k-o+k2)](k-o+k3) and KtoK2oK'oo iS KtoK2oKGo (k_o+L,,)l(.~_o+k3). Kto,  
k - o  etc. are the constants  of  the model in Fig. 1. Subscripts T, G lu  and  CI (e.g. 
K'C~o)ct art; used to designate the t r~ns-anion as for v etc. above.  

Toluenedisulfonate ,  glutarrtate and  CI -  cells: cells with the nd ica ted  ~mions 
replacing internal  e l - .  

(C io - /CI t - )  and  (CI.~.-/CI:-)': (C Io - /C l i - )  is the rat io of  C I -  concentra t ion  
in the med~ium to that  inside the cells. (CIo-/CI~-) '  is (Clo- /CI~-)  for toluenedisul-  
fonate or glutama~te cells divided by (Clo- /CI~-)  for CI -  c¢1~. ( C I o - / C l i - )  is a mea- 
sure of  the change in memb:ran~ ~. potential  produced by replacement  of  cell CI -  with 
toluenedisulfonate  or glutamate.  

M A T E R I A L S  A N D  M E T H O D S  

Chemi~mls. Inorganic  chemicals were analytical  reagent grade. : 'H- and  t ,C_ 
labelled glycine were obtain~.:d f rom New England Nuclear  Corp.  Unlai~elled glycine 
was obta ined f rom Fisher  Scientific, bovine seri~m alb~.~min f rom Sigma Chemical  Co., 
D-glucose f rom Baker  Chemical  Co., and  Dt.-alaninq: f rom Gener,~l E:iochemic~ds. 
The  2,4-toluenedisulfonate was pLepared as be tore [61. 

Preparation and handL:no of  ceils. Pigeon red oells were obta ined as describ..~d 
before [1 ]. Lysed and  restored calls were used for all , :xperimems. 

The  exl~eriments desc~bed were done  in two groups.  Extrace!lular space was 
measured  in g roup  2 but  no~ group 1 experiments  witll  22Na. There  were also slight 
modifications in procedure  in g roup  2 to improve precision. The group  i~ identifieA 
in the figures a e d  tables. 

The cell solute composi t ions  were adjusted by lysis and  restorat ion a:; previous.  
ly described [2], This involved (i) hypotonic  hemolysis at 5-6 °C, (ii) restorat ion ot 
tonicity at  5-6 °C, and  (iii) incubat ion  for 17 rain at  39 °C ( "annea l ing" )  to restore 
impermeabi l i ty  to small mok:cules. Fo r  glycine entry  rate measurements  three types 
of  cells were use~l,: (i) cells with par t  of  their  C l -  replaced by 2,4-toluenedisulfonate 
( toluenedisulfonate cells), (i 0 cells with par t  of  their  C I -  repla.ced by g l m a m m e  
(g lu tamate  cells), and  (iii) cells wi th  no replacement  (CI-  cells). These ~ l l s  also 
had  [3H]glycine inside. To  replace most  of  the cell C l -  with tohtenedisulfonate  we 
added a tonici ty-restoring solut ion conta ining 0.30 M dipotass ium toluenedisulfonate ,  
1.4 M sucrose, 0.0086 M CaCI 2 and  0.017 M MgSO4. 

0.4 ml was used per  g original (unlysed)  ceils. Fo r  replacement  of  cell CI -  with 
glutamaLe, the tonioity-restoring solution had  1.34 IV[ po tass ium glut~znate, 0.0097 
M C_.aCl2 and  0.0194 M MgSO4 and. was used at  0.35 ml/g. Chlor ide cel!s were 
p repared  wi th  the previously described restoring solut ion [2] at 0 .85xs , : rength  
(0.40 mi/g)  or  0.97 ×s t reng th  (0.35 ml/g)  aceord~ag to whether  the CI -  ceils were 
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controls for toluenedisulfonate cells or glutamate  cells. Mixtures of  restoring solutions 
x~ere used for intermediate C l -  replacements.  After annealing, cel! suspensions were 
chilled, diluted and  centrifuged. To adjust  pH,  cells were suspended in buffer 
(38 ml/g) and  held 30 min  at 0 -4  °C. The buffer solution composi t ion was: 0.0016 M 
CaClz,  0.0032 M MgSO4, 0.296 osM NaC! plus KC! plus buffer. Buffers were MES 
(2-(N-morphol ino)e thane  sulfonic acid), TES (N-tr is(hydroxymethyl)methyl-2-  
aminoe thane  sulfonic acid) or  N,N-bis(hydroxyethyl)  gtycine [12] with the minor  
componen t  of  the A - / H A  buffer pair at 0.010 M, After p H  aajus tment ,  cells were 
pelleted anti the 0.3-g pe.llets suspended in 1,00 ml (group 2) or 2.00 ml (group 1) 
cold incubat ion media. All incubat ion media  had  0.3 /~C'i/ml [ '4C]glycine and  the 
appropr ia te  total  glycine concentrat ions,  (3.0013 IV[ MgSOa,  0.0023 M CaCl 2, 0.0083 
M D-glucose, 0.010 M DL-alanine, 0.143 M KCI andlor  NaCl  and  either 0.009 M 
of  the buffer used for p H  adjustment  ( toluenedisulfonate cells) or 0.006 M phospha te  
buffer (glutamate cells). Cells were incubated 4 s i n  (group 2) or  9 s i n  (group 1) 
at  39 or 0 °C, chilled 2 s i n ,  di luted with 7 oc 6 ml  cold unlabelled K + incubat ion 
med ium and  pelleted. The cold di luent  conta ined 22Na in group 2 experiments  for 
extracellular space measurement .  Picric acid extract ion of  pellets and  supernatants ,  
geiger count ing  procedures and  glycine, CI -  and  N a  + analysis were similar to proce- 
dures previously used [1, 6]. Picric acid deproteiniz~.tion was with 2.00 ml/0.3 g 
for g roup  2 and  3.00 ml/0.3 g for group I. 

Extracts w e ~  also counted  in a scintillation counter  (Ansitron).  The isotope 
inputs used gave pellet extract counts:  a H >  LaC > 22Na. Non-cont iguous  windows 
were used and  quench  and  spill correction factors were individually calculated for 
each sample+ Pellet contents  of all three isotopes could be determined but  3H in 
the med ium could  not  be determined.  

For  glycine exit measurements ,  C l -  cells were prepared  with (usually) 1.5 m l~ 
internal [t4C]glycine, I Ci/mol.  p H  adjus tment  was as described e:<cept tha t  15 ml 
buffer was used per g cells and  the bu,q'er conta ined I mg/ml  bovine serum a lbumin .  
0.3 g of  cells were suspended in 5.00 ml incubat ion medium,  incubated  at 39 or 0 ° C 
for 7 s i n ,  chilled and  centrifuged wi thout  dilution. Two kinds of  incubat ion  media  
were used. All had  0.0011 M MgSO4, 0.0022 M CaCl2, 0.0075 M D-glucose, 1.5 X 10 "-s 
M unlabelled glycine, 1 mg]ml bovine serum a lbumin  and  were 0.0081 M in tlPte buffer 
used for pH adjustment .  Chloride media  also containe+t 0.129 M KCI or NaCl ,  
toluenedisulfonate mercia had  instead 0.070 M dipotass ium toluenedisulfonate plus 
0.063 M sucrose. Thick sample plates of  picric acid emract++ were prepared  and  
counted as previously described [1, 6]. 

p H  measurements .  For  glycine exit experiments,  lhe relat ionships between 
buffer composi t ion and  p H  were determined in a separate  experiment.  For  glycine 
entry experiments,  p H  values were measured  directly. 

Calculations. The glycine exit rate coefficient is the difference between the c p m  
in the media f rom incubated and  un incuba ted  cells divided by the average of the cpm 
in the incubated and  unincubated  pellets of  a pair. The Na+-dependen t  glycine exit 
rate coefficient is the difference between the coefficients f rom Na+-fi l led and  K+-fil led 
cells. 

Entry rates were calculated several ways. For  the simplest, the Na+-dependen t  
glycine entry rate was the difference between cpm/ml  pellet water  for incubated  and  
unincubated  cells f rom N a  + medium,  minus the corresponding difference for ce~ls 
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from K + medium, divided by the cpm//zmo/ glyciae added to the medium. With 
cpm/mi fi~ed~ the cpm et~,tering from K + media is independent  ofglycine concentrat ion 
since N~.+-independent glycine elltry is proport iona |  to glycine concentration. More 
elabGrate calculations were mvde with a minicomputer  (DACo512, Picker Nuclear). 
Corrections could be made for re-cxi~ of 14 C and changes in external glycine concen- 
trat ion and  specific activRy during incubation. Average (i.e. half initial -4-. half  final) 
g~yc~ne concentrations we:re used for the doub!e reciprocal plots. The simple and 
elaborate calculations gave. similar results, showing that  the conditiens, chosen to 
keep corrections sm~ll, did so. Thus the calculated "ra tes"  are good approximations of 
O[Gly]/~t at the midpoint  of the incubation time and average glycine concerLt_ration. 

