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Interactions between intracellular pH (pH,) and H +-coupled transmembrane transport of glycine have been 
studied by means of 31p-NMR, using both aerobic and 'energy starved' cells of the yeast Saccharomyces 
cerevisiae. The general features of glycine transport in the yeast strain used (NCYC 239) are similar to those 
already reported for Saccharomyces carlsbergensis and S. cerevisiae, there being two kinetically distinct 
glycine uptake systems, with pH-independent KI/2 values near 14 and 0.4 raM, respectively, but pH-depen- 
dent maximal velocities. Glycine transport itself has no measurable effect on pH, in aerobic cells, and only a 
marginal effect in energy-starved cells, hut changes of pH,, imposed by extracellular addition of butyric acid, 
strongly influence glycine transport. Indeed, the dependence of glycine influx (in energy-starved cells) upon 
cytoplasmic H + concentration appears to be third order, showing Hill slopes of 2.7-3.0. A crucial kinetic 
role for cytoplasmic pH in glycine transport is further indicated by a proportionality between the decline of 
flux and the decline of pH, produced by various metabolic inhibitors and uncouplers. Extracellular pH (pH o), 
by contrast, has only a weak effect on glycine influx, showing a Hill slope of 0.5. The major observations can 
be accommodated by a simple cyclic carrier scheme, in which 2 or more protons are transported along with 
glycine, but only one extracellular proton binding site dissociates in the testing range, with a pK near 5.5. 
The model requires a finite membrane potential, which must be somewhat sensitive to both pH i and pH o, and 
accommodates the discrepancy between measured net proton flux (one per glycine) and the kinetically 
required proton flux (two or more per glycine) by shunting through other proton-conducting pathways in the 
yeast membrane. 

Introduction 

There is now almost overwhelrmng evidence, of 
both kinetic and thermodynamic nature, for 
cotransport of protons along with various solutes 
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into bacterml, fungal, algal, and higher plant cells, 
as was originally postulated by Mitchell [1] Exam- 
ples that have been studied in detail include lactose 
transport m Escherwhta coh [2,3], glyclne transport 
in Saccharomyces [4] and Lemna gtbba [5], glucose 
transport in Neurospora [6] and Chlorella [7], 
sucrose transport in Rtcmus cotyledons [8,9] and 
Samanea pulvml [10], and a variety of amino acids 
in Arena coleoptiles [11]. In all of these cases, 
solute entry into the cells is accompamed by up- 
take of protons and by depolarization of the plasma 
membrane; and maximal steady-state levels of ac- 



cumulated solute appear quantitatively related to 
the energy available from the electrochemical 
gradient of protons [6,11 13]. 

Nevertheless, numerous questions concerning 
both physiological and molecular mechanisms of 
proton cotransport remain unanswered In particu- 
lar, the magnitude of solute-dependent proton flux 
has been unequivocally defined in only one or two 
systems; and the physiological consequences of 
that flux are matters of speculation only This is so 
in part for methodological reasons solute-coupled 
proton flux is usually deduced from alkallnlzatlon 
of extracellular medium, since sufficiently rapid 
and sensitive methods for measuring the expected 
changes of intracellular pH have not generally 
been available, But metabolic factors also intro- 
duce considerable uncertainty into the measure- 
ment of proton fluxes. In yeast, for example, Eddy 
and Nowackl [14] and Seaston et al. [15] observed 
maximal uptake of protons associated with glycine 
transport (stoichlometry of 2 H + . 1 glycine) only 
when energy metabolism had been completely 
blocked by the simultaneous presence of 2-de- 
oxyglucose and ant~mycln A With partial energy 
restriction (absence of Inhlbltors, but also absence 
of glucose), glycine stimulated a smaller proton 
flux (stoichxometry of about 1 : 1) And under en- 
ergy-replete conditions (glucose and oxygen abun- 
dant, no inhlbitors present), addition of glyclne 
caused no significant deflection of the extracellular 
pH trace These observations were interpreted to 
mean that, whenever sufficient metabolic energy ~s 
available, protons entering the cells via the glyclne 
cotransport system are pumped out almost im- 
mediately, presumably by an electrogemc proton 
pump, which has been identified m yeast and 
other fungal membranes [16,17]. But neither a 
direct demonstration of accelerated proton pump- 
lng nor any evidence for approprmte cytoplasmic 
acidification, in the presence or absence of meta- 
bohc energy, has been given 

A second, related, problem concerns possible 
effects of changes in lntracellular pH on the be- 
havior of the cotransport system itself Komor  et 
al. [18] have shown that in Chlorella a drop in 
lntracellular pH, brought about by addition of 
uncouplers, caused severe inhibition of H +-depen- 
dent hexose cotransport And Sanders and Hansen 
[19], using internally perfused lnternodal cells of 

the giant alga Chara coralhna, demonstrated that 
lowered lntracellular pH likewise suppresses H+- 
dependent chloride uptake. In both cases the effect 
could be described by a simple career  model of 
cotransport in which binding and release of the 
solute and protons are strictly ordered: hexose (or 
chloride) binding before protons at the outside 
surface of the membrane and releasing first at the 
inside surface [19,20] The possibility that a simi- 
lar, ordered mechanism might operate in yeast Js 
intriguing 

Obviously, any systematic approach to these 
questions demands measurement and control of 
intracellular pH (pH,),  as well as extracellular pH 
(pHo). Slow or static measurements of pH, have 
been accomplished on yeast, algae, and bacteria by 
using weak acids as distribution indicators 
[15,18,21,22], and intracellular mlcroelectrodes, 
which generally give much greater sensitivity and 
time resolution, have become available for use 
with the larger cells of Neurospora and the giant 
algae [23,24] But a technique which appears to 
have more general applicablhty is nuclear mag- 
netic resonance of phosphorus-31 (31p-NMR, 
[25,26]). Thus far it has been used on yeast to map 
phosphorylated intermediates and explore the be- 
havior of pH. with respect to glycolysIs, oxidative 
metabolism [27,28], cell division [29], sodium and 
potassium transport [30] and phosphate transport 
and vacuolar partitioning [31,32] It has also been 
used to extract reaction rate constants for ATP 
synthesis [33]_ The speed (temporal resolution of 
15 s or less), sensitivity (pH resolution of about 
0 03 unit), and non-lnvaslve nature of 31p-NMR 
make it very attractive for study of transport, and 
the experiments described below were lmtiated to 
take advantage of this technique in order to re- 
solve some of the main questions concerning pH. 
and proton-dependent solute transport 

Glyclne uptake by the general amino acid per- 
mease of yeast was chosen for study, because of 
the extensive background information (about sub- 
strate specificity, stoichlometry, and energy-depen- 
dence) already available, largely from the work of 
Eddy and his collaborators (see review by Eddy 
[4])_ A surprising initial result was ob ta ined  that 
the change of intracellular pH which should 
accompany the proton-coupled transport is barely 
measurable. This finding (paralleled by results on 



glucose-proton cotransport in Neurospora, oh- 
tamed with pH-microelectrodes (Sanders, D., 
unpublished observations)) prompted detailed 
measurements of cytoplasmic buffer capacity, ionic 
exchange, metabolic dependence, and pH,-depen- 
dence of glycme flux in S cerevlsme, m order to 
determine whether the glycine uptake system m 
that species is m fact functionally equivalent to the 
more extensively studied system in S carlsbergen- 

sls [15,34] The results obtained permit proton- 
glycine cotransport in S cerevtstae to be formally 
described by a simple Class-I charge-dependent 
carrier mechanism [20,35] having a proton : glycme 
stoichlometry of 3 1 (2 1 or greater), with ordered 
binding and release of hgands 

