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SUMMARY 

Evidence was presented for the selective penetrat ion of free base into Strepto- 
coccus recalls cells suspended in solutions of NH4C1, CH3NH3C1, (CH3),~NHaC1 and 
(CH3)3NHC1 at pH 7.0 or below. The selective penetrat ion was measured by  automat ic  
continuous t i t ra t ion of the appearance of H + and was found to be pract ical ly  in- 
stantaneous.  Selective penetrat ion of NH 3 was freely reversible and led to passive 
accumulation of NH4 +. A mathemat ica l  equation was developed which satisfactorily 
describes the observed relation between amine uptake and extracellular  amine concen- 
t rat ion at  constant  pH. This equation permits  an est imation of the intracellular  pH 
and the rise in intracellular  pH following penetra t ion of free amine. Tenta t ive ly  the 
intracellular  pH of S. recalls cells obtained from stationml¢ growth phase is est imated 
to be about 5.o. Glycolysis in "aged" cells is re tarded but  is restored immediate ly  
following selective penetrat ion of NH 3 or alkylamines at  constant  extracellular  pH. 
K + and Na + a!s,~ restored g!yco!ysis but  their  act ion was slower. K + and Na + were 
found to elicit an efflux of H + at  constant  extracellular  pH from non-glycolyzing 
cells possibly by ion exchange. I t  is concluded from these findings and a number 
of others as well tha t  glycolysis in "aged"  cells is inhibited by  their  low intracellular  
pH and is restored when the intracellular p H  is raised. 

INTRODUCTION 

It  has been known fur about a half century  tha t  NH z penetrates  selectively into 
various plant  and animal cells when they are placed in contact  with NH4+ salt 
solutionsL2. In  some instances the expected rise in intracellular  p H  has been direct ly 
observed in the living cell. In recent years evidence has been obtained for selective 
NH3 penetrat ion through membranes of isolated mammalian mitochondria  °°, and in 
intact  animals including man ;,s. I t  is also well recognized tha t  the uncltarged form 
of many  orz, mic  amin-s  is more toxic to certain microorganisms than  the  corre- 
sponding undissociated charged form and this is also a t t r ibu ted  to the selective pene- 
t ra t ion of the free base s. Apparent ly ,  however, the selective penetrat ion of NH a or 
a lkylamines into bacteria  has not  been previously investigated.  Moreover, in no case 
has there been a deternunat ion of the metabolic effects, if any,  associated pr imari ly  

° A preliminary report of this work was presevted before the American Society of Biological 
Chemists, Atlantic City, N.J. (U.S.A.), April, x96.,. 
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wi~h t~ta, r i ~  in  intracellular pH which accompanies the selective penetration of a 
~free i b~-c 

•itt, t/msen~ investigation stems from previous studies concerned with the effects 
, of m~muawd~nt~ cations on glycolysis and permeability in the lactic acid bacterium, 
"Str/ept~m~s,f~alis ~-~. Experiments will be described showing that NHz and several 
fiti~#lmfihu~ l~maetrate practically instantaneously as free bases into res i ~g non- 
~t3~6~yair~S~fe~alis cells. A simple mathematical formulation of the relation between 
.e~x'tm~M1Ld~c~ concentration, NH a uptake and rise in intracellular pH at constant 
.extmcrtlhUm~t~,Mll be developed which is in accord ~.,dth experimental measurements. 
~~ rtt~,eeq~eriments the means for observing selective penetration of NHa and 
alk~ktmile~, qmmtitatively and ki~etically, was afforded by automatic continuous 
-dtr~i,na(0it~s~:at ) of the extracellular H + ions which arise by dissociation from NH~ + 
(or:d1~gimamenium) ions concomitant with the entry of free base into the cells. 

\V~Ii~x~'also studied, ago.in by means of the pH-stat device, the effect on the 
g~y~6~3~iksratu of cells following the entry of NH~ or alkylamines. An immediate 
a r d t ~  aoceteration of glycolysis was produced equally by Nt{a and various 
.alk#lmliir~.~.os~ecially with aged cells. This finding suggested that a rise in intra- 
,¢t~ahilarl~d~ was-responsible for accelerating glycolysis and further investigations to 
ibetp~mtlad].~ubstantiate this view. Of most general interest are experiments which 
xow..dl tt~rt K~ ÷ and Na+ ions elicit an efflux of H + ions from non-glycolyzing cells, 
~os,~yt t}3 ion~exchange, and following this action the glycolysis rate observed on 
ai~li~ima~flgi~Lleose is accelerated. 