The e, beve calculations gave entry rates in pmollrnl pellet water per incubation 
time. To compare entry rates for CI-  cells with thos.c for toluenedisulfonate or 
glutamate cells, an additional correction for "'active fraczion'" was calculated. In early 
trials of  restoration where dipotassium toluenedisulfonate isoosmotically r e p l a c e d  
KCI, cells restored with toluenedisulfonate leaked more he.moglobin than KCl-  
restored cells. A mixture of dipotassium toluened/sulfonate and sucrose was found 
allowing restoration without much more hemoglobin loss than for KCI-restored 
cells. ~,ince sonae difference in he.~mglobin loss remained, we wanted a measure of  the 
efficiency of  restoration. Therefore, ['~H]glycine was included in the lysing solutions. 
Its concentrat ion was the same .['or CI-  and toluene~isulfonate cells through the 
anneal ing step. Subsequent steps relnoved external [:)H]glycine. C_el;s unable to 
retain the [3H]glycine cannot  show Na +-dependent glycine uptake. Dur ing incuba- 
tion, [3H]glycine can be lost by ly.~fis and by mediated exit. Glycine exit i3 calculable 
from Na+-independent  glycine entry since Na+-indep~ndent  glycine eptry and exit 
coefficients are the same [1-3] a, td the cells were NzL + poor. The 3l-I/peIlet after 
inaCtiVation plus the calculated loss of  3H/pellet by exit .;hould be proport ional  to the 
fraction of cells remaining sealed to glycine at the end. of  the incubation.  This sum 
divided by (ml water/pellet) (3H/~I  of  the original annealed suspensions) gave the 
"'actiw ~. fract ion" estimates (ml 3H space/ml pellet water) for the group 1 experiments. 
Thi~ "'v.ctive fraction" for toluenedisulfonate cells averaged 69 ~ (range 80.5-6! .2 %) 
of the CI-  cell values for 8roup 1 a[~d 74 ~/o for group 2. For  each experiment in group 
I where V (entry) for totuenedisulfonate and CI-  cells were compared,  VT/Vcj 
( in / tmol /ml  pellet water)  was divided by the ratio of  "'active fractions" for the two 
cell types in that  experiment. 

In the group 1 experiments, much of the effect of  interr, ,1 toluenedisulfonatc 
on F' (entry) arose f rom differences in "'active fractions'" as measured by 3H retention. 
We wanted an independent  estimate of the "'active fraction".  In the group 2 experi- 
ments extracellular space was determined before an.~[ after incubat ion by adding 
22Na to the chilled cell suspension just before centrif~Jgation. The. "active fraction" 
was also determined by 3H retention and  should have been equal to one minus 
extracellular space from 2ZNa determination. For  both toluer, edisulfonate and 
glutamate cells it was :mailer. The significance of  this discrepancy is discussed later. 

Medium chloride: cell chloride ratios. For  the exit experiments,  (Cl~-[Cio-) 
values were estimated from the CI-  contents of  pellets and media and the e~tracellul~.r 
space values. E~tracvllular spacv was estimated as l:,efore [1--4] by comparing the 
Na  + contents of  otherwise identical cell pellets pelleted from Na+-r ich  and Na+-p¢or  
media. For  the group 1 entry experimt~ .~ts, a slight change in this procedure produce d 
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20-40 % errors in extracellular space values which grossly distorted the (CIo - /CI i - )  
ratios. Therefore for group 1 entry experiments,  ( C l o - / C l , - )  ratios were calculated 
f rom individual pellet and  media C i -  contents and the average value for extracellular 
space of  C i -  cells (35 ~ )  obta ined in earlier experiments.  Since pellet C I -  did not  
vary with pH,  an average ( C l o - / C l i - ) r a t i o  was used for g roup  1. This is 3.61 =k0.43 
(S.D., n - - 9 ) ,  the average of the group averages for un incuba ted  cells (4.73) and  
incubated cells (2.05). This ( C t o - / C l l - )  value agrees with the more  accurate g roup  2 
estimates where "2Na space was used to calculate cell [CI-] .  

RelatiL~e CI-  and cation permeability o f  hemolysed and restored cells. The 
CI -  permeabil i ty  must  be much  greater than  N a  + and  K + permeabil i t ies for the 
(CI, ,- /CI~-) ratio to be used to measure  the membrane  potential .  C I -  permeabil i t ies 
o f  lysed and  restored CI -  and  totuenedisulfonate cells were measured by the modifica- 
t ion of  Azzone 's  method  [l~] previously described [5]. Cell suspensions were t reated 
[5] with 15 ttg!g gramicidin D for 3 rain at  39 °C and  chilled. At zero t ime 0.10-ml 
al iquots were mixed with 3.00-ml por t ions  of  various p rewarmed  media and  A6so,~ 
followed with a Spectronic 20 spectrophotometer .  The A6som changes with cell 
volume. Wi th  appropr ia te  solute gradients,  cell volume changes at a rate l imited by 
the CI -  permeabil i ty since the gramicidin removes the barr ier  to N a  + and  K + 
movements .  

Permeabil i ty to K + and  Na  '~ was assessed from changes in wet weight of  
toluenedisulfonate and  C l -  cells on incubat ion.  Since these cells were not treated 
with gramicidin,  C I -  permeabi l i ty  was much  greater  than cation permeabili t ies and  
~he latter limit the r~.te of  volume change. 

RESULTS 

~elatie~ CI-  and cation permeabilities o f  hemolysed and restored cells 
Gramic id in  makes  cells permeable  to N a  + and  K +. The dose used here was 

15 t imes that  sufficien: to  equil ibrate  N a  + and  K + in 3 min [5]. Such K+-permeab le  
cells take up or lose KCI a t  rates l imited by their  CI -  permeabil i ty.  The " ' × "  curve 
in Fig. 2A (pH 6.1) shows gramicidin-treated toluenedisuifonate  cells swelling in 
hypertonic KCI med ium (falling A65oam)from their  volume in hyper tonic  choline 
chloride (@) to  their  volume in hypotonic  choline chloride (u )  in 3.5 rain. This 
volume change corresponds to  an  uptake  of  130 m M  CI- .  Chloride cell C I -  perme-  
ability is i l lustrated by Fig. 2B (pH 8.3). Here  grandcidin-treated ceils in isotonic 
choline chloride (Ill) shr ink  to the volume of  unt rea ted  cells in hyper tonic  KC! (A)  
(correspond.;ng to  a loss of  72 m M  C l - )  in less than  3 rain. Figs. 2A and  2B are 
representat ive of  results obta ined at p H  6. l ,  7.1 and  8.3 with both  type.s of  cells. The 
longest t ime to  double  or halve volume was 5 rain. Note  tha t  the permeabil i ty  
measured  is net C I -  permeabil i ty,  not  anion exchange.  

Net  K + a n d  N a  + permeabil i t ies were a~sessed f rom changes in pellet wet 
weights on incubat ion  in the absence of gramicidin.  The observed weight changes 
were too small to  be governed by C l -  permeabil i ty,  so they reflect cat ion permeabil i ty.  
The  rat io  o f  incubated  to  un incuba ted  pellet wet weights of  C l -  cells (approx.  1) 
was subtrac ted  f rom the corresponding rat io  for toluenedisulfonate cells to  give the 
re.lativv weight  changes. In the p H  range 6.1-7.85 with 9 min  incubat ion  at 39 °C 
in K + media ,  the relative weight change was 0=El ~/o (S-D-)M, n ~ 9. At  p H  8.1-8.2, 
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Fig. 2. Plots o f  Aesoa= vs. t ime for gramicid in- t rea ted  and  cont ro l  lysed and  res tored colts in var ious  
media.  A: Toluenedisu l fona te  cells, pl~ 6.1, were prepared ,  tre~tect wi th  grazniciditt o r  c o n t r o l  
solution and their Aeso,~ vs. time measured as described in Materials and Methods. MES was used 
as buffer. × ,  graraicidia-treated cells in a medium with 1.6 times the normal KC! concentration 
0.6×!45.4 mM); O- gramicidin-treated cells i a 1.6 times normal choline chloride medium; v ,  
control cells in 1.6 tim, ~ normal KCI medium; A, control ceils in 1.6 t im~ normal choline medium; 
Ill, grnmicidin-treated c :lls in 0.84 times normal choline chloride medium. B: CI- cells, pH 8.3, 
were Orepared, treated with gramicidin or control solution and their Atso n~ vs. time measured as 
described in Materials and Methods. N,N'-bis (2-hydroxyethyl)glycine was used as buffer, t ,  
grami¢idin-treated cells in medium with the normal concentration (145.4 inlet) of choline chloride; 
O ,  gramicidin-treated cells iu medium with the normal concentration of KCI; x.  control cells in 
normal choline medium; ~', control ceils in medium with the normal concentration of KCI: &, 
control cells in medium with twice the normal KC| concentration. 