Experimental Procedures 

Cells Strain NCYC 239 of Saccharomvces 
cerevlstae was used m this work and was main- 
tamed according to the procedures of Eddy et al. 
[12] Cells were grown on a reciprocating shaker at 
25 °C, following inoculation into liquid medium 
containing mineral salts and 2% glucose, with am- 
monium sulfate as the nitrogen source. When sus- 
pensions had reached a density of about 5 g wet 
weight of cells per liter (late log-phase), the cells 
were harvested by centrlfugation (1000 × g for 3 
rain), washed twice and resuspended as a dense 
slurry (1 part cel ls : l  part water) in ice-cold dis- 
tilled water, then stored at 4 °C  for up to 18 h 
Before most experiments, suspensions were brought 
to 30°C for 40-60 mln, by addition of standard 
buffer medium (see below) containing 100 mM 
glucose. Thereafter, the cells were recollected, 
washed, suspended m distilled water, and stored 
(for up to 1 h) at 4 °C  For experiments, rewashed 
cells were again mixed with standard buffer 
medium, at controlled densities between 2 and 25 
mg dry w t / m l  medium. 

Buffer soluttons. The standard buffer medium 
for flux experiments on energy-replete cells was 20 
mM Tris citrate at pH 4 5; for energy-restricted 
(starved) cells, antamycm A (0.5 ~ g / m g  dry wt. of 
cells) and 2-deoxyglucose (5 raM) were added to 
standard buffer medium The suspensions were 
bubbled with 95% 02/5% CO 2 for experiments 
with aerobic cells, and with 95% N2/5% CO 2 for 
experiments with anaerobic or starved cells Solu- 

tlons buffered at other pH values were prepared 
by tltrating 20 mM Trls hydroxide with the 
required amount of citric acid In preliminary 
experiments, other buffer solutions, such as 20 
mM damethylglutarlc acid supplemented with 1 
mM CaC12 [36], were tested and found eqmvalent 
to standard buffer medLum for glyclne-, H +-, and 
K +-flux measurements. 

Isotope measurements Buffered cell suspensions 
were pre-equlhbrated on the reciprocating shaker 
(30 o C, 90 cycles/mJn; + lnhlbltors, as indicated 
in the figure legends) for 5-10 minutes, after which 
glyclne uptake was imtlated by addition of 14C- 
labelled glycine (New England Nuclear Corp,) at 
final specific activities of 0.003-3 0/~C1/mol,  de- 
pending on the total glyclne concentration. At 
a p p r o p r i a t e  intervals,  1-ml samples  were 
withdrawn and rapidly mixed with 7 ml of ice-cold 
20 mM Trls-cltrate at pH 7.1, as described by 
Eddy et al [12]. Cells were harvested by centrlfu- 
gatlon, washed twice with iced buffer, and ex- 
tracted in hot distilled water (2 ml, 95 ° C, 15 
rain). 0 3-ml allquots were subsequently diluted 
into 5 ml of Aquasol (New England Nuclear Corp ) 
and assayed for radioactivity with a Beckman LS- 
3150T liquid scintillation counter Control experi- 
ments revealed no significant leakage of radioac- 
tivity from the cells during washing, so that more 
than 95% of the total radioactivity was carried into 
the extraction fluid. 

Potasstum and proton fluxes. For ion fluxes as- 
sociated with glycine transport, cells were sus- 
pended in buffer at a density of 15-25 mg dry 
w t / m l  and poured into a water-jacketed vessel 
(30 ° C, 30 ml) containing a glass pH electrode, a 
PVC-K + electrode (see below), and an NaC1 bridge 
to the reference electrode. (1 M NaC1 was used in 
the bridge, in order to avoid potassium leakage 
from a standard 3 M KCI bridge.) The two ion- 
specific electrodes and the reference electrode were 
connected to two chopper-stabilized high imped- 
ance amplifiers (Radiometer pH Meter 22), and 
thence via a simple divider /compensator  network 
to a chart recorder (Texas Instruments Servoriter 
II). 

Changes of pH and K ÷ concentration in the 
medium were recorded as functions of time, and 
were calibrated at the end of each experimental 
run by addition of 1-5 /~equivalents of HC1, 



NaOH, or KC1 to the cell suspension. Tins simple 
calibration procedure was adequate, because the 
buffering capacity of yeast suspensions proved to 
be sensibly constant for 0 2 pH units on either side 
of the control pH o (usually 4 5). Proton absorption 
and potassium release accompanying glycine up- 
take were esnmated by subtracting the extrapo- 
lated control traces (linear; see Fig 4) from the 
traces ehclted by glycine. (When yeast cells are 
transferred from the stock suspension to fresh 
standard buffer medium, there is a sudden absorp- 
tion of protons, amounting to 10-25 nequiv./mg 
dry wt cells, and an equivalent release of potas- 
sium ions (measurable only at low extracellular 
K + concentrations) The phenomenon is complete 
within 10-15 s, is independent of incubation tem- 
perature or metabolic status of the cells, is d~- 
minished by elevating either pH o or [K+]o, and IS 
presumed to represent cation exchange within the 
fixed-charge regime of the yeast cell wall. The 
experimental trace shown in F~g. 4B, and most 
data obtained in subsequent experiments, were 
taken after the initial burst, although a few ob- 
servations (e g,  Fig 4A) were corrected numeri- 
cally.) 

In several experiments for which simultaneous 
measurements of glycme uptake and H + or K + 
flux were required, 0.5-ml samples of suspension 
were withdrawn from the water-jacketed vessel at 
statable intervals, harvested on Milhpore filters 
(0 8/~m pore size), and processed and assayed for 
[14C]glycine as described above_ 

Photometry and electrodes for K +. Cytoplasmic 
potassium was determined by absorption photom- 
etry (Perkln-Elmer 360 Atormc Absorption Spec- 
trophotometer) on the same water extracts (see 
above) prepared for the [14C]glycine assays. 

K+-sensawe electrodes for the H + / K + - f l u x  
measurements were made by capping pulled 
capillary tubes (outer diameter 1 5-3 0 mm) with a 
vahnomycin-impregnated polyvmylchlonde mem- 
brane The internal reference half-cell for this K + 
electrode was Ag-AgC1 in 0.1 M KCl 

3~P-NMR expertment~ For the determination of 
mtracellular pH by 3tp-NMR, cells were sus- 
pended 11-1 buffer at a density of 15-25 mg dry 
w t / m l  NMR samples consisted of 15 ml of this 
suspension in a 20-ram (outer diameter) NMR 
tube, into which two bubblers were inserted Dur- 

mg aerobic experiments, a mixture of 95% 0 : / 5 %  
COz was bubbled through the samples; and during 
anaerobic experiments, a mixture of 95% Nz/5% 