MATERIALS AND METHODS 

"S.~fcc~i~soetlS- (ATCC No. 9790) were grown in a medium containing tryptone, yeast 
extra~IU~t~ose and potassium phosphate and were harvested by centrifugation after 
~ea6tiii~ d i e  stationary phase of growth 1°. The pH of the medium at the time of 
:.ha~,-¢c-~ was. about 4-5- The cells were washed 3 times with cold distilled water by 
r rep~t lOnt r i fuga t ion  and finally suspended in water. The ceils obtained from 3oo ml 
,of!-rmeitmnawe2e suspended in 24 ml of water (stock suspension) and stored at 4 °. 
• he ~tt~od~ .¢al~ension contained -=5-2o mg dry weight of cells/ml. Unless stated 
rrfl~c~w~k~x.die stock cells were used in an experiment after one or more days of storage 
(rage/d,a~l~i C?eJls used on the same day that they were harvested will be referred to 

.~Xll ~t~erhnents were conducted in an open 2o-ml beaker at room temperature 
~ming ix ,~rr ~, ml:~ stock cells in a volume of 5-1o ml water. Measurements of the ap- 
~pemm~eet~racel lu . lar  H + ions at constant pH whether from non-glycolyzing cells 
.or ~ # o i y s i s ,  were made by continuous titration with automatic recording 
m i n g ' a a ~ r  device n (Radiometer-Copenhagen T.rT!a Titrator with SBR2 Titri- 
~ ) . - £ 1 t l e ~ i t r a n t  was o.o2 N NaOH except in one experiment in which HC1 was 
;x~.tl t t~vitmtu t-he release of alkali. An Agla o.5-ml s3ainge was used for delivery 
, O f t f l ~ e ~ t [ ;  ~tie selected pH was 7.o except when stated otherwise.~At the start 
, 6 f ~ l q m a 4 m e n t - t h e  cell suspension in water was adjusted to the selected pH from 
i*siiritfddlEd~of about 5 by addition of about I-z/~moies of NaOH. The salt solutions 
- t o L ~ . ~ w e r e  also adjusted to the selected pH, usually pHT.o, with small amounts 
6f ~ t~eff6m the start of an experiment. Only the chloride salts were used. No 
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buffer salts were used at any time, thus C1- ion was the only anion (other tha~ ( ~ - ) )  
added to the cell suspension. 

RE~;ULTS 

Equivalence of NH.~ penetration imo ceils and H + release from NH4+ 

The addition of NH4C1 solutions to cell suspensions bottt previmlsly ad~u.~ed ~,  
the same pH results in an in:~tantaneou~ appearance of H + ions the m a ~ u 6 e  ~ 
which is given by the amount of alkali required to m-,.intain the initial pet. ~ .  
quant i ty  of H + ions released when I.O or 2.0 ml of stock cells were mixed with va~h~.~ 

pH 6.5, 24 ° ~ - ]  

/ 

2 ® / / ~  

H + ion eeleased (Nrnoles) 

Fig. I. Equivalence of tt~ ion release and NH a uptake by S. fecalis cells suspended in Y\~(~! 
solutions at pH 6.5. NH a uptake was measured with Nessler's reagent and H" ion rehza.~t" '.wrti: 
pH-stat machine. NH4CI initial concentration ranged from o.2 5 to 6.o !,moles/ml and ~.5. ~-~ 

and 2.0 ml of stock cells were used. 

concentrations of NH4C1 at pH 6. 5 was determined by titration. Follo~:mg ~ead~ 
t i t rat ion the cells were centrifuged and the disappearance of NH 3 from *he , e ~ x -  
cellular fluid was determined with Nesslers reagent. The results (Fig. I) Sh.~w ~tthm 
the appearance of extracellular H + ions is equivalent to NH 3 disappearance, ml0ih 
for mole, and that  this equivalence holds over a wide range of cell concentra-~i~ms~m~ 
NHaCI concentrations. Such an equivalence is expected for a system whidh . ~ # ~  
the penetrat ion only of free NH 3 at a pH (pH 6. 5 in this instance) considera~y, i l~ztr 
than the pK of the NH4,- system (pK = 9.25). This is readily proved as ffd]to~:: 
when a -~ moles of free NH 3 which have disappeared from the extracellular NUiil;; 
b = moles of H + ions released from NH4+ when free NH s penetrates a~ e~rn~cm~ 
extraceiluiar pH;  NHs = moles of NH3 present initially; NH4+ = moles ~ ~ - ~ , "  
present initially, then, at equilibrium after NH 3 penetration, where K is ~xe ~ 
sociation constant of NH~+, 