the corresponding value was - -2 .3d :0 .15  ~o, n - - 2 .  Wi th  cells incubated  in N a  + 
media,  the N a  + permeabi l i ty  limits the swelling rate. The relativ,. ~ weight changes in 
9 rain were +3 .7=t=0 .94~  (S.D.) ,  n - - 9  ( p H  6.1-7.85) and +0.45=[=1% (S.D.)M, 
n - -  2 ( p H  8.1-8.2).  Assuming only 50 % of  the pellet water  is inttacelluiar,  correcting 
for  dry  weight,  and  assuming that  all wet weight change is due to cell volume change,  
the percentage changes in cell volumes in 9 min at 39 °C were for K + media  
( p H  6.1-7.85),  0 = E 2 . 3 ~  and  for  N a  + media  (pH 6.1-7.85),  + 8 . 5 ~ 2 . !  %. The 
largest change,  + 8 . 5  %, corresponds  to  a cat ion uptake  of  13 m M  in 9 min,  compared  
to the slowest C l -  transfer,  70 m M  in less than  3 rain. F r o m  Eqn. 4.18 of  ref. 14, 
if  Pet were as litt:¢ as four  t imes P t  or  PN,, the m e m b r a n e  potent ial  of  toluenedi-  
sulfonate or g lu tamate  cells wou ld  correspond to a D o n n a n  ratio 2/3 of  tha t  when 
Pet "s infinitely greater  than  PK or  PN,.  I f P c t  is 10 t imes PK o:c P s , ,  the equivalent  
D o n n a n  ratio is 80 % of  the l imiting value. 

Experiments on g lycine entry 
(1) Effect o f  p H  on olycine entry in the absence o f  a Donnan effect. The glycin~ 

entry rate (Vc0 vs. p H  curve (Fig. 3) indicates that  two ionizable groups  govern entry,  
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Fig. 3. Influence o f  p H  o n  the glycine en t ry  rate in  the absence o f  a D o n n a n  effect, The  N a  "~-depen- 
dent  glycine en t ry  rate,  Vc=, in to  C I -  cells is p lo t ted  aga ins t  the  pI-[ o f  the mediLun. The  s imple cal- 
cula t ions  me thod  wa~ used (see text).  "Fhree exper iments  have  been normal ized  to the average  p H  
7 vo  value for p resen ta t ion  on  a single g raph ,  (Different  symbo l s  are used  for  different exper iments . )  
T h e  curve is t h a t  ca lcu la ted  for t w o  g roups ,  p K  values  6.8 a n d  7.9, requi red  in  the  d0protor,,ated ant i  
p r o t o n a t e d  forms,  respectively.  F o r  one  o f  the exper iments  ( A )  t he  p H  values were kno '~n  to  be 
s l ight ly  underes t ima ted  at  the  higher  p H  values  so t h a t  the  p/t" es t imate  o f  7.9 comes  f rom "the o the r  
two exper iments .  Ex te rna l  N a + :  143 m M ,  ex te rna l  gly¢ine:  0.5 m M .  These  exper iments  are f rom 
g r o u p  1. 

T A B L E  i 

E X T R A C E L L U L A R  S P A C E  D E T E R M I N E D  F R O M  =ZNa E N T R A I N M E N T  A N D  [•I[ ]GLY- 
C I N E  R E T E N T I O N  

Z2Na and  3H space da ta  f rom the group 2 exper iments  at© tabu la ted  here.  

Cel l  type  =aNa space 
(percent  o f  petle~ 
water  ~S .D . )M 

O n e  minus  aH space 
(percent  o f  pellet  
w a t e r  -4- S .D . )M 

O n e  minus  3H space N 
- -  = a N a  space 

To l  uenedisul fonate  
~Glutamate 
C I -  

37.2 4_- ! .6 
29.1 ~ 1 . 8  
25.4 =L= 1.0 

4 8 . 7  ~ 1.1 11.5 4 
4 2 . 0 . ~ 2 , 8  12 .9  4 
30 .8  =E 1.6 5 .4  8 
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Fig. 4. The intlttence of a Donnan effect on the maximal velocity for glycine entry as a function of 
pH. The ratio, VT/Vo, is plotted a~Anst the p~[ of the medium. VT is the V for the Na+-dependent 
component of  gly©ine entry into toluenedisulfonate cells ODonn~n, effect present) and Vo the ~" into 
CI- ~-elis (no Donnan effect). Solid line axed "0"" points, computer calcul;ttions with 3H space "'active 
fraction" correc*,ion (see text); dotterl line and "X"  points, simple ¢:alculatiorts without "'active 
fraction "~ correction. Each point is the ratio of V value determined in o~te experiment. The V values 
were obtained from do~xble reciprocal plots, incubation wa~ for 9 rain at 39 °C. In order to avoid 
subjective errors in calculating V and K~,, two lines were drawn for each plo~, one r~hrough the 
h i , tes t  glycine point and just between the other two and another thro'~gh the lowest glycine point 
and just between the other two. The averages of  the two V a rd  K,~ vahu)s wer0 used. In most experi- 
ments both Geiger ~xd scintillation plots showed reasonably low scatte:r. In those cases, V estimates 
from both sets ofcounts were ave raged. Compositions for these experiment s were: Na + media, [Nae ÷ ] = 
14.', raM, [Clo-] -- 148 mM; cells in Na + media, initial: tohtenedisuifoJlate cells, ]~ra~ + ~-- 14.5 ~-1.8 
(S.D.)~umot'ml c011 water; average (initial/2 +final/2)CI-  in toluenedisulfortate cells 41.0-~4.4 (S.D.)M 
/tmol/ml cell water; in Cl-  cel~s CI,- was 120.1 4-5.3 (S.D.)~/zmuI/t~,l cell water; initial glycine in 
to[uene-disu).fonate ~rtd CI- ce~ls: approx. 0.8 ~mol/ml cell water. Fi~:al cell Na ÷ values were not 
routinely determined, but in two experiments at pl-t[ 7.6 tol)xenedisulfonate and C1- cells took up 
16.1 and 18.3, 23.6 and 17.0/,mol/ml cell water, respectively. From entry rate values, cell g!ycine 
changed by a few tenths of a/~mol/ml or less during incubation. Those (:xperiments are from group 1. 

a d c p r o t o n a t e d  g r o u p ,  pK~pp 6.8 a n d  a p r o t o n a t t d  g r o u p ,  pKapp 7.9. Fig.  3 shows  
t,c~ vs. p H  r a t h e r  t h a n  V¢~. b u t  vc~ here  is a p p r o x i m a t e l y  ]~ropor t ional  t o  Vet s ince 
[glycine]/Km is ~> 2.5 in th is  p H  r a n g e  ( d a t a  n o t  s h o w n ) .  

(2) Calculation of  "'active fractions" from cell spc~ce retaining [3H]glycine 
and cell space excluding 22Na, i n  g r o u p  ! e x p e r i m e n t s  [3H]g lyc ine  t r a p p e d  d u r i n g  
r e s t o r a t i o n  was  u sed  t o  e s t i m a t e  t h e  " 'act ive f r a c t i o n s "  o f  t o l u e n t d i s u l f o n a t e  a n d  
C ! -  cells. In  g r o u p  2 e x p e r i m e n t s ,  ex t r ace l l u l a r  space  w a s  a lso  m e a s u r e d  w i t h  ~2Na. 
O n e  m i n u s  3H space  was  l a rge r  t h a n  221~Ia space  f o r  bo ' th  t o l u e n e d i s u l f o n a t e  a n ~  
gi" ~.tamate cells (Tab le  I).  F o r  C I -  cells, the  .~erence be t  wt:en o n e  m i n u s  3H space  
a n d  2~Na space  was  smal l ,  a n d  b y  e i the r  m e a s u r e  t h e  C I -  cell ex t r acv l lu l a r  space  
wa,~ sme,ller t h a n  t h a t  o f  t o l u v n e d i s u l f o n a t e  o r  g l u t a m a t e  cells. T h e  d i f f e ~ n c ¢  be tween  
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the g lutamate  cell and  CI -  cell : : N a  spaces is not significant. The significance of  the 
different "'active fract ion" values obta ined with the two methods  is considered in 
Discussion. 

