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SUMMARY

The influence of a Donnan effect on the transport of glycine by hemo-
lysed and restcored pigeon red cells was examined. The Donnan effect was produced
by replacing Cl~ with 2,4-tciuenedisulionatie 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 pH 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 pX,_ of 7.9 and the deprotonated form of another
group with a pK,,, of 6.8. Neither of these are required for exit but the deprotonated
form of a group(s) with a pK,,, 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 Cl™ largely replaced
by toluenedisulfonate and without such replacement. Between pH 6.1 and 7, the ratio
of the respective V values, Vi/V¢,, was 1.5-1.7. V¢/V, rose above pH 7 to near 4
at pH 8.3. At pH 6.9, with glutamate replacing cell Cl™, the analogous ratio
(V 61/ Vi) was 1.7. The increase of Vo/V, above pH 7 could bz quantitatively accoun-
ed for by ths increase in cell [H* }/medium [H*] caused by the Donnan effect
together with the assumption that the pK 7.9 grovp reacts with H™ at the inner face
of the membrane.

When cell C1™ was replaced by toluenedisulfonate or glutamate there was a
drop in the term in the glycine K, describing Na™ dependence of glycine entry. When
cell CI™ was replaced by toluenedisulfonate there was a rise in the Na*-independent
term in the glycine entry K. By repiacing varying amounts of cell Cl~ with either
toluenedisulfonate or glutamaite, plots were obtained of entry rates vs. the cell [CI™)/
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medium [C1™] ratio consistent with the assumption that the DJonnan-induced mem-
brane potential acts on a “moving’’ charge. Glycine :Xit was only slightly accelerated
by trans-toluenedisulfonate. The ratio, exit rate into toiuenedisulfonate medium/exit
rate into ClI~ medium rose with decreasing pH. This rise could be accr unted for by
a Donnan-induced inside-outside pH difference which affecis a p<,,, 6.2 group
reacting with internal H*.

The observed influences of the Donnan effect on V(giycine er.try), on Loth
components of X (glycine entry), on the shape of tie plot of glycine entry rate vs.
the cell [Cl™ Ymedium [Cl™ ] ratio and on g'ycine exit all fit the assumpti. ¢ that when
the empty porter reorients, one unit of negative charge accompanies it *‘across™ the
membrane and that no other steps involve charge movement.

The properties of the system seem inconsisient with a translational (“ferry
boat™) mobile ca:rier.

INTRODUCTION

Pigeon red cells can bs hemolysed and their selective imoermeability to small
molecules then restored. By lysis and restoration th: composition of the solution
inside the cell can be manipulated. Such lysed and restored cells actively transport gly-
cine like intact cells [1-4]. Our lysis and restoration prozedure equilibrates cell K* and
glycine with the external solution and nearly equilibrates hemoglobin. This procedure
gives a 6-fold dilution of small molecules and an approx. 5-fold dilution of hemo-
globin. Intact cells at neutral pH show only a small Donnan effect; they have a high
net permeability to C1™ [5]and the cell [C1™ Ymedium [Cl' ] ratio is approx. 1.25 [6].
In the present work, cells lysed and restored with C1™ as the mijor anion showed a
still smaller Donnan effect (medium [Cl™ }/cell [C17] == 1.1).

Glycine crosses the membrane of both intact and lysed and restor=d ceils by
two Na*-dependent routes [1, 4, 7, 8] and a Na*-independent route {1, 2]. Glycine
and two Na* are co-transported by the main Na*-dep:ndent route [3. 5, 9, 10). An
anion is also required [11]. The system is highly specific for Na™ and glycine {1, 8]
but much less specific for the anion [11]. The Na™* elec:rochemical gradient suppliss
most if not all of the energy for glycine *‘active” transport [2-5, 9, 10].

Previous work Lad yielded a model (Fig. 1) for glycine transport by the main
Na*-dependent route, rate equations describing the model, and some tests of ths
adequacy of the rate equations [1-4, 9, 11]. The equations describs a transport model
which is purely passive if both Nat* and glycine electrochemical potentials are
considered. Coupling between Na™ and glycine fluxes occurs because glycine cannot
combine with the porter unless Na* has already combined, and the change of orienta-
tion (ENa,GCl, = ENa,GCl,) alters accessibility to both Na™ and glycine simul-
taneously, producing co-transport of glycine and Na*,

In the present work the central questions were: what step or steps in the
translocation process involves movement of charge normal to the membrane plane
and how much charge moves? The approach used was to impose an clectrical potential
across the membrane with a Donnan effect and measure the resulting glycine trensport
rates relative to those of the unperturbed system. Kinetic analyses were made to assign
membrane potential effects to individual terms of the previously derived [4] rate
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Fig. I. The current medel for Nat-dependent glycine transport by hemolysed and restored pigeoi
red cells. This mode! was derived from kinetic studies. “G" is glycine. Capital K values designate
equilibricam dissociation constants and small & values designate rate constants. Subscripts o™ and
“ distinguish constants for reactions with substrates outside and inside the cells, respectively. For
Na*-dependent glycine entry into cells with kinetically negligable Na;* and saturaiing [Cl,"] the
rate eguation {4} is:

1 ( —ot+ky ){[Klo ZQKca( -o+l~o) ( k.o )] 1 }
iz == o =+ K, +13.
TTE k_oka MNa,*)? \k_o-+ks S \k_o+k3/d 1Gly,)
The part of the equaticn enclosed in [ ] is Kum,o. The part outside { } is 1/V. The above equation

has been simplified from that in ref. 4 by omitting the imperceptible first-power Na* term from
Km , and omitting k,, which is small compared to k.o, from the Kg, term in Km.

equations. Since moving species might be proteins whose charges depend on pH,
measurements were made at several pH values,

The Donnan effect was obtained by substituting 2,4-toluenedisulfonate or
glutamate for Cl™ in the fluid compartment into which the glycine moved. The
Donnan potential promotes co-transport of positive charge or counter-transport of
negative charge. The imposed membrane potential was estimated from the cell {[CI™J/
medium [Cl~] ratio.

The membrane potential produced a pH-insensitive increase in ¥ for glycine
entry of approx. 70 9. This is ascribed to the movement of about one unit of negative

charge accompanying the reorientation of the empty porter (Eo = E,, Fig. 1)

with no charge movement at any other steps. The obszrved membrane potential
effects on other kinetic parameters fit this interpretation. There were also pH-
dependent membrane potential effects on both glycine entry and exit. These are
attributed to the Donnan-induced shift of cell pH away from the pH of the medium
affecting ionizabie groups in toluenedisulfonate but not Cl™ cells.

Abbreviations and definitions

MES, 2 [N-morpholinojethane sulfonic acid; TES, N-tris[hydroxymethyl]-
methyl-2-aminoethane suifonic acid.

Subscripts o and i, these distinguish the externally and internally oriented
forms of the glycine porter, kinetic constants or substrates.

V1, UGlas Uci: Na*-dependent component of the glycine entry rate into cells
with cell C1™ (partially) repiaced by toluenedisuifonate (vy), by pL-glutamate (vg1u),
or not replaced (vc,), respectively.
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Vi, Vows Ver: the ¥V components of vy, vgy,, Ue) above.

Ko, 1t Kn, 61er K, o The K, components of vy, vgy,, ?c) ¢ bove.