K NH3-- a + b 

[H+] NH4 + --  b 

Biochim. Biophys. Acta, 7 ~ ( ~ ) : 6 ~ / ~  
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(K --  lO-9'25), But prior to NH3 penetration 

K NHa 
[H+~ NH4+ (2) 

Then by substi tut ing Eqn. 2 into Eqn. I and simplifying, the following relation is 
obtained. 

a = b  i + [ - ~  (3) 

Thus, it can be readily seen from Eqn. 3 that  at pH 7 or below, the H + ions released 
from NH4+ differs from NH a uptake by less than 1%. It is also to be noted that  
t i trat ion of proton release affords a convenient and sensitive method of quant i ta t ive 
measurement of selective NH s penetration and can be extended to the selective pene- 
trat ion of amines in general. 

In order to substantiate  a process of non-ionic diffusion of NH a into the cells, 
it was of interest to demonstrate the reversibility of NH a penetration. For this 
propose, NHz was first ilAroduced into the cells by suspension in an NH,C1 solution 
at oH 7 and the quant i ty  taken tip was measured by t i t rat ion of H ÷ ions as described 
above. The cells were then centrifuged and resuspended i n  water. Alkali appeared 
immediately in the extracellular medium as indicated by a rise in pH above that  of 
the original suspension, and the amount  of alkali appearing was then measured by  
t i tration with HC1 to pH 7.0. The cells were centrifuged and resuspended in water 
three more times and the alkali appearing each time was t i t rated with HCI to pH 7.0. 

TABLE I 

THE REVERSIBILITY OF S E L E C T I V E  NH:; PENETRATION 

Ceils If .o-ml stockl at pH 7.o were loaded with intracellular NtI4+ by suspension in o,o2 M NH,CI 
at pH 7.o in a total volume of ,5.0 ml. The quantity of H + ions appearing (total NH s uptake) 
was measured by titration to pH 7.o. The cells were then centrifuged and resuspended in 5.o ml 
distilled water repeatedly. The release of base after each resuspension was measured by titration 

to pH 7.o with HCI. 

A mount of base 
Total intracellularNH4 ÷ resuspensionsNumber of released (cumulative) 

( p moles) (# moles ) 

6.8 i 2.2 
6.8 2 3.0 
6.8 3 4 .0 

The results are shown in Table I. They indicate that  free NH 3 is freely diffusible across 
the cell membrane from the inside, although complete recovery was not obtained 
under the conditions used. 

T h e  effect o f  ex t race lhdar  p H  a n d  N H 4 +  concen t ra t ion  on  N H  3 u p t a k e  

The relationship between NHa uptake and free extracellular NH 3 concentration 
was determined at pH 5.5 and pH 6.5. In  order to provide the same range of extra- 
cellular free NH 3 concentration at the two pHs, the concentrations of extracellular 
NH,C1 used a t p H  5-5 were Io-fold greater than  those at pH 6.5. The results are shown 
in Fig. 2 and it can be seen that  the two curves are virtually identical. This means 
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AMINE PENETRATION AND, GLYCOLYSIS IN S.  f e c a l i s  69 

t h a t  t h e  e x t r a c e l l u l a r  p H  t o g e t h e r  w~th  N H ,  + i o n s  i n f l u e n c e  t h e  N H s  u p t a k e  o n l y  

i n s o f a r  a s  t h e y  d e t e r m i n e  t h e  c o n c e n t r a t i o n  o f  e x t r a c e ! l u l a r  free N H z .  T h u s ,  N H s  is  

t h e  p e n e t r a t i n g  s p e c i e s  w h i l e  N H ( -  a n d  H + p e n e t r a t e  t h e  m e m b r a n e  o n l y  a t  a rel-  

a t i v e l y  s l o w  r a t e ,  if a t  al l ,  u n d e r  t h e s e  c ~ n d i t i o n s .  