(3) Effc,cts o f  internal roluenedisulfonate or glutamate on glycine entry rates. 
Fig. 4 shows the ratio,  V for toluenedisulfonate ceils/V for C I -  cells (VT/Vcl) plot ted 
against  the pE! of  the medium. The solid line is throug[', points  calculated with the 
compute r  a n d  corrected for "active f ract ion" from 3H space (Materials  and  Methods) ,  
the do,  ted line is ~hrough points  cadculated by the simple me thod  and  lacking "'active 
f ract ion" corrc.~'tions. The latter are included to show tha t  only the magni tude ,  
not  the sign of  the toluenedisulfonate effect depends  on  the "act ive fraction'" 
correction,  to al low inclusion of an experiment  where t r i t ium da t a  was lacking, 
and  to show the small effect o f  al |  but  the "'active f ract ion" corrections. Below 
p H  7, VT/Vc~ is 1.7 and  rises with increasing pH.  The rise in VT/Vcl above p H  7 
is ascribeci to the cel l -medium p H  difference resulting f rom the D o n n a n  effect 
(Discussion).  I f  this effect is subtracted,  VT/VCl is 1.7 Over the whole p H  range 
(Fi~. 5). Correctin:g VT/Vct using the one minus  22Na space value obta ined in g roup  
2 experiments  (Discuss ion)g ives  a ;/x/Vcl value oi" 1.5. 

Estimates c f  VGIJVCl were made  a~ p H  6.9. The values were 1.60=[=0.16 
=]=S.D.M, n - - 4 )  "~oith no "'active f ract ion"  correct ion applied,  1.70=!=0.14 corrected 
for 22Na space~ arid 1.96=]=0.17 corrected for aH space. The I"Olu/;~i values show 
more  clearly them the VT/Vc, values (where "act ive f rac t ion"  corrections are larger)  
tha t  the D o n n a  a-ir~duced increase in V is real and  not  an  artifact  due to  the correc- 
tions. This inc~.~ase Jr. V is similar whether  g lu tamate  or toluenedisulfonate is used 
to produce the D o n n a n  effect. 

(4) Don~,zm effects on K~.o and its component terms: l(m.o := (KloKzoK'oo)/ 
[Nao+ ]2_~K,c~. K~.cl ([Nao + ] ---- 143 m M )  varied little wi th  pH;  K~.cl was 0.1-0.2 
m M  over the p t !  range 6 .1-8 .3  The D o n n a n  effect on Km was small; there appeared  

6 T 
pH---~ 

u 

O 

O 

O 

F~,. 5 , 1 ~  i~ ienc¢  ofa Donnart effect on the maximal v©locity (V) for glycine entry as a fmtction 
of pH "corrected" for the inside-outside p,H difference. The points of  Fig. 4 were acUusted es de- 
scribed in the text. 
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TABLE II 

T H E  INFLUE,.'~ICE OF A D O N N A N  EFFECT ON THE C O M P O N E N T  TER MS  IN Km FOR 
GLYCINE ENTRY 

Experiment No. External K'ooTIK'coct • 
and cell type pH 

(Kt oK2.K'co)-rl (Kt.K2.K'ooI~ct L 

Toluenedisuifonate 
23 7.6 ! .30 0.98 
26 7.6 ! .48 0.49 
27 7.6 1.71 0.44 

7 7.6 1.44 0.63 
Aversgc. 1.48-4-0.085 (S.D.)M 0.63q-0.12 (S.D.)M 

4 6.5 1.23 0.63 
24 7.1 1.61 0.78 

• , b * " b 
K G o G I u / K  GoCI ( K I o K 2 o K  o o ) G i J ( g l o / ( l o g  G o ) e l  

Glutamate 
5 6.9 i .30 0.74 
6 6.9 0.97 (1.28) c 0.58 

Average 1.11 (1.29) c 0.66 

• Measurements were made o f  Na+-d,. 'pendent glycine entry rates at three (non-zero) Na + con- 
centrations with both tohtenedisulfonate and CI-  ceils in each experiment. The reciprocal entry 
rate ( I /v)was  taken to be: 11 V- {(KzoK2oK'GoI[Na+]Z-t-K'Go)I|Giy]q-1 }. The slopes and intercepts 
of  pleta o f  l ip vs. I / INa÷]  2 were measured. As a first approximation,  g'ooXVas taken to be gua at 
143 mM Na  + at the appropriate pH. Using this value, an estimate o f  1/V wa~ made from the inter- 
cep! ( =  K'~.] V|Gly] q- ! / I t )  and then an estimate of  KtoK'2oK~, was made from the slope ( =  KtoK2o 
K'ao/V [Gly]). This estimate was used to obtain a new estimate for K'cjo f r o ~  K m (  = KtoKzoK'¢ol 
[Ha+]Z+K~o) .  The process was repeated until recalculation produced no significant change. The 
ratios o f  values from tbc last iiteration are shown. 
b The KsoK2eK':::o and / t ' ~o  values were calculated from the equations: KtoKz~K'~, .~ {Kin+ [Giy]}t' 
(( l /[Na-r ] x ) + ( i / [ N a +  ] a ) )  and K'Go = {(KtoKzoK'od[Na + ]½z)_ [GIy] }. K,a was ebtairted from a 
plot  of  l i e  vs. l / [Gly]  at a fixed [Na + ] (133 raM] which is the "12qa+l "" ila the above equations. 
[Na÷]~ a was obtained f rom a 1/v vs. l t [ N a + p  plot at fixed [GIy] (0.20 r aM)which  is the "'[Gly]'" 
in the above equations. [Ha÷I t  a is the [Na÷] 2 value giving l/v equal to twice the intercept. Both 
plots had four points and data for both plots were obtained in the same experiment. 
c The K. .  ct and K, ,  Gtu values obtained here differed slightly from each other. "~Vhen these values were 
used, the K~oo~JK~oc, values listed to the left of  the parentheses were obtairted. However. i~hese K.~ 
values were not  significantly different and the values in parentheses are calculated assuming 
Km.ct = Km.Gtu. Toluenedisuifonate Oxl~riments were made in group 1, ghttaxr .re experiments in 
group 2. 

t o  be  a t r e n d  i n  Km..r/K,,,c~ f r o m  a p p r o x .  0 .8  a t  p H  6.1 t o  a p p r o x .  1.2 a t  p H  7 - 8  
( d a t a  n o t  s h o w n ) .  

T h e  D o n n a n  effects  o n  KtoK2oK'Go a n d  K'Qo w e r e  a l s o  measured~  V a l u e s  o f  

(KloK2oK'~o) .r / (KtoKzoK'co)c  I a n d  (K 'co) r / (K 'co)Ct  are g i v e n  in  T a b l e  I I  w i t h  
t o l u e n e d i s u l f o n a t e  ce l ls  f o r  e x t e r n a l  p H  7.6.  A l s o  l i s t e d  a r e  s i n g l e  v-,dues a t  p H  7.1 
a n d  6.5,  a n d  t h e  a n a l o g o u s  r a t i o s  o b t a i n e d  w i t h  g l u t a m a t e  cel ls  a t  p H  6.9.  T h e  

D o n n a n  e f fec t  l o w e r e d  ( g ,  oKz ,Kco  ) 1 .5 - - l . 6 - fo ld ;  {(KtoK2oK'Go~T/(KaoKzoK'ao)c~} - t  
= 1.59, z , . , - = {i, K l o K z o K  ¢zo)C, tu / (KloKzoK Go)CS} 1 1.52).  T h e s e  r ~ t i o s  a r e  s i m i l a r  t o  
VT/Vet (1 .5 ,  c o r r e c t e d  f o r  2 2 N a  s p a c e ) a n d  gcztulVet (1 .7 ,  c o r r e c t e d  f o r  ZZNa s p a c e ) .  
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Fig. 6. Effect o f  varying internal toluencdisulfonate on  glycine entry rate. vT/t'c, is *.he ratio,  (N~. '-  
dependent  entry .-ate into toluenedisulfonate cel ls) /(Na+-dependent  entry rate into CI -  cells). The 
averages oi ~ h~cubated and unincubated cell CI -  values were used anti  from these, cell CI -  concentra-  
t ions were calculated using th~ 22Ha spaces. (CI , - ICI t - )"  is the medium [Cl-]/celt  [Ci - ]  ratio f o r  
toluenedisulfonate ceils divided by the  correspondi.'~g ratio f o r  C I -  cells it~ the same exl~r iment .  
( C L - / C I , -  )" reflect~ the  change in membrane  potential  produced by replacing cell CI-  with tohtene- 
disulfonate. × ,  CT and Vc, ate:/~mol o f  glycine/ml pellet water entering in 4 rain with no  "active 
fr,tc~ion'" corrections used; D.. III, the × points  " 'corrected" for aalqa space, i.e. multiplied by (one 
minus a2Na space)c,[(one minus a2Na space)T ; • and  i ,  points f rom different experiments; -/-, the 
× poi~tts corrected for 3H space; i.e. multipfied by (3H space)ct/@H space)r .  The solid curve is the  

calculated one  for the in te rpre~ t ion  given in  Discussion. The  dashed curve is the calculated contri- 
but ion o f  the inside-outside pl~" difference alone at  external  pH  7.4. The short  dashed line at  t~rlVct 
1.7 is the average VTI Vct corrected for aH space from the  group I experiments. In  the  experiments 
s h o ~  in this figure, glycine w~s 0.46 mM and l~a,  ÷ 133 mM.  Since Km is only slightly affected by 
internal tolueuedisulfonate,  and  the  glycine concentrat ion is approx. 2.5 times Am, VT/I~'ct arid 
cr/t,c~ are approximately equal.  These experiments are f rom group 2. 