V1, Vor! eXit rate coefficients. These are Na*-dependent glycine exit rates divided
by cell glycine concentrations when Cl~ of the medium is replaced by t<luenedi-
sulfonate (vy) or not replaced (v¢,).

K'Ger, KKK Go/INa*)?: components of K,, , defined by K, , = X'g,+
K, K, K co/[INa*1%. Primed K values are used for brevity. Thus K’g, is K,
(k_otk)(k-ot+ks) and K, K,K'g, is K1 K2.Kgo (K-athyji(k_o+ks) Ky,
k_o etc. are the constants of the model in Fig. 1. Subscripts T, Glu and Cl (e.g.
K'Go)c1 are used to designate the trans-anion as for v etc. above.

Toluenedisulfonate, zlutariate and Cl™ cells: cells with the -ndicated anions
replacing internal CI—.

(Cl,~/Cl ™) and (Cl,7/Cl;7): (Cl,7/C};7) is the ratic of Cl~ concentration
in the medium to that inside the cells. (Cl,7/CL, ™) is (Cl,”/Cl;™) for toluenedisul-
fonate or glutamate cells divided by (Cl,~/Cl;7) for C1™ cells. (Cl,”/C);™) is a mea-

sure of the change in membrane potential produced by replacement of cell Cl~ with
toluenedisulfonate or glutamate.

P = K, K3 KGi/K, K 20K Go

MATERIALS AND METHODS

Chemirals. Inorganic chemicals were analytical reagent grace. "H- and '*C-
labelled glycine were obtaincd from New England Nuclear Corp. Unlabelled glycine
was obtained from Fisher Sc:entific, bovine serum albrnmin from Sigma Chemical Co.,
D-glucose from Baker Chemical Co., and DL-alanin: from General Eiochemiculs.
The 2,4-toluenedisulfonate was prepared as before [6].

Preparation and handling of celis. Pigeon red cells were obtained as describad
before [1]. Lysed and restored cells were used for all axperiments.

The experiments described were done in two groups. Extracellular space was
measured in group 2 but not group 1 experiments with 22Na. There were also slight
modifications in procedure in group 2 to improve precision. The group is identified
in the figures and tables.

The cell solute compositions were adjusted by iysis and restoration a: previous-
ly described [2]. This involved (i) hypotonic hemolysis at 5-6 °C, (ii) restoration of
tonicity at 5-6 °C, and (iii) incubation for 17 min at 39 °C (“annealing™) to restore
impermeability to small mol:cules. For glycine entry rate measurements three types
of cells were used.: (i) cells with part of their Cl™ replaced by 2,4-toluenedisulfonate
(toluenedisulfonate cells), (ii) cells with part of their Cl™ replaced by glutamate
(glutamate cells), and (iii) cells with no replacement (C1™ cells). These cells also
had [*H]glycine inside. To replace most of the cell C1~ with toluenedisulfonate we
added a tonicity-restoring sofution containing 0.30 M dipotassium toluenedisulfonate,
1.4 M sucrose, 0.0086 M CaCl, and 0.017 M MgSQO,.

0.4 ml was used per g original (unlysed) cells. For replacement of cell Cl~ with
glutama.e, the tonicity-restoring solution had 1.34 M potassium glutnmate, 0.0097
M CaCl, and 0.0194 M MgSO, and was used at 0.35 ml/g. Chloride cel's were
prepared with the previously described restoring solution [2] at 0.85 xs:rength
(0.40 ml/g) or 0.97 xstrength (0.35 ml/g) accordiig to whether the Cl™ cells were
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controls for toluenedisulforate cells or glutamate cells. Mixtures of restoring solutions
were used for intermediate Cl~ replacements. After annealing, cell 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 composition was: 0.0016 M
CaCl,, 0.0032 M MgSO,, 0.296 osM NaCl plus KCl plus buffer. Bufters were MES
(2-(N-morpholino)ethane sulfonic acid), TES (N-tristhydroxymethyl)methyl-2-
aminoethane sulfonic acid) or N,N-bis(hydroxyethyl) glycine [12] with the minor
component of the A~/HA buffer pair at 0.010 M. After pH aajustment, cells were
pelleted and the 0.3-g pellets suspended in 1.00 ml (grovp 2) or 2.00 ml {group 1)
cold incubation media. Afll incubation media had C.3 uCi/ml ['*Clglycine and the
appropriate total glycine concentrations, 2.0013 M MgS0Q,, 0.0023 M CaCl,, 0.0083
M p-glucose, 0.010 M pL-alanine, 0.143 M KCI and;/or NaCl and either 0.009 M
of the buffer used for pH adjustment (toluenedisulfonate cells) or 0.006 M phosphate
buffer (glutamate cells). Cells were incubated 4 min (group 2) or 9 min (group 1)
at 39 or 0°C, chilled 2 min, diluted with 7 or 6 ml cold unlabzlled K* incubation
medium and pelleted. The cold diluent contained 22Na. in group 2 experiments for
extracellular space measurement. Picric acid extraction of pellets and supernatants,
geiger counting procedures and glycine, Cl™ and Na™ analysis were similar to proce-
dures previously used [1, 6} Picric acid deproteinization was with 2.00 ml/0.3 g
for group 2 and 3.00 mi/0.3 g for group 1.

Extracts were also counted in a scintillation counter (Ansitron). The isotope
inputs used gave pellet extract counts: *H > '*C > ??Na. Non-contiguous windows
were used and quench and spil! correction factors were individually calculated for
each sample. Pellet contents of all three isotopes could bs determined but *H in
the medium could not bs determined.

For glycine exit measurements, Cl~ cells were prepared with {usually) 1.5 mM
internal ['*Clglycine, 1 Ci/mol. pH adjustment was as described cxcept that 15 ml
buffer was used per g cells and the buffer contained 1 mg/ml bovine serum albumin.
0.3 g of cells were suspended in 5.00 ml incubation medium, incubated at 39 or 0° C
for 7 min, chilled and centrifuged without dilution. Two kinds of incubation msdia
were used. All had 0.0011 M MgSO,, 0.0022 M CaCl,, 6.0075 M b-glucose, J.5x 1072
M unlabzlled glycine, 1 mg/ml bovine serum albumin and were 0.0081 M in the buffer
used for pH adjustment. Chloride media also contained 0.129 M XKCl or NaCl,
toluenedisulfonate media had instead 0.070 M dipotassium toluenedisulfonate plus
0.063 M sucrose. Thick sample plates of picric acid extracts were prepared and
counted as previously describzd {1, 6].

pH measurements. For glycine exit experiments, ihe relationships bztween
buffer composition and pH were determined in a separate experiment. For glycine
entry experiments, pH values were measured directly.

Calculations. The glycine exit rate coefficient is the difference between the cpm
in the media from incubated and unincubated cells divided by the average of the cpm
in the incubated and unincubated pellets of a pair. The Na*-dependent glycine exit
rate coefficient is the difference between the coefficients from Na*-filled and K * -filled
cells.