30 

/ . x "  

aa 2.0 / . - - "  

~1.0 /// 
i',~ z / 

~b lY ~o 
Externul free ~,~,-,~ (k¢~Ole~/ml x10 4) 

Fig. z. The effect of extracellular  pH and NH a- .concentration on NH z uptake.  A cons tan t  a m o u n t  
of cells (~ .o-ml stock) at  p H  6.5 was suspended in a series of NHICI solution at pH 6.5 ranging in 
concentra t ion from L6- ao-~ M to ~-4" uo-~ -M- Similarly, cells were suspended in NH~CI solutions 
a t  pH 5,5 ranging in concentrat ion from L6- ao-~ M to t.4. ro-Z M. The  H e ion release (total NHa 
uptake) was measured  by t i t ra t ion and  pint,ted against  the  extracellular  free NHa concentrat ion 

a~ ~m~ib f ium.  

The passive accumulation of NH d ions 

Cells which have taken up free N H ,  from extracellular N H ,  + as measured by 
titration of the H + ion release may contain a concentration of total NHa * rnanv fold 
greater than the extracellular XHi -  concentration (Table Ii). The accumulation takes 
place very rapidly and in the absence o~" energy metabolism. This finding indicates 
that the intracellular pH initially was Hess than pH 7 (the extracellular pH) since 
the lower intracellular pH constitutes the dri~fng force for accumulation against a 
concentration gradient as pointed out by JACOBS l in connection with studies on 

T A B L E  II 

THE P.~.~S~VE ACCUMULATION OF NH 4" 

S. fecalis  cells (I .o-ml stock) were s u ~ c n d e ~  m ~otutions of NH4CI a t  p i t  7.o and  the total NIqa 
up take  was measured  by t i t ra t ion o~ H-  appearance  a t  pH 7.0. The intracellular  concentrat ion 
of NH4+ was calculated on the  basis  o~ an  intraceHular volume of NH~ + dis t r ibut ion es t imated 
to be o. 7 of the  wet cell weight.  It  is a s sumed  t ha t  practically all NH 3 taken up is converted 

to NH~" by reaction ~i~h mtracel lular  acid (see text).  

.-~¢¢m~dation ratio 
E~:.*a~¢~ -~-Ha" (lm'mcelltdaw NH,*) 

t t~ac&-s ~d 
: F~tt~clltaav N H ; +) 

o.$5 x9 
-4 I5  

z.S S 
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erythrocytes .  In the case of bacteria,  osmotic swelling is prevented by  the rigid 
cell wall. 

Theory of N H  a uptake 

A series of cell suspensions adjusted to pH 7.o were mixed with various concen- 
t rat ions of NHaC1 also previously adjus ted  to pH 7.o, and the NH 3 uptake was de- 
termined in each case by t i t ra t ion of H + ion release. Two different levels of cell 
concentrat ions were employed. The results are shown in Fig. 3 as a plot  of NH 3 
uptake against  extracellular  free NH 3 concentrat ion at equilibrium. The la t ter  values 

pH ZO 

• 
20 30 

F'ree NH 3 ()Jmoteslml zlO 3) 

Fig, 3. NHa-uptake curves for two different amounts of cells suspended in NH~CI solutions at 
pit 7.o. The abscissa is the free NH a concentration at equilibrium taking into account tile NH 3 

taken up. NH 3 uptake was measured by titration of H + ion release. 

were calculated from the known extracellular  NHaCI concentrat ion,  the pH (7.o) 
and p K  (9.25), taking into account the NH 3 taken up. Tile non-l inear relation between 
NHa uptake and extracellular  NH 3 concentrat ion shown in Fig. 3 can be accounted 
for by  the following theoretical  t rea tment .  Let :  [NHsJe, extracel lular  NH a concen- 
t ra t ion after equil ibrat ion of cells with NH,C1 at  constant  pH;  [NHa]t, intracellular  
NH 3 concentrat ion;  [NH4+],, intracellular  N H ,  + concentrat ion;  pH,  °, initial  in t ra-  
cellular pH ; [H+], °, initial intracellular  H + concentrat ion;  pH,,  final intracel lular  pH ; 
/z, to ta l  amount  of NH 3 uptake;  fl, intracel lular  buffer capaci ty  (dpH/d/z) (assumed 
constant) ; I, intracellular  volume of dis tr ibut ion of NHa (assumed constant) ; K, acid 
dissociation constant  of NH4 + (IO-9.15). 