CO2 
The 31P_NMR spectra were obtained at 145_78 

MHz on a Bruker WH 360 WB NMR spectrome- 
ter The probe temperature was maintained at 
30°C during the experiments Spectra were accu- 
mulated in blocks of 15 or 30 s, using pulse 
intervals of 034 s, and 50 ° flip angles. Time- 
courses were followed for 15-30 minutes. For a 
chem.cal-shlft standard, glycerophosphoryl choline 
(1-3 mM) was added to the suspension at the end 
of each experiment, its chemical shift, which is 
independent of pH, was set to 0.49 ppm (ref- 
erenced to external 85% H3PO 4 [27]. Intracellular 
pH was then determined from the chemical shift 
of intracellular orthophosphate 

The same titration curve was used as previously 
(see below, Inset Fig_ 5, Ref_ 28) The end-points 
of that curve are 0 73 ppm (chemical shift at low 
pH) and 3 22 ppm (chemical shift at high pH), 
with a pK of 6.67 Although the pK of the titration 
curve is somewhat dependent on ionic strength 
[26], possible errors from this source were mini- 
mized in the experiments by calibrating the phos- 
phate resonance in a medium of ionic strength 
s~milar to cytoplasm, and by holding the extracell- 
ular ionic strength constant throughout the experi- 
ments Whale residual uncertainty may affect abso- 
lute values of cytoplasmic pH estimates (conceiva- 
bly by as much as 0 15 pH umt), there should be 
no effect on measured pH changes. 

Results 

General descrtptton of glycme transport in Sac- 
charomyces 

Accumulation by energy-starved cells For the 
study of coupled proton/amino acid transport in 
yeast, cells winch have been energy-starved (for 
example, by treatment with 2-deoxyglucose and 
anttmycan [12]) have proven most useful, since 
they clearly and reproducibly display the H + net 
fluxes, as well as the coupled amino acid (isotopic) 
fluxes [37,38], Under certain conditions, energy 
starved yeast have been shown actually to accu- 
mulate glycine [12,15], and from submilllmolar 
extracellular concentrations they can estabhsh cy- 



toplasm]c steady-state levels very near those 
achieved by aerobic or simple anaerobic cells. Th~s 
situation is demonstrated by the sohd-hne plots of 
F]g. 1A. Such data might suggest an energy-inde- 
pendent  accumulat]on mechanism, such as 
intracellular binding or chem]cal conversion But 
closer inspection reveals that, at the suspension 
densit]es used in these experiments (approx. 15 mg 
dry weight per ml of buffer solution; selected to 
optimize the NMR signals), energy-starved cells 
could reduce extracellular glycine from the startmg 
value of 0.4 mM only to about 80 #M, whereas 
aerob]c cells could reduce the level to 5 /,tM (Fig. 
1A, dashed-hne plots) Thus accumulation ratios 
of about 102 m starved cells must be compared 
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Fig 1 Glycme uptake by Saccharomyces cerevtslae, in aerobic 
(e) and energy-starved (©) states (A) Concentrauons:  sohd 
hnes indicate mtracellular glyclne, dashed hnes, extracelhilar 
glycme (B) Calculated concentration raUos cy top lasm/  
medmm.  Cells were suspended at a density of 15 4 mg dry 
wt . /ml ,  partitioned into 10-ml ahquots m 50-ml Erlenmeyer 
flasks, and shaken at 90 s t rokes/rmn,  30 o C. For starved cells, 
2-deoxyglucose (5 raM) and antlmycln A (0 5 # g / m g  dry wt of 
cells) were added at - 5 nun_ [14C]Glyclne (0 4 raM) was added 
at zero time. Medmm m all cases was standard buffer medium 
(20 m M  Trls citrate, pH 4 5) The cell wate r /d ry  weight ratio 
was assumed to be 2 4 [15]_ 

with raUos of 103 or greater [15] in aerobic cells 
(Fig. 1B) Furthermore, Eddy et al [12] have shown 
that glycme metabohsm (chermcal conversion) m 
energy-starved cells is neghglble and that essen- 
tially all glyc]ne transported is read]ly extracted 
into free solution, so it ts not tightly bound in the 
cytoplasm Evidently, then, a residual energy 
supply for transport must exist in energy-starved 
cells. The normal transmembrane pH difference 
(approx 2 umts, inwardly directed pH, = 6.5, 
pH o = 4.5) is thermodynamically sufficient to drive 
the observed accumulation, and Eddy and his 
collaborators [12,15] used elevated pH o (7 4) to 
suppress glycme accumulation by starved cells. 

Dependence of glycme t n f l u x  upon extracellular 
pH. Both aerob]c cells and energy-starved cells 
take up glycme via two separate carrier systems, 
although different laboratories and different yeast 
strains 0-e-, S cerevtstae and S carlsbergensts) 
have gwen quite different kinetic parameters for 
the two systems [14,39]. Our own survey of pH o 
effects on glycme reflux from different extracellu- 
lar concentrauons has confirmed the existence of 
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Fig 2_ Survey of the effect of extracellular pH on glycme 
reflux Cond]tlons for aerobic (A) and starved cells (B), as 
described m Expenmental  Procedures and in Fig 1. Fluxes 
calculated from uptake m the first nunute  after addition of 
glyclne Cell dens]ty in all tnals 15 4-16 0 mg dry w t / m l  
suspension Values plotted have not been corrected for glycme 
depletion by transport_ For pH 4 5, the reqmred correction 
would be about 10% at 0.01 raM, 5% at 0_1 mM, and negligible 
at the higher glycme concentrations_ Ordinate scale is g~ven m 
n m o l / m g  dry wt of cells per nun. (The absolute magmtudes of 
glyclne flux m this experiment were about half the size expected 
from most of our other measurements  on S. cerevtstae (see, Fig 
9 for starved cells, 0.2 m M  glyclne) The ongm of this variabil- 
ity is unknown ) 



tWO distract  t ranspor t  systems, bo th  of which are 
klnet lcal ly  al tered by energy s tarvat ion The 
p r imary  fluxes, ob ta ined  as init ial  rate measure-  
ments  (uptake  m the first minute),  are summar ized  
m Fig 2 Fo r  aerobic  cells, the plots show no 

dtst inct  p H  op t imum,  and glyclne influx at all 
concent ra t ions  increases as extracel lular  [H +] is 
increased,  at least to pH 3 In energy-s tarved cells, 
on the other  hand,  there appears  to be a b road  

t ranspor t  o p u m u m  around p H  4 5, though (in the 
absence of a deta i led  kinetic analysis)  the da ta  
could  be in terpre ted  to show an approx ima te  pH-  
independence  of glyclne influx_ 

By fit t ing a s tmple 2-carrier  model  to these 
data ,  and testing with fixed kinetic parameters  for 
as many  condi t ions  as possible  [39], we have found 
the g lycme-bmdmg affinit ies to be mdependen t  of 
pH,, and energetic status for bo th  carriers,  while 
the apparen t  maximal  velocities are sensitive to 
pH,,  and and energetic status Formal ly ,  a func- 
tion of the type 

]J . . . .  [S] 2Jm,,," [S] 
J + ( 1 )  