Entry rates were calculated several ways. For the simplest, the Na*-dependent
glycine entry rate was the difference between cpm/m! pellet water for incubated and
unincubated cells from Na* medium, minus the corresponding difference for ceils
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from K¥ medium, divided by the cpm/umoi glycine added to the medium. With
cpm/mi fixed, the cpm entering from K* media is independent of glycine concentration
since Na*-independent plycine eatry is proportional to glycine concentration. More
elaberate calculations were made with a minicomputer (DAC-512, Picker Nuclear).
Corrections could be made for re-exit of ' *C and changes in external glycine concen-
tratior and specific activity during incubation. Average (i.e. half initial -+ half final)
glycine concentrations were used for the double reciprocal plots. The simple and
elaborate calculations gave similar results, showing that the conditicns, chosen to
keep corrections small, did se. Thus the calculated “‘rates’ are good approximations of
2[Gly]/ct at the midpoint of the incubation tirae and average glycine concentration.

The zbove calculations gave entry rates in pmol/ml pellet water per incubation
time. To compare entry rates for C1™ cells with those for tofuenedisulfonate or
glutamate cells, an additional correction for “active fraczion” was calculated. In early
trials of restoration where dipotassium toluenedisulfonate isoosmotically replaced -
KCl, cells restored with toluenedisulfonate leaked more hemoglobin than KCi-
restored cells. A mixturz of dipotassium toluenedisulfonate and sucrose was found
allowing restoration without nitch more hemoglobin loss than for KCl-restored
cells. Since some difference in hemoglobin loss remained, we wanted a measure of the
efficiency of restoration. Therefore, [*H]glycine w.s included in the lysing solutions.
Its concentraiion was the same for Cl™ and toluenedisuifonate cells through the
annealing siep. Subsequent steps removed external [’H]glycine. ©Celis unable to
retain the [*H]glycine cannot show Na*-dependent glycine uptake. During incuba-
tion, [*H]glycine can be lost by lysis and by mediated exit. Glycine exit is calculable
from Na*-independent glycin: eniry since Na*-independent glycine entry and exit
coefFcients are thc same [I-3] and the cells were Na* poor. The 3H/peilet after
inthpation plus the calculated loss of 3H/pellet by exit should be proportional to the
fraction of cells remaining sealed to glycine at the end. of the incubation. This sum
divided by (ml water/pellet) (*H/ml of the original annealed suspensions) gave the
“active fraction™ estimates (ml *H space/ml pellet water) for the group I experiments.
This ““active fraction” for toluenedisulfonate cells averaged 69 %/ (range 80.5-61.2 9.}
of the C1~ cell values for groun | and 74 7 tor group 2. For each experiment in group
1 where ¥V {entry) for toiuenedisulfonate and Cl~ cells were compared, Vi/Vg
(in umol/ml pellet water} was divided by the ratio of “active fractions™ for the twc
cell types in that experiment.

In the group 1 experiments, much of the effect of interr. 1 toluenedisulfonate
on V (entry) arose from differences in “active fractions” as measured by *H retention.
We wanted an independent estimate of the *“‘active fraction™. In the group Z expzri-
ments extracellular space was determined bzfore and after incubation by adding
2ZNa to the chilied cell suspension just before centrifugation. The “active fraction’
was also determined by 3H retention and shouid have bren equal to one minus
extracesllular space from *2Na determination. For both tolueredisulfonate and
glutamate cells it was maller. The significance of this discrepancy is discussed later.

Medium chloride: cell chloride ratios. For the exit experiments, (Cl,;”/Cl,”)
values were estimated from the Cl~ contents of pellets and media and the extracellular
space values. Extracellular space was estimated as before [1-4] by comparing the
Na* contents of otherwise ideatical cell pellets pelleted from Na *-rich and Na™-pcor
media. For the group 1 entry experime its, a slight change in this procedure produced
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26-40 % errors in extracellular space values which grossly distorted the (Cl,~/Cl;~)
ratios. Therefore for group 1 entry experiments, (Cl,~/Cl, ) ratios were calculated
from individual pellet and media Cl~ contents and the average value for extracellular
space of ClI~ cells (359%) obtained in earlier experiments. Since pellet C1~ did not
vary with pH, an average (Cl, /Cl; ") ratio was used for group 1. This is 3.613-0.43
(S.D., n =: 9), the average of the group averages for unincubated cells (4.73) and
incubated cells {2.05). This (Cl,™/Cl; ) value agrees with the more accurate group 2
estimates where 2?Na space was used to calculate cell {C1™].

Relative C!~ and cation permeability of hemolysed and restored cells. The
Cl~ permeability must be much greater than Na* and K* permeabilities for the
(Cl,~/Cl,7) ratio to be used to measure the membrane potential. Cl~ permeabilities
of lvsed and restored Cl~ and toluenedisulfonate cells were measured by the modifica-
tion of Azzone’s method [12) previously described [5]. Cell suspensions were treated
[5]) with 15 pg/g gramicidin D for 3 min at 39 °C and chilied. At zero time 0.10-ml
aliquots were mixed with 3.00-ml portions of various prewarmed media and A¢so o
followed with a Spectronic 20 spectrophotometer. The A450.m changes with cell
volume. With appropriate solute gradients, ceil volume changes at a rate limited by
the Cl~ permeability since the gramicidin removes the barrier to Na* and K*
movements.

Permeability to K* and Nz* was assessed from changes in wet weight of
toluenedisulfonate and ClI~ celis on incubation. Since these cells were not treated

with gramicidin, C1™ permeability was much greater than cation permeabilities and
the latter limit the rate of volume change.

RESULTS

Retative Cl™ and cation permeabilities of hemolysed and restored cells

Gramicidin makes cells permeable to Na* and K*. The dose used here was
15 times that sufficien: to equilibrate Na* and K™ in 3 min [5). Such K *-permeable
cells take up or lose KCl at rates limited by their C1~ permeability. The ** x ** curve
in Fig. 2A (pH 6.1) shows gramicidin-treated toluenedisulfonate cells swelling in
hypertonic KCl medium (falling Agsonm) from their volume in hypertonic choline
chloride (@) to their volume in hypotonic choline chloride (@) in 3.5 min. This
volume change corresponds to an uptake of 130 mM Cl1~. Chiloride cell C1~ perme-
ability is illustrated by Fig. 2B (pH 8.3). Here gramicidin-treated cells in isotonic
choline chloride (m) shrink to the volume of untreated cells in hypertonic KCl (a)
(corresponding to a loss of 72 mM Cl7) in less than 3 min. Figs. 2A and 2B are
representative of results obtained at pH 6.1, 7.1 and 8.3 with both typss of cells. The
longest time to double or halve volume was 5 min. Note that the permeability
measured is net CI™ permeability, not anion exchange.