The findings described in the previous sections indicate tha t  free NH a rapidly  
equil ibrates across the cell membrane by  simple diffusion while H + and NH,+  are 
compara t ive ly  impermeable.  Then at  equilibrium, 

[NH3]t = [NH3]e (4) 

The actual  free intracellular  NH 3 is only a small fraction of the to ta l  uptake  of 
NH3 (F) ~ince a major  port ion of the  to ta l  NH 3 taken up may  be assumed to react 
wi th  ,intracellular acid to form intracel lular  NH4+ ions. This intracel lular  a c i d - b a s e  
reaction results in a rise in intracellular  pH according to the following equat ion:  

pH~ = pH~ ° + fl/~ (5) 
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If we assume that  pH, ° is two units or more below the p K  (9.25), then 99 % or more 
of the NH 3 taken up is converted to intraceUular NH4+ and therefore 

[.N'I~4t']l = ~ (6) 
7) 

The Henderson Hasse lbach  equation for the NH4-" system inside the cell.~ then can 
be wri t ten as 

[NHz]vv 
[)Hi = pK -~- log . . . . . .  (7) 

P 

Subst i tu t ing Eqns. 4 and 5 into Eqn. 7 gives: 

[NHale'v 
ph i  ° + fl/l = pK + log . . . .  (8) 

Final ly ,  rearrangement  gives 

[NHa]e K 
log . . . . . .  log . . . .  + tilt (9) 

/~ v[H+]~ ° 

Eqn. 9 predicts a linear relation when log[NHa3e/t, is plot ted against /~. I t  also 
demands  that/3,  the slope of this line, which is the to ta l  buffer capaci ty  of the amine 
space should be inversely proport ional  to the amount  of cells used. Moreover, the 
intercept  logK/v[H+J~ ° obtained by  extrapolat ion of p to zero contains v, the volume 
of dis t r ibut ion of total  arrSne, and therefore i ts  value should change by  + log 2 when 
the  amount  of cells is doubled. Fig. 4 shows a plot of log[NH3]e/t~ versus t~, using the 
da t a  previously shown in Fig. 3, for Lo ml and 2.o ml of cells. Sat isfactory linear 
plots were obtained.  Furthermore,  the values of the slope and the intercept at  the 
two different cell concentrations presented in Table I I I  are also in sat isfactory agree- 
ment  with the predict ion of Eqn. 9. I t  should be noted that  Eqn. 9 applies generally 
to all weak bases which penetra te  selectively b y  non-ionic diffusion. 

_2.oL 1 o g ~  =/'37J ~" log e K ~  "~° vLH +J i 

-3.6~ 

)J 

Fig. 4. T e s t  of t h e o r y  of N I l  a u p t a k e .  The  e x p e r i m e n t a l  va lue s  of the  N H  a u p t a k e  i n / t m o l e s  '/t} 
a n d  free c x t r a c e l l u l a r  N H  a c o n c e n t r a t i o n  ( l lmoles /ml )  a re  t a k e n  f rom t h e  d a t a  of Fig. 3. The  

va lue s  of the  s lopes  (fl) a n d  the  i n t e r c e p t s  a re  g i v e n  in  Tab le  I I I .  

Selective penetration of monomethylamine, dim~tkylamine and trimethylamine 

These amines were found to penetrate  solely in the form of the uncharged amine 
ra ther  than  as the quar te rnary  ion. This was established b y  the finding tha t  these 
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TABLE III  

TEST OF NH a UPTAKE THEORY 

Numerical values for the slopes (buffer capacities) and intercepts of Eqn. 9 for 2 different quantities 
of cells were determined by the method of least squares using the data presented in Fig. 3 anti 

Fig. 4- See text for meaning of symbols. 

2.o-ml 2.o-col 
stock cells stock cells 

Slope (fl) o. 2 51 o. * 2 4 Predicted ratio: 2.oo 
Experimental ratio: 2.o-, 

Intercept --- 3.2" S - 3.493 Predicted difference : 0.301 
log K/v rH* I ~' Experimental difference : o.205 

amines  produced an  ab rup t  appearance  of ex t race l lu la r  H + ions when  added to t h e  
cells at p H  7 jus t  as in the  case of N H  v Fur the rmore ,  t i le  expe r imen ta l ly  observed 
relat ion be tween  H + ion release (amine uptake)  and ex t race l lu la r  free base concen-  
t ra t ion  was in excel lent  ag reemen t  w i th  the  t heo ry  fo rmula ted  for a m m o n i a  up t ake  
described in the  previous  section.  This  ag reemen t  wi th  t he  t h e o r y  is i l lus t ra ted  wi th  

me thy l amine  in Fig. 5 which shows a l inear  re la t ion  in confo rmi ty  wi th  Eqn .  9. 