With toluenec!isulfonate cells, the D o n n a n  effect o n  K'Go was opposite  to that on 
KjoK2oK'co; t '~ former was raised 1,48-fold while the latter was lowered 1.6-fold. 
With glutamate cells the effect on  K'Go was less clear though  probably similar. 

(5)  Effects of  varyino (Clo-/Cli-)' on glycine entry rates. ( C l o - / C l i - ) '  was 
varied by replacing cell C l -  with toluenedisulfonate  or glutamate. Fig. 6 shows  the 
resul,.s with toluenedisulfonate  cells, a plot  o f  VT/Vcl VS. ( C l o - / C l l - )  ° ---- ( C l o - / C l i - ) x /  
(C lo - /Ci i - ) c t .  Fig. 7 shows  the analogous  plot  for glutamate cells. The filled points 
are the v ratios corrected for 22Na space. The solid lines show the calculated effect 
on  the v ratios o f  the Donnan- induced  membrane potential  plus the effect o f  the 
Donna~t- induced inside-outside p H  difference. The dashed line in Fig. 6 shows  the 
calculated effect o f  the p H  di f fe~nce  alone.  Calculations were made according to  
the interpretation o f  these effects given in Discussion.  The experimems shown in 
Fig. 7 were made at pH 6.9 so  the effect o f  the p H  difference alone is insignificant, 
The plots o f  the entry rate ratios against (C lo - /C l j - ) '  are consistent with our 
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Fig. 7. Effect o f  va ry ing  in te rna l  g lu t ama te  o n  g!ycine en t ry  rate. v~,ulVc~ is a n a l o g o u s  to  vTlVc~ 
(Fig.  6) a n d  (CIo - /C l l - ) "  was  o b t a i n e d  the  s a m e  way.  As in Fig.  6, " ' ×  "" po in ts  a r e  unco r r ec t ed ,  
sol id  l~)ints (different  so l id  symbol s  s h o w  da t a  f r o m  ctiffet'ent exper iments~ "ire the  "" >< "" poin ts  
correct ( 'd  for  2aIqa space,  a ~ d  "'4-'" po in ts  a re  t h e "  × '" points  c o r r e c t e d  f<)r 3H sp~¢e. T h e  ho r i zon t a l  
bar  a t  v~3tJvCl -~ 1.7 is the  average  o f  the  " × "  poin ts .  T h e  sol id  l ine is aga in  the  theore t i ca l  cu rve  
but ,  s i n c e  the  p H  o f  the  m e d i u m  was 6.9, t he  effect o f  the  inside-outsid,~ pi-I dif~'erence is negl igible  
a n d  is n o t  s h o w n .  T h e r e  w~s n o  significattt  d i f ference in cell l~Ia + for  uni~tcubated g lu t ama te  a n d  C I -  
cells.  Th i s  cell ]qa + was  12 . .7 / tmol /ml  cell  wa te r  4-1.9 (S .D. ) ;  =[=0.7 ~S.D.)M, n ~-= ~. F o r  i n c u b a t e d  
g lu t ama te  cells,  cell  N a  + was 23.44-8.1 (S .D.) ;  4-4.0 (S .D . )~  n----4 and  5)r i n c u b a t e d  C I -  cells, 
17.44-3.2 (S .D.) ;  4-1.6 (S.D.)s~ n -= 4. T h e  difference is smal l  a n d  not  s:atistic~lly significant .  T h e s e  
experim,~nts are  f r o m  g r o u p  2. 

interpr,.~tation in that  (i t the calculated line falls within the enve lope  o f  data  points  
correct,~.d for 2 z N a  space  and  (ii) the points  are better represented by a c o n v e x  curve 
tl-.an by  a concave  or linear one.  

Ex~ri tnents  on glycine exit 
(1) Effect o f  external toluenedistdfonate on Na+-,tepende~ ~ gtycine exit. 

Measurements  were made  over the extermkl p H  range of  6.1-.7.7. Will,  in each experi- 
ment ,  Na+-dependen t  and  Na+- independen t  exit rate coefficients with and  wi thout  
external to luenedisulfonate  were measured  at  two  p H  value~. Fig. 8 shows the rat io  
of  Na+-dependen t  exit rate coefficients with and  withottt  tran~-toluenedisulfonate,  
VT/Vct, plot ted against  external  pH.  Values obta ined in the same exper iment  are 
connectt:d by solid lines. External  toluenedisulfonate  increased VT/VCl nearly 2-fold 
at  the lowest pH,  but  only by abou t  1.2-fold at  higher pH.  The average of  the VT/Vct 
values between p H  6.4 and  7.0 was  !.224=E0.02l (S .D.u ,  n -~  5). The in terpola ted  
value at  p H  6.85 f rom the lowest line is 5.6 S.D. away f rom the  mean.  However ,  
its inclusion gives VT/Vc*.---1.1"?6=[=0.052 (S.D. M, n = 6). The  p H - i n ~ n s i t i v e  trans- 
to luenedisulfonate  effect on exit appears  m u c h  less than  the effect on entry despite 
the larger  D o n n a n  ratio, 11 vs. 3 . 6 . .  



2 T 
t -  
Z 

ta.  
t ~  
t.iJ 
<:) 

Q~ 

t -  
f I 

2 

",,.. 

! 

7 
p H ~  

Fig. 8. The  influence o f  a D o n n a n  effect o n  the  N a + - d e p e n d e n t  glycine exit rate coefficient. The  
ratio,  t~r/*'c:, is p lo t ted  against  the  pH  o f  the  m e d i u m ,  r r  i~ the  l~4a+-dependent glycine exit rate  
coefficient i~tto to luenedisu l fonate  m e d i u m  ( D o n n a n  effect present )  whi |¢  vc~ is the  co r respond ing  
exit coefficient into C I -  m e d i u m  (no  D o n n a n  effect). D e t e r m i n a t i o n  o f  rTivc, was always m a d e  at 
two  widely  separa ted  p H  values wi thin  each  expe r imen t  a n d  ~he m e m b e r s  o f  such pairs are shown  
connec ted  by tl~e sol id l i n e s  In ternal  N a  +, 126 raM; externa l  N a  +, approx.  0 m M .  These  experi-  
ments  are f rom group  !. 

Fig. 9. N ' a* -dependen l  glycine exit rate as a funct ion  o f  external  p H  in the absence o f  a D o n n a n  
effect. The  N a + - d e p e n d e n t  81ycine exit ra te  coefficient re,  (no  D o n n a n  effect) is p lo t ted  against  the  
p H  o f  the  med ium.  Values o f  rc~ at two  widely  separa ted  p H  values were ob ta ined  in each exper imen t  
a n d  the  plot shown was cons t ruc ted  by normal iz ing  t he  segments  f rom different exp©rimer, ts to  the  
ovet*-~_~ regions.  Data  are f rom the  exl~rirne~l~ "~vhose ~hc/rc, rat ios are  shown  in Fig. 8. 

The effect of  external to!uenedisuifonate on v (exit) was measured with cell 
Na  + ---- 25 m M  instead o, ~ 126 mM. The %/Vc, values f rom two experiments, external 
pH 7.05, were (expt. i•, ! ~3 and (expos. 2 a a n d 2 b )  1.19 and  1.00; average" 1 .25~0.16 
(S-D.M, n --- 3). This value is similar to  vT/vc! at high internal Na +. 

(2) Effects o f  p H  on Na+-dependent glycine exit in the absence o f  a Donnan 
effect. A plot of  exit rate coefficients (Vet) vs. external p H  was constructed (Fig. 9) 
f rom data  for exit in the absence of  ex:ernal toluenedisulfonate by normalizing the 
(overlapping) pairs of  points.  There is an abrupt  d rop  at low pH corresponding in 
position and  size to the rise in rr/vc, seen in Fig. 8. This exit curve is quite different 
f rom the curve o f e n t r y  vs. p H  (Fig. 3). The low p H  drop  (exit) appears at a different 
pH th~n that  for entry and  no drop  in exit is seen at high pH.  

Low pH might  lower rcl because of  changes in V (exit), Km (exit)o:" both.  
We tr ied to measure K~ and  V for exit at  two p H  values, 7 and  6, within the same 
experiment.  The points were too  badly scattered to give re~iable values f o r / ~  and V, 
but  the ratios of  exit rates at the two p H  values appeared independent  of  glycine 
concentrat ion (i.e. K ,  (exit) was similar at the two p H  values). Thus  much of  the low 
pH inhibit ion of  exit is probably due to inhibit ion of  P" (e~t) .  