Net K* and Na' permeabilities were assessed from changes in pellet wet
weights on incubation in the absence of gramicidin. The observed weight changes
were too small to be governed by C1~ permeability, so they reflect cation permeability.
The ratio of incubated to unincubated pellet wet weights of CI~ cells (approx. 1)
was subtracted from the corresponding ratio for toluenedisulfonate cells to give the
relative weight changes. In the pH range 6.1-7.85 with 9 min incubation at 39 °C
in K* media, the relative weight change was 0:-19 (S.D.)y, # =9. At pH 8.1-8.2,
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Fig. 2. Plots of Agspam Vs- time for gramicidin-treated and control lysed and restored cells in various
media. A: Toluenedisulfonate cells, pH 6.1, were prepared, treated with gramicidin or control
solution and theitr 4gsgam Vs. time measured as described in Materials and Methods. MES was used
as buffer. %, gramicidin-treated cells in a medium with 1.6 times the normsl KCl concentration
(1.6 X145.4 mM); @. gramicidin-treated cells ia 1.6 times normal choline chloride medium; v,
control cells in 1.6 time 5 normal KCl medium; A, control cells in 1.6 times normal choline medium;
M, graimicidin-treated ¢ :lls in 0.84 times normal choline chloride medium. B: Cl~ cells, pH 8.3,
were prepared, treated with gramicidin or control solution and their Assoam Vs. tiie measured as
described in Materials and Methods. N,N’-bis (2-hydroxyethyl)glycine was used as buffer. m,
gramicidin-treated cells in medium with the normal concentration (145.4 mM) of choline chloride;
@, gramicidin-treated cells in medium with the normal concentration of KCl; X, control cells in
normal choline medium; ¥, control cells in medium with the normal concentration of KCi; A,
control cells in medium with twice the normal KCI concentration.

the corresponding value was —2.340.15%, n = 2. With cells incubated in Na*
media, the Na* permeability limits the swelling rate. The relative weight changes in
9 min were +-3.740.94% (S.D.), n =9 (pH 6.1-7.85) and +0.4541% (S.D )y
n = 2 (pH 8.1-8.2). Assuming only 50 % of the pellet water is intracellular, correcting
for dry weight, and assuining that all wet weight change is due to czll volume change,
the percentage changes in cell volumes in 9 min at 39 °C were for K* media
(pH 6.1-7.85), 04-2.3% and for Na* media (pH 6.1-7.85), +8.5.+-2.1%. The
largest change, --8.5 %, corresponds to a cation uptake of 13 mM in 9 min, compared
to the slowest Cl~ transfer, 70 mM in less than 3 min. From Eqn. 4.18 of ref. 14,
if Py were as lithie as four times Pg or Py,, the membrane potential of toluenedi-
sulfonate or glutamate cells would correspond to a Donnan ratio 2/3 of that when
Pc, is infinitely greater than Py or Py,. If P, is 10 times Px ot Py,, the equivalent
Donnan ratio is 80 9 of the limiting value.

Experiments on glycine entry
(1) Effect of pH on glycine entry in the absenice of a Donnan effect. The glycine’
entry rate (vc,) vs. pH curve (Fig. 3) indicates that two ionizable groups govern entry,
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Fig. 3. Influence of pH on the glycine entry rate in the absence of a Donnan effect. The Na™*-depen-
dent glycine entry rate, rci, into C1~ cells is plotted against the pH of the medium. The simple cal-
culations method was used (see text). Three experimenis have been normalizéd to the average pH
7 v value for presentation on a single graph. (Different symbols are used for different experiments.)
The curve is that calculated for two groups, pK values 6.8 and 7.9, required in the deprotonated and
protonated forms, respectively. For onc of the experiments (4&) the pH values were known to be
slightly underestimated at the higher pH values so that the pK estimate of 7.9 comes from the other
two experiments. External Nat: 143 mM, external glycine: 0.5 mM. These experiments are from
group 1.

TABLE 1

EXTRACELLULAR SPACE DETERMINED FROM **Na ENTRAINMENT AND [PHIGLY-
CINE RETENTION

22Na and *H space data from the group 2 experiments are tabulated here,

Cell type 23Na space One minus 3H space One minus >H space N
(perceni of pelle: {percent of pellet —2¥Na space
water -=8.D.)y water +S.D.)y
Toluenedisulfonate 37.24-1.6 48.7+1.1 11.5 4
,Glutamate 29.1+1.8 42.012.8 12.9 4
Ci- 25.44-1.0 30.811.6 5.4 8
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Fig. 4. The influence of a Donnan effect on the maximal velocity for glycine entry as a function of
pH. The ratio, VFy/ Vg, is plotted against the pH of the medium. Vy is the ¥ for the Na*-dependent
component of glycine entry into tolusnedisulfonate cells (Donnan effect present) and Vg the Vinto
Cl1~ ¢elis (no Donnan effect). Solid line and **0™ points, computer calculitions with *H space “‘active
fraction™ correction (see text); dotted line and *X™ poiats, simple calculations without *‘active
fraction’ correction. Each point is the ratio of } value determined in one experiment. The ¥ values
were obtzined from double reciprocal plots. Incubation was for 9 min at 39 °C. In order to avoid
subjective errors in calculating V and Ko, two lines were drawn for each plot, one through the
highest glycine point and just between the other two and another through the lowest glycine point
and just between the other two. The averages of the two ¥V ard Kum values were used. In most experi-
ments both Geiger and scintillation plots showed reasonably low scatter. In those cases, ¥ estimates
from bothsets of counts wereaveraged. Compositions for theseexperiments were: Na* media, [Na,*] =
14 mM, [CL,~] = 148 mM; cells in Nat media, initial: toluenedisulfonate cells, Na,* — 14.5 -1.8
(S.D.) umnl/ml coll water; average (initial/2+-final/2) Cl~ in toluenedisulfonate cells 41.04-4.4 (S.D. )
pmol/ml cell water; in C1™ cells Cl,— was 120.1 5.3 (5.D.)y umcl/ml cell water; initial glycine in
toluene-disuifonate and Cl™ ceills: approx. 0.8 gmol/ml cell water. Final cell Na* values were not
routinely determined, but in two experiments at pH 7.6 tolnenedisulfonate and Cl™ cells took up
16.1 and 18.3, 23.6 and 17.0 gunol/ml cell water, respectively. From entry rate values, cell glycine
changed by a few tenths of a umo!/ml or less during incubation. These experiments are from group 1.

a deprotonated group, pK,,, 6.8 and a protonated group, pK,,, 7.9. Fig. 3 shows
vey vs. pH rather than Vi,. but v, here is approximately proportional to V¢, since
[glycine)/K, is = 2.5 in tlus pH range (data not shown).

(2) Calculation of “‘active fractions™ from cell space retaining [>Hlglycine
and cell space excluding **Na. In group ! experiments [>H)glycine trapped during
restoration was used to estimate the “active fractions” of toluenedisulfonate and
Cl~ cells. In group 2 experiments, extracellular space was also measured with 2*Na.
One minus *H space was larger than 22Na space for both toluenedisulfonate and
gl .tamate cells (Table I). For Cl™ cells, the _terence between one minus 3H space
and *2Ma space was small, and by either measure the Cl~ cell extracellular space
was smeller than that of tolusnedisulfonate or glutamate cells. The difference between
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the glutamate cell and Ci~ cell #2Na spaces is not significant. The significance of the
different *‘active fraction™ values obtained with the two methods is considered in
Discussion.

(3) Effecis of internal toluenedisulfonate or glutamate on glycine entry rates.
Fig. 4 shows the ratio, ¥ for toluenedisulfonate cells/¥ for CI™ cells {V¢/V ;) plotted
against the pH of the medium. The solid line is through: poiats calculated with the
computer and corrected for “active fraction” from *H space (Materials and Methods),
the dotted line is through points calculated by the simple method and lacking ““active
fraction’ correctons. The latter are included to show that only the magnitude,
not the sign of the toluenedisulfonate effect depends on the “‘active fraction™
correction, to allow inclusion of an experiment where tritium data was lacking,
and to show the small effect ¢f all but the “‘active fraction” corrections. Below
pH 7, V¢ Ve is 1.7 and rises with increasing pH. The rise in V4/V¢, above pH 7
is ascribed to the cell-medium pH difference resulting from the Donnan effect
{Discussion). If this effect is subtracted, Vq/¥ is 1.7 over the whole pH range
(Fiz2. 5). Correcting Vq/V, using the one minus 2*Na space value obtained ir group
2 experiments {Discussion) gives & ¥/V, value of 1.5.