- 2 .O F 

J 

& - 3 . 6 y  / 

I 
2 4 ~ 

N 
I 

Fig. 5- Methylamine uptake /p) in micromoles. Free extracellular methylamine concentration 
(ffmoles/ml) plotted according to Eqn. 9. The measurements were carried out with 2.o ml of stock 
cells at pH 7.o. The plot of the data for NH 3 is also shown for comparison of the intercepts. 

I t  is to be noted  par t i cu la r ly  in Fig. 5 t h a t  the  l ine for m e t h y l a m i n e  is paral lel  to the  
line for N H  3 as it  should be since the  va lue  of ~, the  buffer capac i ty  of the  cells is 
the  same.  Fur the rmore ,  the  difference in t he  values  of the  in te rcep ts  on the  o rd ina te  
for N H  3 up take  and m e t h y l a m i n e  up t ake  is reasonably  close to  the  difference in the i r  
p K  values,  9.25 and  xo.62 respect ive ly ,  as Eqn .  9 predicts .  

Kine t i c s  o f  glycolysis  in  f resh  and  aged ceils 

The  typ ica l  kinet ics  of glycolysis  at  a cons tan t  p H  of 7.0 in freshly ha rves t ed  
cells and  in aged cells (see METHODS) are shown in Fig. 6. As can be  seen, in aged cells 
glycolysis  is m a r k e d l y  r e t a rded  for no acid p roduc t ion  f rom glucose can be de t ec t ed  
for abou t  IO min  af ter  add i t ion  of glucose b u t  t hen  acid  p roduc t ion  f rom glucose 
commences  and  gradua l ly  accelerates  un t i l  t he  glucose is comple te ly  consumed.  

Biochim. Biophys. Acta, 71 (1963) 65-77 



AMINE PENETRATION AND GL&'COLYSIS IN S .  f e c a l i s  7 3  

Glyeolysis in the fresh cells on the other hand proceeds almost immediately (a lag 
less than I rain) at a constant and rapid rate. In both cases the amount of acid pro- 
duced after addition of glucose, when corrected for the acid appeming in the absence 
of glucose, is close to (sometimes slightly greater than) two moles per mole of glucose 
expected for the glycolytic breakdown of glucose to lactic acidL 

glucO aged cells / 

a ~o 2o ~o ' ~o ' go 
minutes 

Fig. O. Comparison of glycoiysis in fresh and aged cells. "[he rate of H ~ ion production was measured 
a t  pl l  7.0; 1.o-ml stock cells were used. Gluc(~se (z/ ,moles)  was added to the aged celIs and fresh 
cells I I min after  the  cell suspension was adjus ted to pH 7.o. Note th,: difference in H + ion released 

prior to the addition of glucose. 

Inspection of Fig. 6 shows that  prior to the addition of glucose, fresh cells and 
aged cells release H + ions into the medium when the pH is maintained at 7.0 by the 
pH-stat  device. However, the release of H + from the fresh cells before giycolysis is 
initiated is quite rapid while tl-x~ release from aged cells is lelatively slow. This ob- 
servation provides an explanation for the long lag in the glycolysis kinetics of aged 
cells compared to absence of lag in fresh cells, if it is assumed that excessive amounts 
of H + ions initially present ~;ithin the cells are inhibitor,," to glycoIysis and that this 
inhibition is relieved when excessive intracellular H + ions are removed from the cell. 
E v i d e n c e  t o  s u p p o r t  t h i s  v i e w  w a s  o b t a i n e d  b y  a n  e x p e r i m e n t  s h o w n  in  Fig.  7 in 

w h i c h  a g e d  cel ls  w e r e  a l l o w e d  t o  i n c u b a t e  b e f o r e  a d d i t i o n  of  g l u c o s e  a t  a c o n s t a n t  

p H  of  7 for  a few h o u r s  d u r i n g  w h i c h  t i m e  a b o u t  5 / z m o l e s  o f  H + i o n s  we re  r e l e a s e d  

f r o m  t h e  cel ls .  G l u c o s e  w a s  t h e n  a d d e d ,  a n d  g l y c o l y s i s  w a s  n o w  f o u n d  t o  p r o c e e d  

l 
! 81 glucose added at :  