D I S C U S S I O N  

There are several effects o f  tran~=toluenedisulfonate or glutamate to be con- 
sidered. One, of  pr imary interest, is the interaction between the D o n n a n  potential  
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and  charge moving across the membrane .  An effect could also arise f rom the Donnan -  
induced difference between internal  a~,~d external  pH.  A thi rd  effect comprises act ions 
of toluenedisulfonate or glutamate  as reactive chemical er~tities. A four th  effect is 
a response of glycine t r anspor t  to the necessary lowering of trans-Cl- upon  its 
replacement  by toluenedisulfon~te or glutamate.  

Direct effects o f  cell CI - .  The increase of glycine entry upon  replacing cell 
C l -  wi th  toluenedisu~fonate or g lutamate  is not  directly due  to  lowered cell C I - .  
High  [Cl i - ]  would  then have to  inhibit  entry. F r o m  earlier studies [11] on anion 
dependence of glycine entry into intact  cells with no D o n n a n  effect ([Clo- ] : [CI i -  ]), 
CI -  behaved as a pure co-substrate giving l inear l /v  vs. I / [C I - ]  plots f rom 148 to  
4 mIV[ [CI-] .  A superimposed, inhibi tory effect of  [Cl l - ]  should  have p roduced  
concavity.  Also, in the present  studies, replacing cell C i -  raised V whereas in the 
previous studies [11] where [CI~-] and  [Clo-] varied together,  only Km was 
affected. Finally, in the present studies KtK2K'co and K'co were oppositely affected 
by C; i -  replacement,  but  changing [Cl i - ]  should alter k -o  which should  change 
KIK2K'co and K'oo in the same direction. 

Effects o f  ylutamate and t~: Y'~'enedisulfonate as reactive clzemical entities. Direct 
effects are unlikely because toIuencdisulfonate lacks reactive groups,  chelat ing ability 
and  large hydrophobic  regions. Al.~o, the quite different anions,  to luenedisulfonate  
and  glutamate ,  have similar effects. Fur ther ,  with the impermean t  an ion  cis to  
glycine, the D o n n a n  effect should  oppose glycine movement ;  such inhibi t ion of  ¢".try 
was -3een [6] when either toluenedisulfonate  or mucate  replaced CI -  in the medium.  
Par t  of  this " m u t a t e  inhibi t ion"  can now be ascribed to lowered cis [CI - ] [ !  1 ] bu t  
V(entry) was also lowered and  [CI-]  does not  effect V. Thus  there is similar trans- 
s t imulat ion of  V(entry) by toluenedisulfonate or g lu tamate  and  similar cis-inhibition 
of  v(entry) by toluenedisulfonate and  mucate .  The c o m m o n  element  is the  associated 
D o n n a n  potential .  Ano the r  po~,~ibility, tha t  toluene~iisulfonate or  g lu tamate  cells 
had  higher cell Ha  + than  C I -  cells is also e l indnated since they did not.  Cell N a  + 
contents  are listed in the legends t'or Figs, 4 ( toluenedisulfonate)  and  7 (glutamate) .  

Effects ofp~L ~Frans-Toluened, i sulfonate raised V(entry) at  all p H  values tested 
(Fig. 4) but  this rise was p H  depenc[ent only above p H  7. This pH-dependen t  rise 
mirrored the drop  in vcl at  high p H  in the absence of  toluenedisulfonate (Fig. 3) 
governed by a g roup  of pKap p 7.9. This rise in I,'T/Vcl at high external  p H  might  
result t~'om the Donnan-induce~i reduct ion of  internal  p H  if entry requir~s the 
p ro tona ted  form of the pK, pp 7.9 g roup  at the internal  face of  the rnemb ~ ane. This 
assumpt ion  fits the  data.  When  VT/P'¢~ is corrected, for the effect of  p H  seen on vc~ 
(Fig. 3) by mult~,~iying VT/Vc~ by [HA/(HA-~A-) ]p ,o_O.ss  6 for a g roup  of  pK  7.9, 
the p H  depende ,~e  is entirely removed (Fig. 5). The average pH-correc ted  Vr/V¢l 
value is 1.698=EC 057 (S.L,.)M, n = 8 compared  with the value of  1.7 at  low p H  values 
(Fig. 4). Since cells are qui~e perrneab:e to  H + (unpubl ished  t i t ra t ion data) ,  
[HI+]/[Ho + ] should  be equal  to  [Clo-] / [Cl i -  ]. 

The da ta  of  Fig. ~ i~dicates tha t  entry requires another  g roup  w h h  a pK.pp of 
6.8 in the depro tona ted  |',:'~rm. Since Vl,/I"c: is p H  independent  in this range,  e~try 
presumably  requires the J ep ro tona t ed  form of  the p K  6.8 g roup  at the external  face 
of  the membrane .  

Similar re la t ionsh |ps  appear  for e~it. Exit ch-ops at  low exterr~aI p H  in the 
absent:e of  a D o n n a n  effect (Fig. 9). The rise in ~,T/vcl (Fig. 8) mirrors  this drop,  
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suggesting that a group with a pK~pp of 6.2 is required for exk in the deprotonated 
form at the inner face. When toluen~tisulfonate replaces CIo-, the rise in internal p H  
deprotouates the pK 6.2 group which raises 1, r relative to ~cl. 

Effects of membrane potential. (a) Assessment of the role of the ~'active 
fraction" corrections in estimating VT/Vcz. Such corrections must by considered 
because both toluenedisulfonate and glutamate cell pellets have more extracellular 
space than CI -  cell pellets. In group 1 3H space was used for the "active fraction" 
correction. However, SH space was smaller than one minus 22Na .~pace for toluenedi- 
sulfonate cells (Table 1). One minus 22Na* space is a better me~mre than 3H space 
of the space retaining toluenedisulfonate or glutamate and e'~cluding CI-  We 
conclude this because [Cli-]  values calculated from the total CI -  in the original 
unlysed cells and the lysing and restoring solutions agree better with [Cli-]  values 
determined from pellet CI-  and e~tracellular space when 22Na space rather than 
one minus aH space is used. Some [Cli- ] values obtained using 3H space were less 
than zero. Also, 22Na space is equal to the space occupied by [.l~C]glycine in the 
c~ld (data not shown). 

When the data of Fig. 4 is corrected using one minus 2~Na space instead of 3H 
space the pH-independ~nt part of VT/Vc~ is 1.5 instead of 1.7. The 22Na space 
correction seems valid since Vr/Vci and VcJVcl corrected for one minus 22Na 
space are similar (1.5 and !.7, respectively) and where the correction is smaller 
(glutamate cells), the uncorrected V ratio is higher. (Uncorrected Vx/Vcl and 
Vc~./Vc~ values are, respectively, 1.25 (Fig. ~-, pH 6-7) and 1.6.) We conclude that 
the pH-insensitive component of the ac~.~leration factor for V arising from a Donnan 
effecl, whether produced by toluenedisulfonate or glutamate, is 1.5-1.7 at a Donnan 
ratio of  approx. 3.5. We prefer the value of 1.7 since less correction is used for 
VOIu/Vcl ~han for V-r/Vci and the higher ionic strength or the sucrose in toiuene- 
disulfonate cells might inhibit transport. 

This pH-insensitive component of acceleration can hardly arise from the 
inside-outside pH difference. If  the lowering of the cell pH by the Donnan effect 
increased glycine entry, lowering cell pH in the absence of  a Donnan effect should 
also have increased entry instead of lowering it. The 1.7-fold increase is therefore 
ascribed to interaction of  the Donnan potential with a "moving" charged group. 
"Movement"  means relative movement between charge and field gradient: the latter 
rather than the former might move relative to the membr~.ne. 

(b) Assignment of membrane potential effects to steps in the translocation 
model. The next questions are, which step(s) in V ( e n t r y ) - - E t k a k _ o / ( k 3 ~ k _ o )  
ar~ affected and how much charge moves. The step could be that governed by k 3 

for ENa2GClo ~?~. ENa2GCI i, and involve inward movement of positive charge, 

or that governed by k_o for Ei t-22 Eo, involving outward movement of negative 
charge, or some combination. 