'Ki 2+[S] 2Kl ~_+ls] 

describes all the plots,  with ~Kt, ~ = 13 7 _+ 1.3 mM, 
2KI ,2 = 0.38 + 0_04 mM, and the Jm~, values dis- 
p layed in Fig 3 IJm~ ,,  for the low-aff ini ty  system, 
IS relattvely insensit ive to extracel lular  pH,  par t icu-  
lar ly in s tarved ceils, but  2j,,,~,, for the high-affin-  

ity system, falls with rising p H , :  regardless  of 
metabol ic  status 

(It  is to be expected the Jm~, values will be 
underes t imated ,  and  K~/2 values overes t imated,  in 
the present  experiments_ Very high cell densi t ies  
ha,~e been used, so that  extracel lular  concentra-  
t ions of glyclne fall quickly with t ranspor t ,  par t ic-  
ular ly at the lower s tar t ing concent ra t ions  (see Fig_ 
2) Therefore,  the value of 0.38 m M  for the hlgh- 
af f lmty K1/2 should be taken as an upper  l imit:  
such deple t ion  may account  for the d iscrepancy in 
compar i son  with K1/2 = 0.15 mM, as repor ted  by  
Kotyk  and Rahova [39] but  not  with 006  mM, 
stated by Eddy  and Nowacka [14] Fo r  the re- 
ma inder  of exper iments  to be descr tbed below, the 
precise value of 2K1/2 is not  impor tan t ,  all experi-  
ments  were carr ied out  at a glycine concent ra t ion  
(0 2 mM) where the observed flux could be at tr i-  
buted 80% or more to the high-aff ini ty system.) 
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Fig 3 Apparent maximal velocities for glycme transport, as 
funchons of extracellular pH (A) Low-afflmty system (B) 
High-affinity system Data from Fig 3 were fitted to EquaUon 
1 by means of a non-hnear least-squares algorithm (Marquardt, 
1963) Apparent Mlchaehs constants for both low- and h~gh-af- 
fruity transport systems were independent of pH and metabohc 
status, with values of 1K1/2 = 13 7_+ 1 5 mM and 2K 1,2 = 0 38 
_+005 mM The solid curves shown have been drawn by eye 

Stolchtometrtc flux of protons and potasslum The 
s implest  and most  widely accepted way to es t imate  
the s to lchiometry  of ion-coupl ing to nutr ient  
co t ranspor t  systems is to measure  the initial  
changes of pH,,  and  [K+]o upon add i t ion  of the 
subs t ra te  to previously  non- t ranspor t ing  cells 
Typica l  exper iments ,  using extracel lular  K +- and 
pH-sensl t ive  electrodes with both aerobic and en- 
ergy-s tarved yeast  cells, are shown in Fig 4 In 
par t  A, cells were added  to a i r -bubbled  s t anda rd  
buffer  med ium conta in ing  1 mM KCI, and a 
s teady-s ta te  acidif icat ion (upper  trace) was ob- 
served at about  1 nequiv_ H + / m g  dry wt per min 
(range, 1-3) ,  along with a smal ler  uptake  of K + 
When  0_2 m M  glycine was added  to the suspen- 
sion, no change xn either the H +- or the K+- t r ace  
could  be detected.  In par t  B, however,  addi t ion  of 
2-deoxyglucose + an t imycln  (pr ior  to glyclne) in- 
verted both  control  traces, revealing a s teady net 
influx of p ro tons  and efflux of K +. (For  the whole 
set of 16 exper iments  of this type which were 
carr ied out, the apparen t  s to ichlometry  of H ~ / K  + 
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Fig 4 Proton and potassmm fluxes accompanying glycme 
transport (A) Air-bubbled standard buffer medium containing 
1 mM KC1, cells added (density of 20 5 mg dry wt/ml) during 
the gap m the traces, steady H + efflux and K + influx: 1 and 
0 5 nmol/mg dry wt per rain, respectwely (B) Conditions as m 
(A), but cells were introduced 10 rain prior to the trace shown, 
and 2-deoxyglucose (5 raM) and antimycln (0.25 #g/rng dry 
wt ) were added at the first arrow Test glycme concentration m 
both cases was 0 4 mM 

flux dur ing  brief ' s t a rva t ion '  was 0 9, t rea tment  
for half  an hour  could  reduce [K+],  from 160 to 
abou t  110 mequ lv . / l i t e r  cell w a t e r )  A n d  subse- 
quent  add i t ion  of  glycine further  s t imula ted  the 
ion fluxes for a per iod  of 1 - 2  m m  F r o m  the s lope 
differences (between dashed  l i ne s ) j u s t  before  and 
after  glyclne addi t ion ,  the init ial  net fluxes were 
ca lcula ted  to be 1 61 + 0.15 n e q m v / m g  dry  wt. 

per  m m  for H +, and  1.25 + 0 18 for K + Measure-  
ment  of [14C]glyclne up take  m paral le l  experi-  
ments  gave influxes of 1_66 + 0 18 n m o l / m g  dry 
wt. per  mm, for an appa ren t  p r o t o n . g l y c m e  
sto~chtometry of 0 97 + 0 14 Thus, ff we assume 
integral  stolch=ometrles for H+-g lycme  cotrans-  
por t  and for charge compensa t ton  by K ÷ exit, 
then the r auo  H + g l y c m e ' K  + of 1 . 1 . 1  ~s most  
reasonable .  

This f inding clearly differs from the rat to 2 : 1 : 2 
deduced  for S carlsbergensls [14,37,38], but  is 
consis tent  with the general  observa t ion  that ap- 
pa ren t  p r o t o n  amino  acid stoichaometrles between 
1 and 3 occur  in different  yeast  s trains or in the 
same s t ram grown under  different  condi t ions  The 
issue of ' r ea l '  versus apparen t  sto~chaometrles m 
co t ranspor t  systems will be taken up exphcl t ly  m 
the Discuss ion 

Response of mtracellular pH to glycme transport 
Our lmt ia l  object ives in s tudying ln t racel lu lar  

p H  dur ing glyclne t ranspor t  were first, to verify 
the g lycme-coupled  p ro ton  flux which had been 
pos tu la ted  on the basis of extracel lular  p H  changes 
(e .g ,  Fig 4B), and  second, to rede te rmlne  the 
H + glycine s tolchiometry.  In t race l lu lar  p H  was 
ca lcula ted  from the N M R  chemical  sh]ft for ln- 
t racel lular  morga mc  phosphate ,  as shown in Fig. 
5 A typical  3~P-NMR spec t rum for aerobic  yeast  

cells ~s given m the upper  trace, it  reveals a ma jo r  
peak  for o r thophospha te  (P,I¢I) and  four for poly-  
phospha te  (PP1, PP2, PP3, PP4), as well as rmnor 
peaks  for sugar phospha te  (S-P), pyr idIne  nucleo- 
tide, nucleoslde t r iphosphatase ,  and a small  sec- 
ond  peak for o r thophospha te  (P,~v))- The larger  
peak  for o r thophospha te ,  along with the conse- 
quent  compu ted  pH , ,  has been assigned to the 
bulk cy top lasm [27]. The smaller  o r thophospha t e  
peak  has been assigned to the yeast  vacuole [26], 
and  can vary  both  in size and chemical  shift, 
depend ing  on me tabohc  condi t ions  (see discus- 
sions in Refs. 26, 31 and 32). Dur ing  energy 
s tarvat ion,  the nucleoside t r iphosphate  peaks  
near ly  d i sappeared  (lower trace in F ig  5), the 
peak  for o r thophospha t e  decl ined slightly, but  
main ly  shafted upfield,  and the sugar -phospha te  
peak  shifted downf ie ld  and increased greatly,  
p r o b a b l y  because  of  accumula t ing  non-metabohz-  
able 2-deoxyglucose 6-phospha te  
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Fig 5 3]p-NMR spectra of aerobic and anaerobic yeast Aerobic cells 22 5 mg dry wt cells/ml, m standard buffer medium bubbled 
with 95% O2/5% CO 2 at 50 ml / rmn Anaerobic cells Same suspension bubbled for 20 mln with 95% N2/5% CO 2 Symbols 
P,(c) = cytoplasrmc orthophosphate; P,(v) = vacuolar orthopbosphate, PP1, PP2, PP3, PP4 = shafts for different residues m polyphos- 
phate. S-P = sugar phosphate, NAD + =  pyrldme nucleotlde, ATP., ATPt,. ATPg = shifts for the three phosphate residues in 
adenosine tnphosphate. GPC = glycerophosphorylchohne, added as an internal cahbratmg standard (chemical shift at 0_49 ppm, 
independent of pH) Tracings represent spectra accumulated for 5 mm Inset_ Standard curve for the resonance stuft of orthophos- 
phate with pH, adapted from Den Hollander et al [28]_ 