3 rain . . . . . .  
13:~. m n 

A i /  
i I 

j 
/ 

• u 4 / 

o / /  

~_ 2 .~ 

5 10 ~ 210 25 3() 35 '~130 135 I]~0 
minutes 

Fig. 7- Restorat ion of glycolysis in aged cells by pre-in~.ubation at  pH 7.0. i.o ml of stock cells 
were used. Glucose (z t, moles) was added a t  the  t imes  indicated. 
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~ i t h  no  lag a t  a r ap id  r a t e  e x a c t l y  as in  f resh  cells. F u r t h e r  ev idence  for t h e  i n h i b i t i o n  

of g lycolys is  b y  low in t r ace l l u l a r  p H  comes  f rom e x p e r i m e n t s  desc r ibed  in  t h e  n e x t  

sec t ions  showing  r e s t o r a t i o n  of g lycolys is  in  aged cells b y  NH4+ a l k y l a m m o n i u m ,  
K + a n d  N a +  ions.  

The restoration of glycolysis in aged cells after selective penetration of N H  3 and al~,lamines 

T h e  effect of NH4C1 a n d  t r i m c t h y l a m m o n i u m  ci l loride on  glycolys is  in  aged  
cells a t  p H  7 is s h o w n  in Fig. 8 a n d  Fig. 9. T h e  cells were  m i x e d  w i t h  t h e  t e s t  com-  
p o u n d s ,  t h e  H + ions  a p p e a r i n g  a l m o s t  i n s t a n t a n e o u s l y  due  to  se lec t ive  p e n e t r a t i o n  
were t i t r a t e d ,  a n d  w i t h i n  a few m i n u t e s  glucose  was  added .  I t  is e v i d e n t  t h a t  glycoly~is  
in  t h e  aged  cells was  c o m p l e t e l y  r e s to red  i m m e d i a t e l y  fol lowing se lec t ive  p e n e t r a t i o n  
of N H  3 or  t r i m e t h y l a m i n e .  T h e  s a m e  resu l t  was  o b t a i n e d  w i t h  t h e  o t h e r  a l k y l a m i n e s  

Fresh ceils 

[+ g~ucose 

o 10 
minutes 

Aged cells 

/ 
glucose 

NO glucose 

'o ~o 20 Jo 40 
minutes 

Fig. 8. Restoration of glycolysis in aged cells by ,NH4CI. Glucose (5.z pmoles) was added at zero 
time to water suspensions of fresh cells, aged cells, and aged cells plus o.ox M NH4CI, all at pH 7.o : 
I.o-ml stock cells were used. Controls without glucose are shown by dashed lines. In the case of 
cells treated with NH4CI, the H + released due to NH 3 penetration were titrated a few minutes 

prior to the addition of glucose. 

E 

~4 

trimethylamine / "  glucose glucose / 

/ 
minutes 

Fig. 9- Restoration of glycolysis in aged cells by trimethylan~ine. Glucose (4 pmoles) was added 
at  zero t~me to a water suspension of aged cells, and aged cells p l , s  o.oo 4 M trimethylamine hydro- 
chloride, at  pH 7-o; I .o ml of stock cells were used. The H + ions released due to selective penetration 

of trimethylamine was titrated a few minutes prior to the addition of glucose. 
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tested, (CHn)oNH and (CH~)NH~. Since the selective penetrat ion of free base a-a~se.~ 
the intracellular  pH,  these results are in accord with the idea tha t  glycolysis ~ ag ,~  
cells is inhibitcd by  low intracellular pH and the restorat ion of glycolysis m ~?.ed 
cells is brought  about  by  raising the intracellular pH. I t  is of interest to  me~c, ,~  
tha t  Tris showed no selective penetrat ion and did not  s t imulate glycolysis. 

The restoration of glycolysis in aged cells by K + and Na + ions 

The effect of K + and Na + ions on glycolysis in aged cells at pH 7 is .~hc.~s~ 
Fig. Io. I t  is clear that  both K + and ":a + ions restore glycolysis in aged cells, l~g. ~,:,, 
a lso  s h o w s  t h a t  K + a n d  N a  + ions  el ici ted a g r a d u a l  efflux of H + ions  f r o m  ~ e  ,e~-A~-+ 

be fo re  g lucose  w a s  a d d e d ,  w i t h  K + a b o u t  twice  as  ef fect ive  as  N a  +. T h i s  ~s t o  b e  ,c~c,~m- 

p a r e d  w i t h  t h e  i m m e d i a t e  a p p e a r a n c e  of H +, a l so  s h o w n  in Fig.  Io ,  a f t e r  se~e~.~-~e 

p e n e t r a t i o n  of  NH~.  T h e s e  f indings ,  like t h o s e  d e s c r i b e d  in t h e  p r e v i o u s  t w o  sec~,~+.,  

i n d i c a t e  t h a t  g lyco lys i s  in aged  cells is r e s t o r e d  w h e n  excess  in t r ace l lu l az  H + ~,c,~ 

a re  r e m o v e d .  I f  t h i s  v i e w  iv. co r rec t ,  ti~,:, ~, t h e  effect of K + a n d  N a  + o n  glycc~T+~ 