Before proceeding we must consider what effects on kinetic parameters to 
expect from the action of a membrane potential on moving charge. Regardless of the 
mechanism of transport, each step in the transport process where charge moves 
parallel to the potential gradient musz obey Eqn. 1" 

(k +Jk-i).,E -- (k +i/k-l)Ae=o "e :F~t: IR:r ( l )  
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,4E is the potenti~i differen~e between the position'.;, not  ~ccessarily the full t rans- 
membrane potential. The equil ibrium concentratiorL ratios of  all of  the t ransported 
species must  obey Eqn. 2: 

N 

l - I  = e (2)  
[ 1 

S~ • • - S. includes all species co- or c0unter t ransported (not just  those known to be), 
AE is the full trans-membrar~e potential and z is the sum of  charges transported.  
]-I~(Sj)ofl-I~(Sj)t is ~'qual to the product  of the rate constant  ratios over the rea~.~tion 
path. The reaction path  is the sequence of steps n,.-cessary for one t ranspor t  event. 
The reaction i',ath o1' Fig. 1 gives Eqn.  2: 

I-I " (Sj)o/II" (s j ) i - - -  (Nao +)z(CI~')(G.) __ kok_,(K,,~KaoKc,./to.) --- e = ,a ' / " r  (3) 
t , (Na + ) ' - (Cl; ' ) (O,)  k -  ok3 (K t ,K . ,KcnK~, )  

with z = 2 - ( - ~ I ) - F I - ( - - I ) H - 0  if two N a  +, on,." CI -  and one glycine are co- 
t ransported and no other species are co- or countertransported,  i f  AE = 0. 
kok,_ a(KjtoK,,-,h~l,,Noo) ~ k_ ok:~(Kl, tK~lKcul~.~i) a~; required by microscopic reversi- 
bility. 

Eqns. 1-3 must be obeyed bv any t ransport  mechanism because their violat ion 
allows p e r p ; : : a l  motion machines to exist. We can construct a simple passive 
t ransport  rnoael, e.g. 

X..o k, x.., k, So K~.ok- ,k~ 

k- 2 ~,-.8 Si K~,ik2k-4 

as can be shown either by deriving the rate equations and solving for 0 ( e n t r y ) - -  
v(exit) or by recalling t k l t  free energy is a state fuaction so that  zlF = 0 going from, 
e.g. ~k a round  the reaction path  back to Eo. Such a model can be constructed where 
all steps do  obey Eqn. 1 and some unique equilibrium value f~r 5o/S~ obtained. If  
Eqn. 1 could be violated for any step, the resulting equil ibrium So/S~ would  be 
different and coupling the two "'¢¢~uilibria'" woui4 produce pexpetual motion.  For  
simplicity here, S is assumed unchaxged, so no current flows and no energy is drawn 
f rom tim source of the imposed potential. Eqns. 2 and 3 follow because the equi- 
l ibrium value for SoISI proauce4  by passive t ransport  and by simple diffusion cannot  
be different or again a perpetual ~ac,tion machine could be constructed by coupling 
a simple diffusion leak and a passive t ransport  mechanism. 

To assign membran:.  ~ potential  effects ~o steps in the model we start with the 
kinetic equat ion (Fig. 1, legend) [4]. V an4 the two terms in K, ,  K'o,  and 
KtKzK'o. ,  all contain re~riemation rate eonslants k - o ' "  .ka. V - - E , k a k _ o /  
(k_oq--k3), K'Go = KOok_o/(k_o-l-k~) and KtK::K'c,,-- K, oK2°Kc, o(k_o÷ko)/ (k_o 
+k3). 

/Co.. KaoK.,oK,~o etc. describe ~eactions with no vectors! components  normal 
to the cell surface so the membrane  potential should affect K'~o and K~KzK'~o, 
as well as V, by altering the reorientation rate const~:-.ts. The rate constants 
in V and K'oo differ by the factor k~ in the numera tor  of  1f. Since V and K'~o 
were similarly increased by the membrane  potential by factors of '_,  and 
1.5, respectively, the membrane  potential  effect on k~ is small and k - o  is the 
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a f f ec t ed  c o n s t a n t .  T h a t  is, t h e  e m p t y  b u t  n o t  the  fu l l?  l o a d e d  m e c h a n i s m  is c h a c g e d  
a n d ,  s ince  I t is i n c r e a s e d ,  t he  c h a r g e  is nega t ive .  T h e  s a m e  c h a r g e  Locat ion a n d  s ign  
was  o b t a i n e d ,  t o g e t h e r  w i t h  a n  e s t i m a t e  o f  t h e  si~e o f  t h e  c h a r g e  b y  c- 'dculatir,  g t h e  
m e m b r a n e  p o t e n t i a l  effects  o n  Ktl¢2K'o o, V a n d  K"co e x p e c t e d  f r o m  v a r i o u s  a s s u m p -  
t i o n s  a b o u t  t h e  size a n d  l o c a t i o n  o f  t h e  c h a r g e .  T o  do  thi.~, v a l u e s  we re  n e e d e d  f o r  
k_  o/k~ and ko/k_ 3. F r o m  p r e v i o u s  w o r k  [4], these  v a l u e s  d e p e n d  o n  t h e  v a l u e  c h o s e n  
f o r  " p "  - -  KttK2~KGdKtoK2oK~o. W i t h  p ,  = 1 we  c . i c u l a t e d  t h e  effects  o n  V, K'Go 
and KtKaK'Go with o n e  a n d  t w o  u n i t s  o f  c h a r g e  d i s t r i b u t e d  in  a l l  p o s s i b l e  w a ) s  ove r  
t h e  s t eps  d e s c r i b e d  b j  k _  o, ko,  k _  a a n d / c a  ( T a b l e  I I I ) .  F o r  e x a m p l e ,  w i t h  o n e  u n i t  o f  
n e g a t i v e  c h a r g e  on  E a n d  n o  c h a r g e  o n  E N a 2 C I G l y ,  k_ o/ko w o u l d  be  i n c r e a s e d  
( E q n .  1) b y  a f a c t o r  o f  3.6 ( the  D o n n a n  r a t io ) .  I f  k _  0 a n d  k 0 we re  e q u a l l y  a f f ec t ed  
t h e y  w o u l d  be ,  r e spec t i ve ly ,  i n c r e a s e d  a n d  d e c r e a s e d  1.9-fold.  T h i s  g ives  Vr /Vc ,  - -  
1.79, K°OoT/K~oct - -  1.79 a n d  K 1KaK'c;oT/KtKaK'czocl -- 0.69 vs.  t h e  o b s e r v e d  v a l u e s  
o f  1.7, 1.48 a n d  0.63.  A l l  o t h e r  c h a r g e  a s s i g n m e n t s  gave  p o o r e r  fits. If, e.g. t h e  c h a r g e  
o n  E is --~- a n d  t h a t  o n  E N a z C I G l y  is + ½ ,  V-r/Vc~, K'6oT/K'Gocl a n d  KxKaK'oo-r/ 
KtK2K'G~ct are  r e s p e c t i v e l y  1.38, 1.00 a n d  0.60.  A l t h o u g h  t h e  c a l c u l a t i o n s  o f  T a b l e  
I l l  d e p e n d  s o m e w h a t  o n  p,, t h e  d e p e n d e n c e  is w e a k .  T h u s  fo r  l ine  l a  t h e  r a n g e  f o r  
p~ = 100 to  p= = 0.1 is f r o m  1.9 to  ! .39 fo r  K'oo, 0.54  to  0 .84  fo r  KtoK2oK'oo, a n d  
f r o m  ! .9 to  1.39 f o r  ~: 

T h e  s a m e  c h a r g e  a s s i g n m e n t  e x p l a i n s  t h e  s m a l l  o b s e r v e d  effect  o f  t h e  
m e m b r a n e  p o t e n t i a l  o n  ex i t ;  t h e  c a l c u l a t e d  v'r/)'ct is 1.15 (p~ = 1), t h e  o b s e r v e d  
p H - i n d e p e n d e n t  p a r t  o f  )'r/)'cl ~s 1.2 (F ig .  8). F o r  Pa = 100, vx/,,ct = 1.02 a n d  f o r  

TABLE II1 

CALCULATED EFFECTS OF MEMBRANE POTENTIAL ON PARAMETERS OF THE 
ENTRY RATE EQUATION 

f(ka) a f (k-  o)" f(ko) a VT K ' o o T  (Ktog2~K'Go)r 
Vet g'Goct (gtoKzog'oo)ct 

I a I 1.9 ! / 1.9 i .79 1.79 0.69 
2a 1.38 1.38 1/!.38 1.38 1.00 0.60 
3a 1.9 1 1 ! .03 0.54 0.54 
4a 3.6 1 1 1.03 0.29 0.29 
5a I 3 .6  I 3 .06  3.Off I. 18 
6a I ! i/3.6 1.00 1.00 0.39 

I b t 3 .6  1/3.6 3.06 3.06 0.66 
2b 1.9 1.9 1 / 1.9 1.90 1.00 0.39 
4b ! 2.96 I I 1.067 0.08 0.08 
5b l 12 .96  1 7.13 7.13 1.54 
6b I ! 1/12.96 !.00 1.00 0.22 

The "'f'" factors are the factors by which the indicated rate constants of Fig. I aou~d be affected by 
a membrane potential giving a Donnan  ratio of 3.6 under various assumptions as to how much 
charge (z) moves at each step and he w tile effect is distributed between the forward and reverse rate 
constants of  the affected steps. The letter " a"  in the left hank column indicates z = 4-1 and  "b'" 
indicates z = -t-2. Thus for 4a, z = + 1 and the full effect is on k~, so k3 is increased by a factor 
of 3.6; for la,  z = -- 1 and the effect is equally distributed between k - o  and ko; for 2a, z --~ + ~  for 
the k3, k_3 pair (k_~ does not appear in the listed entry parameters) and --~ for the k -o ,  ko pair 
and is equally distributed among all fo'~, constants. 3b would be the same as 4a and so is not listed. 
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p~ --- 0.1, VT/vCl -- 1.49. In view of  the experimental errors and simpli.~ying assump- 
tions, the agreements are at least as good as can bc expected. .adl  effects fit the 
interpretation that reorientation of E moves about  one unit of  negative charge and 
reorientation of  fully loaded mechanism moves virtually none. 