pH, for aerobic cells (bubbled with 95% 02/5% 
CO2) ranged from 7.2 to 7.4 m all experiments, 
and for sustained anaerobic (bubbled with 95% 
N2/5% CO2) or energy-starved cells ranged from 
6 6 to 6.9. Cytoplasmic acidification occurred 
slowly, either with anoxia or with energy starva- 
tion (addition of 2-deoxyglucose and ant~mycm to 
previously aerobic cells); m the former case it was 
linear at 0.02 p H / m i n ,  and in the latter case it was 
exponential, with a half-Ume of 6-7  mm (see Fig 
7 below, for details). Extracellular pH per se had 
no measurable effect on mtracellular pH, e]ther in 
aerobic cells or starved cells, reconfirming the 
earher finding of Salhany et al. (1975) 

Because lntracellular pH stabilizes rather slowly 
durmg energy starvation or anoxia, it was neces- 
sary as a practical matter to exarmne possible 

transport-linked changes of pH,  against a shifting 
baselme. Plotted time-courses of pH,,  before and 
after addition of 0.2 mM glycme to starved cells, 
are shown in Fig. 6. The intrinsic scatter of the 
N M R  measurements was about 0.03 p H  unit, so it 
was necessary to calculate regression slopes in 
order to quanufy the effect of glycine. The dif- 
ference in slopes between plot A and plot B (after 
glycine) amounts to a cytoplasmic pH change of 
0 011 unit / rmn.  The example m Fig. 6 has been 
selected as a ' typical '  result. A total of 19 expert- 
ments of tins type were conducted, and the aver- 
age slope difference was 0.005 pH uni ts / ram,  
acidlficaUon; but, as shown m Table I (column 4), 
individual values ranged from -0 .060  to + 0.074. 
Scatter was magnified somewhat by variability m 
the control values of pH,  (Table I, column 1), but 
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Fig 6 Time-course of pH, m starved cells before and after 

addition of 0 2 mM glycme_ (A) Control (cells treated with 

deoxyglucose and antimycm 6 mm before begmmng of the 

plot) (B) Same condmons as in A, exactly parallel experiment, 

but 0 2 mM glycme added at the arrow Cell density m both 

cases 21 4 mg dry wt . /ml  standard buffer medium Regression 

hnes were fitted with a common slope for all points in plot A 

plus points prior to glycme m plot B [40] 

that effect was mlmmized by mtroducmg cyto- 
plasmic buffer capacity for calculation of actual 
proton fluxes 

Cytoplasrmc buffer capactty m S cerevts lae was 
determined by forcmg changes of pH, with ex- 
tracellular addttion if permeant acid or base 
(butyric acid or procaine) The method has been 
adapted from the measurements of Sanders and 
Slayman [24] on N e u r o s p o r a  crassa,  and wtll be 
detailed for yeast m a separate paper (Ballarm-De- 
ntl et al., m preparation). The pertment values for 
present purposes are listed in Table I, column 5. 
Actual proton fluxes assoctated with glycine up- 
take have been calculated as the product of the 
slope difference and buffer capacity, adjusted for 
the ratto of cell w a t e r d r y  wetght (2.40), and are 
dtsplayed in Table I, column 6. The mean value of 
1.20 nmol H + / m g  dry wt. per min should be 

TABLE 1 

CYTOPLASMIC PROTON FLUXES ASSOCIATED WITH GLYCINE UPTAKE IN S CEREI/ISI,4E 

pH at zero Control ~ Slope after A slope b Buffer ~ capa- Glycme stlm- 

time slope glycme (A p H / m m )  city (fl)  ulated reflux a 
( p H / m m )  ( p H / m m )  

6 05 0 0470 0 0499 0 0028 202 1 44 

6 27 0.0107 0 0115 0 0007 131 0 24 

6 72 0 0378 0 0327 - 0 0050 50 - 0 62 

6_57 0 0290 0 0330 0 0040 69 0 70 

6_53 0 0077 0 0275 0 0190 75 3 56 

6_71 0 0046 0_0173 0 0127 51 1 58 

6 64 0_0160 0_0204 0 0044 60 0 66 

6 59 0_0134 0 0093 - 0 0040 66 - 0 65 
6 48 0 0068 0 0554 0 0480 85 10 20 

6 48 0 0075 0.0109 0 0039 85 0 72 

6 45 0 0226 0_0176 - 0  0050 90 - 1 12 

6 79 0 0655 0 0631 -0_0024 43 - 0  27 

6 72 0 0174 0 0000 - 0_0174 50 - 2 18 

6 76 0.0474 0_0460 - 0 0013 46 - 0 14 
7_03 0 0920 0 0320 - 0 0600 25 - 3 75 
6_88 0 0128 0 0075 - 0.0053 35 - 0 46 

6_75 0_0091 0_0215 0 0124 47 1 39 

6 68 0_0690 0 1430 0 0740 55 10 18 
6 70 0 0206 0 0306 0 0099 53 1 36 

Average 1 20 + 0 78 

Slopes and Aslopes were obtained as described in the legend of Fig_ 6, for energy-starved cells suspended m standard buffer 

medium. 
b Negative slopes indicate alkallmzatJon of the cytoplasm 
" Buffer capacities were read from a standard curve obtained by measuring the effect of extracellular butyric acid a n d / o r  procaine (at 

known concentrations) on cytoplasmic pH Umt mmol H + / h t e r  cell water per pH unit 
a The average A flux is gwen +_ 1 S E_ Unit: nmol H + / m g  dry weight per mln 
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compared with a glycme flux of 1.66 n m o l / m g  dry 

wt per mm from the experiments with A p H  o, to 
y~eld an apparent  H + g l y c l n e  Stolch~ometry of 

0 72. This result again is consistent with an in- 
tegral stoichiometry of 1 1, but  scatter m the 

measurements  clearly makes the argument  a weak 
one Similar experiments conducted on aerobic 

cells (data not  shown) gave no detectable change 

of pH, on addit ion of glycme, despite the 2- to 

3-fold faster glyclne flux (see Fig 2) 