Estimates of Vg, /P were made at pH 6.9. The values were 1.601-0.16
+8.D.y, n=4) with no *‘active fraction” correction appiied, 1.704:0.14 corrected
for ??Na space., and 1.964-0.17 corrected for 3H space. The Vg,,/F¢ values show
more clearly than the Vy/Ve, values (where “active fraction’ corrections are larger)
that the Donnaan-induced increase in V is real and not an artifact due to the correc-
tions. This incn:ase ir. V is similar whether glutamate or toluenedisulfonate is used
to produce the Donnan effect.

(4) Donran effects on K, , and its component terms: K, , = (K,.K20K o)/
[Na,*"P+K'g, Kmcar ([Na,*]1 = 143 mM) varied little with pH; K, ¢, was 0.1-0.2
mM over the pH range 6.1-8.3. The Donnan effect on X,,, was small; there appeared
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FL . 5. The inuence of @ Donnan effect on the maximal velocity (V) for glycine entry as a function

of pH “‘corrected” for the inside-outside pH difference. The points of Fig. 4 were adjusted as de-
scribed in the text.
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TABLE I1

THE INFLUENCE OF A DONNAN EFFECT ON THE COMPONENT TERMS IN K= FOR
GLYCINE ENTRY

Experiment No. External K’OOT/K'GOCI‘ (K;oKzoK’Go)-;l (K1°K2°K’G°:!cl“
and cell type pH
Toluenedisuifonate
23 7.6 1.30 0.98
26 7.6 1.48 0.49
27 7.6 1.71 0.44
7 7.6 1.44 (.63
Averag’ 1.4840.085 (S.D.)y 0.6310.12 (8.D.)y
4 6.5 1.23 0.63
24 7.1 1.61 0.78
K".?o(}lullx'(il){.‘lh (KloKZOK'Gn)Glu/(KlQI{ZOK’Go)CIb
Glutamate
5 6.9 1.30 0.74
6 6.9 0.97 (1.28)° 0.58
Average 1.11 (1.29)° 0.66

» Measurements were macle of Na+*-d:pendent glycine entry rates at three (non-zero} Na* con-
centrations with both toluenedisulfonate and Cl1~— cells in each experiment. The reciprocal entry
ratc (1/v) was taken to be: 1/ ¥« {(K1oK2.K o/ [INa* 12 4-K'G,)/ [Gly]+1}. The slopes and intercepts
of plcts of 1/v vs. 1/[Na+]? were measured. As a first approximation, K’g, was taken to be Kn at
143 mM Na* at the appropriate pH. Using this value, an estimate of 1/ ¥ was made from the inter-
cept (= K'gof VIGly]-+ 1/ V) and then an estimate of K,,K;,K g, was made from the slope (= Ky, Ka0o
‘ol V {Gly]). This estimate was used to obtain a new estimate for K'ge from Km (= K1,K2,KGo/
[Na+)2+ K‘go). The process was repeated until recalculation produced no significant change. The
ratios of values from the last literation are shown.
®The K\)oK2.K"::s and K’g, values were calcuiated from the equations: K,,K:.K’Ge = {Km + IGlyl}/
{Q/MNa*F)+(/iNa*1L,M} and K'go = {(K10Kz20K'go/[Na* 1;*)—[Gly]}. Ki was cbtained from a
plot of 1/V vs. 1/[Gly] at a fixed [INa*} (133 mM] which is the “[Na+*}” in the above equations.
[Na*];2 was obtained from a 1/v vs. 1/[Na*]? plot at fixed [Gly] (0.20 mM) which is the “[Gly]”
in the above equations. [Na*];? is the [Na*]* value giving 1/v equal to twice the intercept. Both
plots had four points and data for both piots were obtained in the same experiment.
¢ The K, &1 and Ky, giu values obtained here differed slightly from each other. 'When these values were
used, the K'gociu/ K'aect values listed to the left of the parentheses were obtaired. However, these X,
values were not significantly different and the values in parentheses are calculated assuming
Kn, c1 = K, g1+ Toluenedisuifonate cxperiments were made in group 1, glutar .te experiments in
group 2.

to be a trend in K, /K, o, from approx. 0.8 at pH 6.1 to approx. 1.2 at pH 7-3
(data not shown).

The Donnan effects on X, K, . K’g, and K'g, were also measured. Values of
(K1oK20K 6ot/ (K10K20K Go)or and (K'Golt/(K'Go)cr are given in Table II with
toluenedisulfonate cells for external pH 7.6. Also listed are single values at pH 7.1
and 6.5, and the analogous ratios obtained with glutamate czlls at pH 6.9. The
Donnan effect lowered (KIOKZOKGO) l.5—-l.6~f01d; {(KIDKZOK’GD}TI(KIOKZOK'GO)CI}_ t
== 1.59, {(KloKZoK‘Go)G!u."(KloKZoKlGo)CI}_1 == 1-52). These ratios are similar to
Vi/Va (1.5, corrected for 2*Na space) and V), /V; (1.7, corrected for 22Na space).
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Fig. 6. Effect of varying internal toluenedisulfonate on glycine entry rate. ¢y/ve is the ratio, (Na*-
dependent entry rate into toluenedisulfonate cells)/(Na*-dependent entry rate into C1- cells). The
averages of incubated and unincubated cell C1- values werc used and from these, cell Cl1™ concentra-
tions were calculated using the **Na spaces. (Cl,”/CL™) is the medium {CI1 )/cell [Ci™] ratio for
tolusnedisulfonate ceils divided by the corresponding ratio for Cl™ cells in the same expuriment.
(CL,~/CL,~Y reflects the change in membrane potential produced by replacing cell Cl~ with toluene-
disulfonate. X, vy and r¢ are gmol of glycine/ml pellet water entering in 4 min with no *“‘active
fraction™ corrections used; @. M, the X points *“‘corrected” for *2Na space, i.c. multiplied by (one
minus *?Na space)a/{(one minus 22Na space)y; @ and B, points {rom different experiments; --, the
X poikts corrected for *H space; i.e. multiplied by (CH space)c/(*H space)r. The solid curve is the
calculated one for the interpretation given in Discussion. The dashed curve is the calculated contri-
bution of the inside-outside pH. difference alone at external pH 7.4. The short dashed line at vy/ogy =
1.7 is the average Yq/Vc corrected for 3H space from the group 1 experiments. In the experiments
shown in this figure, glycine was 0.46 mM and Nug,* 133 mM. Since K is only slightly aifected by
internal toluenedisulfonate, and the glycine concentration is approx. 2.5 times Km, Vi/Vc and
vylvey are approximately equal. These experiments aze from group 2.

With toluenedisulfonate cells, the Donnan effect on K’g, was opposite to that on
K, K,,K'Go; 1" former was raised 1.48-fold while the latter was lowered 1.6-fold.
With glutamate cells the effect on K’G, was less clear though probably similar.