Ro l eo f C l -  : The aPl~arance o f a  [Cl-I  ~crm in K m [11 ] suggests that  E N a ~ G C |  
rather than ENa~,C~ is the productive complex. If CI -  is cotransportcd,  the membrane  
crossing step involving E carries only one unit less positive charge than that  for 
ENa2GCI (Fig. 1). This r~tionalizA:s the CI -  kinetics with the D o n n a n  effects. 
This is the basis foi" the inference that  CI-  is cotransported.  

p H  effects in the absence o f  tcluenedisulfonate: The p H  effects on exit differ 
markedly from those on entry (Fig. 9 vs. Fig. ~). However,  V ( e x i t ) - - E t k o k - 3 /  
( k 0 + k _ 3 ) ,  and is dominated by k_., .  With p~- -  1, k o / k - 3  ~ 2.3. ) / (ent ry)-~ 
E~k_ok3/(k_o-~k~) and is dominat¢.:l by k_v;  k - o / k 3 - ~  0.073 ~ i t h  p~ ~ 1. If 
different steps !imit entry and exit, the ,iifferent e~t'ects of  p H  are plausible. We could 
assign the pK 6.2, 6.8 and 7.9 groups to individual steps in the exit and entry processes 
so as to account  for the observed p H  effects. Since these assignments are not  
necessarily unique they are not  given. Since consistent assignments can be made,  
the pH efli.~cts ~lo not  conflict with our m~dt:l or interpretations. 

Comparison o f  expected behavior o f  earlobes transport models with observed 
behavior. The glycinc transport  system is unlikely to b~ a translat ional  mobile carrier 
("ferry boat") .  First, it is probably too  large. The homotropic  interactions between 
the two N a  ÷ and the heterotropic interactions between Na  + and glycine [1, 4] and  
between anions and glycine [11 ] as well as the large increase in the t rans-membrane  
transfer rate constant  after the disodium form of  the porter  combines with glycine 
[4], are s tandard kinetic signs of  an allosteric protein. This implies at least four 
alIosterically interacting binding sites. F r o m  the c¢,rnpilation of  Klotz  e t a ) .  [15], 
proteins that  complex have molecular weights o t  96 000 or n~ore. The known 
transport  proteins are not  particularly small cow,pared to proteins in general 
[14, 16-28]. A protein with a, molecular ~.¢ight of  10 s woul~ simply span a bilayer. 
Second, the slight, pH-independent  charge t ransport  is not expected for a transla- 
tional mobile carrier. Both t ranspor t  proteins and hyclrophobic membrane  proteins 
have normal  contents of  histidine and nearly normal  contents o|" charged residues 
[14, 17, 19-23, 29-40]. A l0 s dal ton protein should have 100-200 charged residues. 
Unless these just  balance by chance, there should be a sizable net charge at neutr,~l 
pH. There should also be several histidine residues and N-termina!  amino groups 
maktng charge t ransport  p H  dependent,  l~'ote that  r:~te constant  ratios are altered 
by the Donnan  ratio to the z ~b power  (z --  charge) and so rates are very sensitive to 
charge. 

ACKN OWLEDGEMENTS 

This work  was supported by Research Oran t  CIB 7641 from the Nat ional  
Science Founda t ion  and Research Gran t  HE-1325 from the U.S.  Pub:ic Heal th 
Service. 



~14 

REFERENCES 

I Vidavcr, G. A. (1964) Biochemistry 3, 662--667 
2 s, idaver, G. A. 0964) Bioch,~',nistry 3, 795-799 
3 Vidav~r, G. A. (1964) Biochemistry 3, 803-808 
4 Vidaver, G. A. and Shepherd, S. L. (1968) J. Biol. ,;~hem. 243, 6140-6150 
5 Terry, P. M. and Vid~wer, G. A. (1973) Biochim. Biophys. Acta 323, 441-455 
6 Vidavcr, G. A. (1964) Biochemistry 3, 799-803 
7 Ea,~nson, E. and Christensen, ]-L N. (1967) J. Biol. Chem. 242, 5386-5396 
8 Vidaver, G. A., Romain, L. F. and Haurowitz, F. (1964) Arch. Biochem. Biophys. 107, 82-87 
9 Vidaver, G, A. (1971 ] Biochim. Biophys. Acta 233, 231-234 

I0 Wheeler, K. P. and Christeltst:n, H. N. (1967) J. Biol. Chem. 242, 3782-3788 
11 Imler~ J. R. and Vidaver, G A. (1972) Biochim. Biophys. Acta 288, 153-165 
12 Good, N. E., Winger, G. D., Winter, W., Connolly, T. N., Izawa, S. and Singh, R. M. M. (1966) 

Biochemistry 5,467-477 
13 Scarpa, A., Chochetto, A. ai~d Azzone, G. F. (1970)Biochim. Biophys. Acta 219, 179-188 
14 Kotyk, K. A. and Jan~cek, K. (1970) Cell Membrane Transport, Plenum Press, p. 99, New York 
15 Ktotz, I. M., Langerman, N. R. and Darnall, D. W. 0970) Annu. Rev. Biochem. 39, 25-62 
16 Jergensen, P. L. (1974) Q. R~v. Biophys. 7, 239-274 
17 MacLennan, D. FL, Seaman, P. and lies, G. H. (1971) J. Biol. Chem. 246, 2702-2710 
18 Ho, M. K. and Guidotti, G. (1972) J. Biol. Chem. 250, 675-683 
19 Lever, J. E. (1972) J. Biol. Chem. 247, 4317--4326 
20 Kuzuya, H., Bromweli, K. and Guroff, G. (1971) J. Biol. Chem. 246, 6371-6380 
21 Berger, E. A. and Heppel, L. A. (1972) J. Biol. Chem. 247, 7684-7694 
22 Weiner, J. H. and FIeppel, L. A. (1971) J. Biol. Chem. 246, 6933-6941 
23 Rosen, B. P. (1973) J. Biol. Chem. 248, 1211-1218 
24 Schleif, R. (1969) J. Mol. Biol. 46, 185-196 
25 Medveczky, N. and Rosenberg, H. (1970) Biochim. Biophys. Acta 211, 158-168 
26 Jones, T. H. D. and Kennedy, E. P. (1969) J. Biol. Chem. 244, 5981-5987 
27 Wasserman, R. H., Corradino, R. A. and Taylor, A. N. (1968) J. Biol. Chem. 243, 3968.-3978 
28 Kundig, W. and Roseman, S. (1971) J. Biol. Chem. 246, 1407-1418 
29 Endo, A. and Rothfield, L. (1969) Biochemistry 8, 3500-3507 
30 MeEvoy, F. A. and Lyl.n, W. S. (1973) J. Biol. Chem. 248, 4568--4573 
31 Brewer, Jr., H. B., Lux, S. E., Ronan, R. and John, K. M. (1972) Proc. Natl. Acad. Sci. U.S. 69, 

1304-1308 
32 Spatz, L. and Strittmatter, P. (1973) J. Biol. Chem. 248, 793-799 
33 Eng, L. F., Chao, F.-C., Gerstl, B., Pratt, D. and Tavaststjerna, M. G. (1968) Biochemistry 7, 

4455-4465 
34 Thernber, J. P., Stewart, J. C., Hatton, M. W. C. and Bailey, J. L. (1967) Biochemistry 6, 200~-2014 
35 Huller, J. (1969) Biochemistry 8, 2906-2913 
36 Senior, A. E. (1971) Bioenergetics 2, 141-150 
37 Sanderman, Jr., H. and Strominger, J. L. (1971) Proc. Natl. Acad. Sci. U.S. 68, 2441-2443 
38 Stoeckenius, W. and Kanaw, W. H. (1968) J. Cell Biol. 38, 337-357 
39 Shichi, H., Sugimura, Y. and Funahashi, S. (1965) Biochim. Biophys. Aeta 97, 483-491 
40 Menzel, H. M. and Hammes, G. G. (1973) J. Biol. Chem. 248, 4885-4889 