Behavtor of pH, and glycme flux wtth metaboh~ 
tnhtbttton 

Because of a prior observation concerning the 

effects of metabohc lnhlbltors on glycme transport  

(presented below), we decided to examine the time 

course of changing mtracellular pH with different 
mhlb~tors. Experiments were conducted on the 
pat tern of F~g. 6, except that the inhlbltors,  rather 
than glycme, were added at the arrow in plot B, 
and N M R  readings were taken for 15 mm there- 
after. Summary plots of the results are shown tn 

Ftg_ 7, from which two categories of lnhlbi tors  can 

be discerned: 0) those dropping pH, to the range 
(6_6 69)  characteristic of anox~a a n t l m y c i n +  

PHI 

Time / rain 

0 

72 

7O 

68 

661 

( 5 4  

6 2  

6 O  

5 B  

5 10 15 20 
I I I I 

Conlrol 

KCN 

DCCD 
Anh * BOG 

KN~ 
DNP 

5 10 15 20 

OCCO 

KCN 
Ant, + DOG 

KN 3 
DNP 

A a e r o b i c  c e l l s  B anaerobe c e l l s  

Fig 7 Influence of various metabohc mh~b~tors on cytoplasmic 
pH of yeast Experiments conducted as m Fig 6, with each 
mhlbuor added several minutes after commencement of NMR 
recording Cell denmy 23 7 mg dry wt/ml standard buffer 
medmm; inhibitor concentrations N 2, 0 95 arm ( +0 05 atm 
CO2), anumycm A, 0 25 ,~g/mg dry wt cells, deoxyglucose 
(DOG), 5 raM, KCN, 1 raM, dlcyclohexylcarbodnmlde 
(DCCD), 5 mM KN 3, I mM, 2,4-dmltrophenol (DNP), 0 2 
mM 

deoxyglucose, cyanide, dlcyclohexylcarbodnmlde 
(DCCD);  and (u) those producmg a much larger 

and more rapid acldihcauon,  taking pH, from the 

control  value down to about  pH 6 within 5 mm 

two presumed protonophores,  azide (KN3) and 

2.4-dinl trophenol  (DNP) 

Ewdently.  metabolic events which govern m- 
tracellular pH are similar whether blockade occurs 

In respiration (N=, KCN), m respiration plus gly- 

colysls (deoxyglucose + antlmycm),  or m the 
mttochondrtal  and p lasma-membrane  ATPase~ 
(DCCD)  But another  event supercedes with azlde 

or 2,4-dmltrophenol_ It is not known for certain 
whether this event involves influx of extracellular 

protons,  massive proton loss from the vacuoles, or 
shifted synthesis of organic acids 

More impor tan t  for the moment  ts the fact that 

the effecttveness of various agents in causmg cyto- 

plasmic acldfflcatton in S_ cereumae appears di- 

rectly related to their efficacy as transport  lnh~bt- 
tars Ftg 8 shows uptake of glycme by yeast 

main ta ined  e, ther aerobtc (A) or energy starved 

(B), and with the designated m h b i t o r  added 5 mm 
before [~4C]glycine Compar ison of Figs 7 and 8 

reveals that glycine influx and pH. fall approxP 
mately m parallel, with the different mhlbltors  
(except m the case of D C C D  added to starved 

cells) The moderate or intermediate level of m- 
h i b m o n  observed in simple energy-starved cells ~s 
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Fig 8 Influence of different metabohc lnhaNtors on glycme 
uptake Experiment conducted as m Fig 1. but with each 
inhibitor added 4-5 mm before [anC]glycme Deoxyglucose 
and antlmycm were present m all experiments with starved 
cells Cell density 24_7 mg dry wt/ml Inhibitor concentra- 
tions as in Fig_ 7 



m fact a key 'permissive'  feature of the experimen- 
tal conditions originally devised by Eddy and his 
collaborators, and adopted for many of the pre- 
sent experiments 

Dependence of glyclne flux upon pH,, pH,,, and 
ApH 

A third fact which emerges from comparison of 
Figs 7 and 8, is that the apparent dependence of 
glycine influx upon intracellular pH can be steep, 
especially so in anaerobic/s tarved cells' for 2,4-dl- 
nltrophenol versus the control (antimycln + 
deoxyglucose), a 2 8-fold increase of [H+], (0.44 
pH,  difference) is associated with a 7.5-fold de- 
crease of flux. The simplest way to account for 
such steepness would be to suppose that binding 
and release of two or more protons are associated 
with the uptake of a single glyclne molecule The 
observatmon itself may be compromised by other 
effects of the lnhlbitors (e g ,  on metabohsm or 
membrane potential), and a more direct study of 
the pH -effect on glycme influx was reqmred, be- 
cause the supposed 2 1 stoichlometry would di- 
rectly conflict with the 1 1 stoichlometry obtained 
(see Fig. 4 above) from extracellular proton re- 
moval 

A method for systematically changing lntracell- 
ular pH, while monitoring it via 3Ip-NMR, has 
already been alluded to mn connection with Table I 
and the buffer capacity measurements" to add 
extracellular weak acids or bases (butyrate, pro- 
caine). Measurement of glycine fluxes in parallel 
trials then gwes a correspondence between forced 
pH, and transport. Such experiments have been 
carried out on starved cells, in order to be strictly 
comparable with the proton flux measurements 
Results for one set of experiments are plotted in 
Fig 9A. filled symbols represent the flux itself 
(left ordinate scale), plotted against pH,,  and open 
symbols represent the Hill function for flux, plotted 
on a log scale (right ordinate) against pH,. From 
the steepest p o m o n  of the linear plot, flux in- 
creases at a rate of Jmax/05 pH units (the ex- 
trapolated value of J,, , ,  is 0.75 n m o l / m g  per min 
for these experiments), which compares with a 
theoretical maximum for single-charge carrier 
transport of Jm~,/0.87 pH unit [35]. The overall 
slope on the log-log (Hill) plot is 3 0. These results 
appear to confirm the above suggestion that up- 
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Fig 9 pH-dependence of glyclne reflux (A) Vaned mtracellu- 
lar pH, w]th pH o = 5 7_ (B) Vaned extracellular pH, with 
pH, = 6 7 Ftlled symbols Flux versus pH (left ordinate scales) 
Open symbols Hall plots (right ordinate scales) Straight lines 
are least-squares fits for the points included, with slope values 
shown, Jma,, assumed equal to 0 75 and 1 06 nmol /mg dry wt 
per ram, respectively, for A and B General condmons as in 
F]g 1, with extracellular glycme = 0 2 mM Cell densmes vcere 
125 mg dry w t / m l  m A, 139 mg dry w t / m l  in B The 
following table gives the total concentrations (mM) of butyrate 
(tJtrated to pH 5 7), which were necessary to reduce mtracellu- 
lar pH to the values plotted 

pH, 60 605 61 62 63 
Butyrate 546 417 320 187 100 

pH, 635 64 65 66 67 
Butyrate 72 51 2_4 08 0 

take of each glyclne molecule is associated with 
binding and dissociation of more than a single 
proton 

An important methodological check for this 
conclusion IS to examine glyclne flux in a similar 
fashion with changes of extracellular pH. Results 
from such a series of experiments are plotted m 
Fig. 9B. In this case the maximal slopes are 
Jma,,/3.2 pH unit and 0 5, respectively, for the 
linear and log-log plots, which again conflict with 
the measured stoJchlometry of 1"1, since, taken 
simply, the data would imply cotransport of only 
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0 5 proton per glycine molecule. The high-affinity 
glycine transport system in yeast thus appears 
surprisingly insensitive to the extracellular con- 
centration of its cosubstrate, H +. Obviously, any 
kinetic scheme which purports to describe glycine 
transport in S cerevlstae must first of all reconcile 
three very different estimates of H + :glycine 
stoichiometry 1 1 from net proton fluxes; 2, 3 1 
from pH. sensiuvity, and 0 5 from pHo sensitivity_ 