(5) Effects of varying (CI,”|Cl;") on glycine entry rates. (Cl,”[Cl,”) was
varied by replacing cell Ci~ with toluenedisulfonate or glutamate. Fig. 6 shows the
resulis with toluenedisulfonate cells, a plot of vr/vcy vs. (Cl,~/Cl; ™) = (Cl,~/ClL;™ h/
(C1,”/Ci; 7 )c)- 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 of the Donnan-induced membrane potential plus the effect of the
Donna:-induced inside-outside pH difference. The dashed line in Fig. 6 shows the
calculated effect of the pH difference alone. Calculations were made according to
the interpretation of these effects given in Discussion. The experiments shown in
Fig. 7 were made at pH 6.9 so the effect of the pH difference alone is insignificant.
The plots of the entry rate ratios against (Cl,~/Cl,”)’ are consistent with our
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Fig. 7. Effect of varyving internal glutamaie on glycine entry rate. v;,,/vc is analogous to vrfra
{Fig. 63 and (Cl,~/Cl;") was obtained the same way. As in Fig. 6, ‘“ X points are uncorrected,
solid points {(different solid symbols show data from different experiments® are the * ™ points
corrected for 22Na space, and **-+*" points are the ** X *” points corrected for *H spece. The horizontal
bar at vs,,/vey = 1.7 is the averags of the ' X points. The solid line is again the theoretical curve
but, since the pH of the medium was 6.9, the effect of the inside-outsid: px ditference is negligible
and is not shown. There was no significant difference in cell Ma* for unincubated glutamate and CI~
ceils. This cell Nat was 12.7 umol/ml cell water +1.9 (§.D.); +0.7 (S.D.)u, 7= 8. For incubated
glutamate cells, cefl Nat was 23.44-8.1 (S.D.); 1+4.0 (8.D.)»y n=4 and Horincubated Cl- cells,
17.44-3.2 (§.D.); +1.6 (§.10.); n:=4. The difference is smail and not s‘atistically significant. These
experimants are from group 2.

interpratation in that (i) the calculated line falis within the enveiope of data points

correctzd for 22Na space aud (ii) the points are better represcnted by a convex curve
tkan by a concave or linear one.

Experiments on glycine exit

(1) Effect of external toluenedisuifonate on Na*-depende:: glycine exit.
Measurements were made over the external pH range of 6.1--7.7. Wirhin each experi-
ment, Na*.dependent and Na*-independent exit rate coefficients with and without
external toluenedisulfonate were measured at two pH vatues. Fig. 8 shows the ratio
of Na*-dependent exit rate coefficients with and withoat ‘rans-toluencdisulfonate,
vi/vee plotted against external pH. Values obtained in the same experiment are
connected by solid lines. External toluenedisulfonate increased vy/ve, nearly 2-foid
at the lowest pH, but only by about 1.2-fold at higher pH. The average of the vy/vg
values between pH 6.4 and 7.0 was 1.2244-0.021 (S.D.\,, n = 5). The interpolated
value at pH 6.85 from the lowest line is 5.6 S.D. away from the mean. However,
its inclusion gives vpfvey = 1.1764+0.052 (S.D.y, 7 ==6). The pH-insensitive trans-
toluenedisulfonate effect on exit appears much less than the effect on eantry despite
the larger Donnan ratio, 11 vs. 3.6.
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Fig. 8. The influence of a Ponnan effect on the Na*-dependent glycine exit rate coefficient. The
ratio, 1y/ver. is plotted against the pH of the medium. »y is the Na*-dependent glycine exit rate
coefficient into toluenedisulfonate medium (Donnan effect present) while v, is the corresponding
exit coefficient into Ci~ medium (no Donnan cffect). Determination of vy/rc, was always made at
two widely separated pH values within each experiment and ithe members of such pairs are shown
connected by the solid lines. Internal Na*, 126 mM; external Na*, approx. 0 mM. These experi-
ments are from group 1.

Fig. 9. Na~-dependent glycine exit rate as a function of extsrnal pH in the absence of a Donnan
effect. The Na*.dependent glycine exit rate coefficient ¥, (no Ponnan effect) is plotted against the
pH of the medium. Values of vq; at two widely separated pH values were obtained in each experiment
and the plot shown was constructed by normalizing the segments from different experimerdts to the
overlan regions. Data are from the experiments whose /v, ratios are shovn in Fig. 8.

The effect of external tcluenedisulforate on v (exit) was measured with cell
Na' = 25 mM instead of 126 mM. Tha v/vc, values from two experiments, external
pH 7.05, were (expt. i), ! 53 and (expis. 2a and 2b) 1.19 and 1.00; average: 1.254-0.16
(S.D.py, 7 == 3). This value is similar to vy/ve, at high internal Na™.

(2) Effects of pH on Na*-dependent glycine exit in the absence of a Donnan
effect. A plot of exit rate coefficients (v¢;) vs. external pH was constructed (Fig. 9)
from data for exit in the absence of external toluenedisulfonate by normalizing the
(overlapping) pairs of points. There is an abrupt drop at low pH corresponding in
position and size to the rise in vy/ve, seen in Fig. 8. This exit curve is quite different
from the curve of entry vs. pH (Fig. 3). The low pH drop (exit) appears at a different
PH than that for entry and no drop in exit is seen at high pH.

Low pH might lower vc, because of changes in V (exit), X, (exit) or both.
We tried to measure K, and V for exit at two pH values, 7 and 6, within thc same
experiment. The points were too badly scattered to give reliable values for K, and V,
but the ratios of exit rates at the two pH values appeared independent of glycine
concentration (i.e. K, (exit) was similar at the two pH values). Thus much of the low
pH inhibition of exit is probably due to inhibition of ¥ (exit).

DISCUSSION

There are several effects of trans-toluencdisulfonate or glutamate to be con-
sidered. One, of primary interest, is the interaction between the Donnan potential
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and charge moving across the membrane. An effect could also arise from the Donnan-
incduced difference between internal and external pH. A third effect comprises actions
of toluenedisulfonate or glutamate as reactive chemical entities. A fourth effect is
a response of glycine transport to the necessary lowering of trans-Cl™ upon its
replacemernt by toluenedisulfonate or glutamate.

Direct effects of cell CI~. The increase of glycine entry upon replacing cell
Cl™ with toluenedisu!fonate or glutamate is not directly due to lowered cell Cl-.
High [C];”] would then have to inhibit entry. From earlier studies {11] on anion
dependence of glycine entry into intact cells with no Donnan effect ([Cl,”] = [CL;~)),
C1~ behaved as a pure co-substrate giving linear 1/v vs. 1/[C1™] plots from 148 to
4 mM [Cl™]. A superimposed inhibitory effect of [{Cl;~] should have produced
concavity. Also, in the present studies, replacing cell CI~ raised ¥ whereas in the
previous studies [l1] where [Ci,”] and [Cl,”] varied together, only K, was
affected. Finally, in the present studies K, K,K g, and K’g, were oppositely affected
by C.;” replacement, but changing [Cl,”] should alter & _, which should change
K, K;K'g, and K’g, in the same direction.