A simple class of carrier models suitable for this 
purpose IS presented in the Discussion 

Discussion 

A kmettc model 
General considerations of cyclic reaction 

schemes for cotransport [20.41] indicate that a 
simple, single-loop carrier with ordered binding 
can accommodate most of the data reported here 
on H+-glyclne cotransport in S cerevts,ae, pro- 
vided that suitable restrictions are placed on the 
sequential reaction constants Trial calculations 
have led to the specific scheme shown in Fig. 10A, 
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F=g 10 Reaction scheme for an ordered klneuc model which 
describes hlgh-afflmty glycme transport m energy-starved yeast 

Left half-figure Reaction diagram Right half-figure pH-de- 

pendence of membrane potential required to fit the model to 
glyclne flux data (Features of this model which are essential, 

either as starting assumptions or as properties emerging from 
the data, are outhned tn the Discussion Arbitrary properties 
built in for convemence are the following (1) The fully loaded 
carrier is neutral, and the unloaded carrier is negaUve (n) For 
the blmolecular steps, indicated reaction constants impllcnly 
contain the hgand concentrations, and all reaction constants 
contain a common scahng factor for site density and turnover 
number The numerical values given incorporate 5.6-107 
turnovers /cm 2 per s, [glycme]o= 02  mM, [glycme], =1 mM 

[15], pH o = 7, pH, = 67  ) 

which assumes (as is usual for cotransport sys- 
tems) that total carrier is conserved, that measure- 
ments are made under steady-state conditions, and 
that gradient energy alone drives the system 
(meaning the clockwise/counterclockwise ratio of 
rate products must equal the corresponding raho 
of hgand products) Salient features of the model 
which fit it to Figs. 3, 6, and 9 are the following_ 

(1) Three hydrogen ions are bound and re- 
leased during each cycle (c = 3), and the three 
binding sites dissociate at similar cytoplasmmc pH 
values below the physiological range (pKl. = 5.7). 

(2) Membrane potential, which can be incorpo- 
rated in the form of a symmetric Eyrlng barrier 
(rate constants for transit of the fully loaded car- 
rier assumed proportional to exp( _+ z F A + / 2 R T ) ,  
[35,42]). is pH-dependent  to the extent shown m 
Fig 10B (solid curves: pH.;  dashed line: pHo) 

In modelling the pH,-dependence of transport, 
a trade-off occurs between the proton stolchiome- 
try and the pH-slope of membrane potential We 
have chosen three protons per cycle as a reasona- 
ble stoichlometry which also gives a palatably 
small effect of pH on Aft; but two or four protons 
per cycle (with correspondingly steeper or shal- 
lower pH-dependence of A~b) would also fit the 
data_ No reliable methods have yet been devised to 
measure A~b in yeast (for critique, see Borst-Pauwels 
[43]), but the range and pHo-sensitlVlty of poten- 
tial indicated in Fig. 10B are compatible with 
s teady-s ta te  electrophysiologlcal  data  from 
cyanide-inhibited Neurospora (Slayman, C L ,  un- 
published experiments) 

(3) The low sensinvity of glycine flux to pH o 
(Fig. 9B) requires that two of the external proton- 
binding sites be saturated over the pH range 
studied, so that only a single proton appears to be 
reacting. Thus, only pKlo ( =  5 5), for the first 
extracellular binding site, is much affected by the 
normal acidic extracellular pH values 

(4) To obtain a predominant J,,,~ effect of ex- 
tracellular pH (Fig. 3), extracellular glycine needs 
to be bound after the protons are bound, in an 
ordered reaction As the model stands, it yields 
about a 7-fold decrease of J,~,, and a 3-fold de- 
crease of K]/2, for the shift of pH,, from 4 0 to 7 0. 

Fig 11 shows glycine flux curves, calculated 
from the model of Fig. 10 and superimposed on 
the data of Fig. 9, plus an additional flux curve 
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Fig 11 Fit of observed glycme fluxes by the reaction kinetic 
model of Fig l0 (A) pH o, from Fig 9B, (B) pH,, from Fig 9A 
(lower curve), and from a similar experiment with pHo = 4 7 
(upper curve) (Each of the three data plots represents a sep- 
arate glycme flux experiment, and the vanablhty of fluxes from 
one experiment to the next (legend Fig 2) necess]tated a slight 
scahng of absolute flux values m order to fit all three data sets 
with the model of Fig 10 Scaling factors used were 1 0, 1 20, 
and 0 85, m order from top to bottom ) 

obtained by varying internal pH at a fixed ex- 
tracellular pH of 4.7 (upper plot, Fig llB). The 
fits have not been statistically optimized, since 
their purpose is not to establish parameter values, 
but rather to demonstrate the general apphcablhty 
of this kind of model and to point out the con- 
straints which the data demand The apparent 
inhibition of glyclne flux which sometimes occurs 
above pH, = 6 5 (upper plot, Fig. l lB)  cannot be 
accommodated by the model of Fig. 10, and those 
two points have been excluded from the fit calcu- 
lations. 

Membrane potentml and measured proton stotchzom- 
etr)' 

While at first sxght it may seem unreasonable to 
invoke a role for membrane potential in energy- 
starved cells (whach have been largely depleted of 
cytoplasmic ATP [12]), there are three important 

reasons for doing so, quite apart from expedience 
m manipulating the kinetic model The primary 
reason is that even in the total absence of active 
transport, passive ion systems in the membrane 
will respond to any imposed membrane potential 
or change thereof. The second reason is that in a 
fungus such as Neurospora, where direct measure- 
ments of a~  can be made, It lS virtually impossible 
to abolish membrane potential by energy-starva- 
tion or anoxla. Acute treatments with deoxyglu- 
cose or cyanide (plus sahcylhydroxamlc acid, to 
block cyanide insensitive respiration) qmckly de- 
polarize the membrane (from a normal value of 
approx ( - ) 2 0 0  mV), but only to the range - 3 0  
to - 5 0  inV. Despite the simultaneous drop of 
cytoplasmic ATP concentration to approx. 10% 
[44,45], almost any kind of metabolic downshlft 
' tightens' the Neurospora membrane so that smaller 
ionic currents can generate substantial membrane 
potentials [46] And the third reason comes from 
the K+-dependence of H+-glyclne cotransport in 
yeas t  cytoplasmic K + is required, while extracell- 
ular K + is a non-competitive Inhibitor [12,14] 
Though these facts might implicate K + as a reac- 
tion cofactor, at as at least as simple to imagine 
that a K + diffusion potential accelerates H +- 
glycme cotransport. It is a satisfying confirmation, 
therefore, that the model of Fig. 10 (with reaction 
constants as shown) predicts that membrane de- 
polarization should act hke a non-competitive in- 
hibitor of glyclne transport. 