Effects of glutamate and t.!wenedisulfonate as reactive chemical entities. Direct
effects are unlikely because toluencdisulfonate lacks reactive groups, chelating ability
and large hydrophobic regions. Also, the quite different anions, toluenedisulfonate
and glutamate, have similar effects. Further, with the impermeant anion cis to
glycine, the Donnan effect should vppose glycine movement; such inhibition of e “try
was seen [6] when either toluencdisulfonate or mucate replaced Cl~ in the medium.
Part of this “mucate inhibition” can now be ascribed to lowered cis [Cl™]{11] but
V(entry) was also lowered and [Cl~] does not effect ¥. Thus there is similar trans-
stimulation of ¥(entry) by toluenedisulfonate or glutamate and similar cis-inhibition
of v(entry) by toluenedisulfonate and mucate. The common element is the associated
Donnan potential. Another possibility, that toluenedisulfonate or glutamate cells
had higher cell Na* than Cl~ cells is also eliminated since they did not. Cell Na*
contents are listed in the legends for Figs. 4 (toluenedisulfonate) and 7 (glutamate).

Effects of pii. I'rans-Toluer:edisulfonate raised ¥ (entry) at all pH values tested
(Fig. 4) but this risc was pH dependent only above pH 7. This pH-dependent rise
mirrored the drop in vg at high pH in the absence of toluenedisulfonate (Fig. 3)
governed by a group of pK,,, 7.9. This rise in Vy/V¢ at high external pH might
result from the Donnan-inducei reduction of internal pH if' entry requires the
protonated form of the pK,,, 7.9 group at the internal face of the memb-ane. This
assumption fits the data. When Vy/ ¥V, is corrected for the effect of pH seen on vg,
(Fig. 3) by multinlying V,/¥, by [HA/(HA+A7 ) u,-o.556 fOr a group of pK 7.9,
the pH dependence is entirely removed (Fig. 5). The average pH-corrected Vi/V,
value is 1.6984-C 957 (S.1..)y, n = 8 compared with the value of 1.7 at low pH values
(Fig. 4). Since cells are quite permeable to H* {unpublished titration data),
[H;*)/[H,*] should be equal to [Cl,~}/IC}," ).

The data of Fig. 3 indicates that entry requires another group with a pK,,, of
6.8 in the deprotonated f.:rm. Since ¥V,/F¢, is pH independent in this range, entry
presumably requires the deprotonated form of the pK 6.8 group at the external face
of the membrane.

Similar relationships appear for exit. Exit drops at low exterral pH in the
absence of 2 Donnan effect (Fig. 9). The rise in »1/ve, (Fig. 8) mirrors this drop,
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suggesting that a group with a pK,,, of 6.2 is required for exit in the deprotonated
form at the inner face. When toluenedisulfonate replaces Cl, ™, the rise in internal pH
deprotonates the pK 6.2 group which raises vy relative to »g).

Effecis of membrane potential. (a) Assessment of the role of the “active
fraction™ corrections in estimating V/V(,. Such corrections must be considered
because both toluenedisulfonate and glutamate cell pellets have more extracellular
space than Cl1™ cell peliets. In group 1 3H space was used for the *“active fraction”
correction. However, 3H space was smaller than one minus 22Na space for toluenedi-
sulfonate cells (Table 1). One minus 2?Na* space is a better measure than *H space
of the space retaining toluenedisulfonate or glutamate and excluding Ci~. We
conclude this because [Cl;”] values calculated from the total Cl™ in the original
unlysed cells and the lysing and restoring solutions agree better with [Cl;~] values
determined from pellet C1™ and extracellular space when ?>Na space rather than
one minus *H space is used. Some [C]; ] values obtained using *H space were less
than zero. Also, 22Na space is equal to the space occupied by [!*C]lglycine in the
cold (data not shown).

When the data of Fig. 4 is corrected using one minus 2*Na space instead of *H
space the pH-independent part of Vi/V, is 1.5 instead of 1.7. The ?2Na space
correction seems valid since V!V, and Vg, /Vc corrected for one minus 22Na
space are similar (1.5 and 1.7, respectively) and where the correction is smaller
(glutamate cells), the uncorrected V ratio is higher. (Uncorrected Vi/V and
Vaw/ Ve values are, respectively, 1.25 {Fig. 4, pH 6-7) and 1.6.) We conclude that
the pH-insensitive component of the acceleration factor for V arising from a Donnan
effect, 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
Vow/ Ve than for V3/V, and the higher ionic strength or the sucrose in toluene-
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 cel! 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 potentia! with a “moving” charged group.
“Movement™ means relative movement between charge and field gradient; the latter
rather than the former might move relative tc the membrane.

(b) Assignment of membrane potential effects to steps in the translocation
moiiel. The next questions are, which step(s) in V(entry) = Ekk_o/(k3+k-o)
are affected and how much charge moves. The step could be that governed by k;
for ENa,GCl, e} ENa,GCl,, and involve inward movement of positive charge,
or that governed by k_, for E; ke E,, involving outward movement of negative
charge, or some combinution.

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
paraliel to the poteniial gradient must obey Egn. 1:

(ksilk_3)ae = (kailk 1) 4 =g - €5F47/RT M
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AE is the potentisi difference between the positions, not necessarily the fulf trans-

membrane potential. The equilibrium concentratior: ratios of all of the transported
species must obey Eqgn. 2:

[T (ST (5 = asieT @

§, + - §, includes all species ¢o- or countertransported (not just those known to be),
AE is the full trans-membrane potential and z is the sum of charges transported.
TT12(S1)o/112(S}); is cqual to the product of the rate constant ratios over the reaction
path. The reaction path is the sequence of steps nicessary for one transport event.
The reaction path of Fig. 1 gives Eqn. 2:

. - - _(_\Ia: )*(CI; ) G,) —_ kok _ (K K3oKciolao) _ _:FaE/RT
LT S)/IT 6y (NP Y (CE )G)  Keoka(Ky KniKauKa)) @)

with z=2-(+1)+1*(—1)+0 if two Na*, on: Cl- and one glycine are co-
transported 2ad no other sp:cies are co- or countertransported. If AE =0,
kok _ 3(K oK Kc1oKGo) = k.. ok (K, ;K3 K Kg;Y as required by microscop:c reversi-
bility.

Eqns. 1-3 must be obeyed b any transport mechanism because their violation

allows perp:.:al motion machitws to exist. We can construct 2 simple passive
transport model, e.g.

Ku,0 k2 Kso ka k
E.+S, = ES,. ES, < ES,, E,+3, <= ES,. E, = E,. 5¢ = Kock-2ks
k-2 k-g Si Ks,ikzk—4

as can be shown either by deriving the rate equutions and solving for v(entry) =
v(exit) or by recalling that fre» <nergy is a state function so that AF = 0 going from,
e.g. £, around the reaction path back to E,. Such a model can b constructed where
all steps do obey Eqgn. 1 and some unique equilibrium value f:r 5,/S; obtained. If
Eqn. 1 could be violated for any step, the resuiting equilibrium S,/S; would be
different and coupling the two “equilibria” would produce perpstual motion. For
simplicity here, S is assumed uncharged, so no current flows and no energy is drawn
from the source of the imposed potential. Egns. 2 and 3 follow bscause the equi-
librium value for S,/S; produced by passive transport and by simple diffusion cannot
be different or again a perpetual inction machine could be constructed by coupling
a simple diffusion leak and a passive traasport mechanism.