N o w ,  in order to reconcile a 3-H + model with 
smaller measured Stolchiometrles (1 : 1 presently in 
S. cerevtstae, and In Eddy's measurements on 
Candtda utlhs [47], 2 .1  previously in S carlsber- 
gensls and S. cerevtstae [14,37]), at IS only necessary 
to consider how electroneutrality must be 
maintained during glyclne-coupled proton Influx. 
Because the membrane must depolarize somewhat 
under this proton flux, movements of all other 
permeant ions must also change: K +, cytoplasmic 
organic anions, and (especially important in 
'chemlosmotlc' systems lake the yeast plasma 
membrane) H +. Electroneutrahty will be main- 
tained, after the recharging of membrane capaci- 
tance (<  100 ms), by reduced K + influx, by m- 
creased anion efflux, and by reduced proton influx 
via pathways other than the glycine systems. Thus, 
because of 'circuit compensation' in a proton-per- 
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meable membrane system, only a fracuon of the 
umdlrectional proton flux occurring via specific 
cotransport can be measured as net flux. It is 
tempting to conclude, therefore, that the principal 
reason for wide variation of H + a m i n o  acid 
StOlChlometry, in different yeasts under different 
condmons, is variability in the background proton 
permeabihty of the membranes, rather than true 
variability in the cotransport coupling 

The only basic remedy for this kind of error xs 
to clamp the membrane potentml. This can be 
done electrophysiologically, so the return current 
flows through an amplifier and can be compared 
directly with substrate flux (see Sanders et al [48] 
on the general amino acid transport system in 
Neurospora). Or, it can be done with hpid iono- 
phores, such as vahnomycln and gramlcidm, as 
recently used to demonstrate 2_ 1 stoich~ometry 
for Na+-sugar transport m guinea pig intestine 
[49], 

Cytoplasrntc pH and the actton of mhtbttors 
There has been a strong tendency, in the htera- 

ture on proton-coupled transport systems, to inter- 
pret the inhibitory effects of uncouphng agents 
(such as dlnitrophenol or carbonylcyamde m-chlo- 
rophenyl hydrazone (CCCP)) as resulting from 
abohtion of proton gradients by diss~panve proton 
conducnon Under well-controlled conditions this 
interpretation may be correct, but for intact 
eukaryotic microorgamsms other factors become 
important 

The effect of 2,4-dlmtrophenol (and of another 
presumed proton conductor, N 3- (azlde)) on glycme 
transport In yeast is an interesting case in point 
Eddy et al. [12] observed that while treatment with 
deoxyglucose and annmycm reduced inmal glyclne 
reflux at low pH less than 2-fold in S car&bergen- 
sis, added 2,4-dmltrophenol (0 2 raM) was much 
more effective, reducing the flux by 10-fold [15]. 
Data presented in Figs 7 and 8 above, however, 
make clear that transport inh~biuon is not accom- 
panied by proton equilibration across the yeast 
cell membrane In the face of an external pH of 
approx. 4.5 (set by the Tris-cltrate buffer), 0.2 mM 
2,4-dInItrophenol lowers pH. to approx. 6 0 leav- 
ing a residual pH difference equivalent to about 
+95 mV Since the resultant decline of chemical 
driving force on protons is only 25-40% (from 

control pH, values of 6 7 7_2), the thermodynamic 
effect on protons simply cannot account for a 
10-fold change m H+-coupled glycme flux By 
contrast, the steep klneUc dependence of glycme 
flux upon pH. (Fig. 9A) is more than sufficient to 
account for mhlb~non of glyclne transport by 
uncouplers, both in the present experiments (F~g 
8) and m all previous experiments 

Since protons do not equilibrate across the yeast 
plasma membrane during strong metabohc mhlb~- 
non or uncoupling, the source of protons for cyto- 
plasmic acidification is open to question The 
amount of acid revolved is considerable about 85 
mmol /kg  cell water, for acldff~cauon from pH 6 8 
to 6 0 Considering the lmtml 5-mln period, an 
average apparent reflux of 30 pmol /s  for each cm 2 
of membrane (18 mmol /kg  cell water per rain in 
cells 6 ~m m diameter) occurs with 2,4-dl- 
nitrophenol or KN 3 treatment of aerobic cells; 
initial influxes with the other mhibttors are about 
10 pmol /cm 2 per s However, for energy starving 
cells (antimycin+deoxyglucose) the initial in- 
fluxes estimated from alkahmzatlon of the medium 
never exceeded 2 pmol /cm 2 per s (actually 0 6 
pmol /cm 2 per s m the example of Fig 4B (upper 
trace, between the arrows). 

This kind of mismatch between fluxes calcu- 
lated from changes of internal pH and changes of 
external pH forces us to consider intracellular 
sources for a significant portion of the cytoplasmic 
H + load There are at least two such possible 
sources. 

(i) The yeast vacuole, where inorganic phos- 
phate and polyphosphate are stored, along wtth 
basic amino acids. Although the latter should not 
change ionization over the pH range 6 8 to 6 0, 
phosphate residues would do so These may be 
present at a total concentration of 1 M m the 
vacuole [50,51,52], with a relevant pK (pK 3 in 
pyrophosphate) near 5 8 Since vacuoles account 
for about 25% of yeast cell volume [50], they could 
yield about 330 mM of phosphate residues to the 
cytoplasmic volume Normal vacuolar pH can also 
be estimated near 5,8, from P.(,) in  Fig. 5; and 
(given the cytoplasmic buffer curve of Table I plus 
the pK~-buffer curve for polyphosphate) cyto- 
plasmic pH could be lowered from 6.8 to 6.1 6,2 
by total release of vacuolar polyphosphate or its 
acid equivalents. However, even though the effects 



of specific lnhlbitors or uncouplers on vacuolar 
contents have not been explored in detail, total 
release in VlVO within 5-10 mm (Fig. 7) seems 
improbable. Vacuoles survive standard preparative 
procedures involving much longer periods of 
metabolic deprivation [50,51], furthermore, the 
spectra of Fig. 5 above show no major change in 
the chemical shifts of polyphosphate during sus- 
tained anoxla. 

(il) Catabolic reactions in carbon metabolism, 
Fungi in general (and S, cerevtstae in particular) 
are known to release substantial quantities of acid 
during either respiratory or glycolytlc oxidation 
Sigler et al. [53] calculated H ÷ efflux to be near 30 
p m o l / c m  2 per s for aerobic yeast suddently given 
glucose (pHo = 4.5); and their data also permit an 
estimate of 10-15 p m o l / c m  2 per s for anaerobic 
yeast given glucose. With such large background 
fluxes, an uncoordinated downshift of energy 
metabolism by an inhibitor (e.g., shutting off acid 
release ahead of acid production) could produce 
apparent cytoplasmic acidification of the magni- 
tude indicated in Fig. 7 Unfortunately for this 
kind of arithmetic, however, large background ef- 
fluxes do not occur in starved cells_ Indeed, as 
originally found by Eddy and his collaborators 
[14,37], starved cells show a steady net proton 
influx, in the neighborhood of 5 p m o l / c m  2 per s 
(see Fig. 6 and Table I above) Thus, neither of the 
putative intracellular sources of H + seems ade- 
quate over the range of present experiments 

Perhaps the most reasonable position to take at 
present, therefore, is that all three proton sources 
the medium, the vacuoles, and metabolic shifts can 
contr ibute  to inhibi tor- induced cytoplasmic 
acidification; but that the proportions of the three 
can vary with conditions 
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