To assign membran: potential effects (o steps in the model we start with the
kinetic equation (Fig. 1, legend) [4]. ¥V and the two terms in K,, K'g. and
K,K,K'G,, all contain reorientation rate constants k_q*:-ky. V= E&k_,/
(ki_co)+k3), K'go = Kook _o/(k_»-+k;) and K, K,K'g, = KoKz Kok - o +ko)/(Kk o
+K3).

Kg,. KiK. K, etc. describe icactions with no vectora! components normal
to the cell surface so the membrane potential should affect K';, and K,K,K'G,.
as weli as ¥V, by altering the reorientation rate constints. The rate constants
in ¥ and K'g, differ by the factor k; in the numerator of V. Since V and X'g,
were similarly increased by the membrane potential by factors of ', and
1.5, respectively, the membrane potential effect on k3 is small and k_, is the
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affected constant. That is, the empty but not the fully ioaded mechanism is chacged
and, since V is increased, the charge is negative. The same charge Iocation and sign
was obtained, together with an estimute of the size of the charge by calculating the
membrane potential effects on X, K,K'g,. ¥V and K'g, expected from various assump-
tions about the size and locaticn of the charge. To do this, values were needed for
k _ofk;and ko/k_ 5. Fromi previous work [4], these values depend on the value chosen
for “p" = K ;K3 K/ K 1oK20Kco With p, = 1 we c._iculated the effects on ¥, K'g,
and K, K,K'g, with one and two units of charge distributed in zll possible ways over
the steps described b, X _,, k¢, £ 3 and k5 (Table III). For example, with one unit of
negative charge on E and no charge on ENa,CiGly, k_y/ky would be increased
(Eqn. 1) by a factor of 3.6 (the Donnan ratio). If &_, and &k, were equally affected
they would be, respectively, increased and decreased 1.9-fold. This gives Vi/V¢ =
1.79, K'got/ K'Ggoct = 1.79 and KK, K’ o1/ K1 K2 K Gocr == 0.69 vs. the observed values
of 1.7, 1.48 and 0.63. All other charge assignments gave poorer fits. If, e.g. the charge
on E is —4 and that on ENa,CIGly is +1, Vy/¥q, K'gor/ K Goct and K K K’ gov/
K, KK’ are respectively 1.38, 1.00 and 0.60. Although the calculations of Table
I depend somewhat on p,, the dependence is weak. Thus for line 1a the range for
p. = 100 to p, = 0.1 is from 1.9 to 1.39 for K’;,, 0.54 to 0.84 for K, ,K;,K'g,, and
from 1.9 to 1.39 for V.

The same charge assignment explains the small observed effect of the
membrane potential on exit; the calculated »y/r¢; is 1.15 (p, = 1), the observed
pH-independent part of »¢/vc, is 1.2 (Fig. 8). For p, = 100, »y/y¢; = 1.02 and for

TABLE 111

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

f(k3) ftk-o)  f(ko) Vi K'gor (K1oK2uK ol _
VCI K‘GQCI (KADKZEK‘G\))CI
ta 1 1.9 /1.9 .79 1.79 0.69
2a 1.38 1.38 1/1.38 1.38 1.00 0.60
3a 1.9 i 1 1.03 0.54 0.54
4a 3.6 1 1 1.03 0.29 0.29
sa ! 3.6 1 3.06 3.06 i.18
6a 1 H 1/3.6 1.00 1.00 0.29
1b 1 3.6 113.6 3.06 3.06 0.66
2b 1.9 1.9 /1.9 1.90 1.00 0.39
4b 12.96 1 ] 1.067 0.08 0.08
5b 1 12.96 1 7.13 7.13 1.54
6b 1 1 1/12.96 1.00 1.00 0.22

* The “f™" factors are the factors by which the indicated rate constants of Fig. 1 would be affected by
a membrane potential giving a Donnan ratic¢ of 3.6 under various assumptions as to how much
charge (>) moves at each step and how the effect is distributed between the forward and reverse rate
constants of the affected steps. The letter “a” in the left hand column indicates z = +1 and “b"
indicates z = 4-2. Thus for 4a, z = +1 and the full effect is on ka1, 50 k3 is increased by a factor
of 3.6; for 1a, z = — 1 and the effect is equally distributed between k.o and ko; for 2a, z = 43} for
the &5, k_a pair (k.3 does not appear in the listed entry parameters) and —} for the k_,, ko pair
and is equally distributed among al! fou: constants. 3b would be the same as 4a and so is not lisced.
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p. = 0.1, vy/ve; = 1.49. In view of the experimental errors and simplifying assump-
tions, the agreements are at least as good as can bec expected. All effects fit the
interpretation that reorientation of E moves about one unit of negative charge and
reorientation of fully loaded mechanism moves virtually none.

Roleof CI™: The appearance of a [C]™ ] verm in K, [11] suggests that ENa,GCHt
rather than ENa,( is the productive complex. \f Cl™ is cotransported, the membrane
crossing step involving E carries only one unit less positive charge than that for
ENa,GCl (Fig. 1). This rationalizes the Cl~ kinetics with the Donnan effects.
This is the basis foi the inference that Cl™ is cotransported.

pH effects in the absence of tcluenedisulfonate: The pH effects on exit differ
markedly from those on entry (Fig. 9 vs. Fig. 2). However, V(exit) =Ekok_,/
(ko+k_3), and is dominated by k_... With p, =1, k;/k_3 = 2.3. V(entry) =
Ek _okyf(k_o+k2) and is dominated by k_g: k_ofk3; = 0.073 with p = 1. If
different steps Himit entry and exit, the different effects of pH are plausible. We could
assign the pK 6.2, 6.8 and 7.9 groups 10 individual steps in the exit and entry processes
so as to account for the observed pH effects. Since these assignments are not
necessarily unique they are not given. Since consistent assignments can be made,
the pH effects do not conflict withh our model or interpretations.

Compar:son of expected behavior of various transport micdels with observed
behavior. The glycine transport system is unlikely to be a translational mobile carrier
(“ferry boat”). First, it is probably too large. The homotropic interactions between
the two Na™ and the heterotropic interactions between Na* and glycine {1, 4] and

stween anions and glycine [11] as well as the large increase in the trans-membrane
transfer rate constant after the disodium form of the porter combines with glycine
[4]. are standard kinetic signs of an allosteric protein. This implies at least four
allosterically interacting binding sites. From the compilation of Klotz et a'. [15],
proteins that complex have molecular weights of 96 000 or more. The known
transport proteins are not particularly wmalli comparzd to proteins in general
[14, 16-28]. A protein with a molecular v-eight of 10° would simply span a bilayer.
Second, the slight, pH-independent charge transport is not expected for a transla-
tional mobile carrier. Both transport proteias and hydrophobic membrane proteins
have normal conteats of histidine and nea:ly normal contents of charged residues
{14, 17, 19-23, 29-40]. A 10° dalton protein should have 100200 charged residues.
Unless these just balance by chance, there shiould be a sizable net charge at neutral
pH. There should also be several histidine residues and N-terminal amino groups
making charge transport pH dependent. Note that rate constant ratios are altered

by the Donnan ratio to the z't power (z = charge) and so rates are very sensitive to
charge.
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