~ 8 

~ 4  'NH,I ~ , K~/ 
0 10 20 30 40 

minutes 

Fig. Io. Restoration of glycolysis in aged cells by K + and Na ~. Glucose (2/tmoles) was acldt, dl ~ 
the time indicated by the arrows to aged cells suspensions containing o.o16 M KC], Na.C'J..~,¢C~ 
and the pH was maintained at pH 7,o by continuous titration with NaOH ; the control] cc~akc, e,~ 
no added salt : t .o ml of stock cells were used. Note the differences in rate of H * ion release t~ o~]~c,e4] 

by K ' ,  Na + and NHa* prior to the addition of glucose. 

-- NH~,  1 mi 

v 

g / / / K  + 10 min 

. 

2 4 6 8 10 
minutes 

Fig. I I. The immediate effect of NH4 + and delayed effect of K + on glycolysis "n aged ceBs. ~ ( ~ 7 ~  
(2 umoles) was added to aged cells at zero time, following previous preincubation wi~h o.,ooa~6~ 
NH,C1 for I rain and previous preincubation with o.ooi6 M KC1 for I rain and io m2n; ~he ~I I  
was maintained at 7.0 throughout  by continuous titration with NaOH; i.o ml of ~ock ce~s ~-e~ 

used. The H + release in controls without glucose was subtracted. 
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should be strongly dependent  on the t ime of preincubation with K ÷ or Na + over 
that  period of t ime during which they  cause the gradual  displacement of H + ions 
from cells. Therefore, an experiment  was carried out in which glucose was added 
and the glycolysis rate  measured after I rain and after IO min preincubation of the 
~ells with K +. For  comparison, the effect of NH4 + after x min p~eil~ttb~t~ion was 
also determined. The results, presented in Fig. I I ,  show tha t  restoration of glycoiysis 
was brought about  after xo min preincubation with K ÷ but  essentially no effect was 
t~bserved after only I rain preincubation with K ÷. By contrast ,  NH4+, after only 
r nfin, completely restored glycolysis which is consistent with the pract ical ly in- 
s tantaneous selective penetra t ion of free NHs described earlier. 

DISCUSSION 

The extremely rapid, pract ical ly  instantaneous,  appearance of H + ions when non- 
glycolyzing S. fecalis cells come in contact  with NH4 + or certain a lkylammonium 
ions contrasts  sharply  with the  relat ively slow release of H + ions elicited by  K + or 
Na + (Fig. Io) and reflects a fundamental  difference in the mode of interact ion of the  
two classes of monovalent  cations with the cells. As the exper imental  findings 
indicate, the weak nitrogenous bases penetra te  the cells by  a process of non-ionic 
diffusion and extracellular H + ions arise direct ly by  dissociation from the extra-  
cellular ammonium ions. On the other hand, in the case of the action of K + and 
Na + the H + ions obvi.-.usly come from the cells. The process is l ikely to be one of 
K+oH + or Na+-H + exchange (at constant  extracellular  pH) without  dependence on 
energy metabolism since the rate of H+ ion release evoked by  K + was about  twice 
as fast as tha t  with Na + and no source of energy, was added (Fig. 10). K+-H  ÷ and 
Na÷-H + exchanges have been observed to occur in yeast  but  only during glycolysisl2, is, 
and such a process was also suggested from studies of the K + requirement  for the 
growth of Bact. lactis aerogen~s 14. 

A rise in mtracel lular  p l t  is to be expected from either selective amine pene- 
t rat ion or, H ÷ "ion exchange" with K ÷ or Na +, and, on the assumption tha t  a low 
intracellular pH inhibits glycolysis, accounts for the restorat ion of glycolysis in aged 
cells brought about ,  to the same extent ,  by  ammonium, a lkylammonium, K ÷ and 
Na ÷ ions. In  support  of the view tha t  these cat ions s t imulate  glycolysis indirect ly via 
a rise in intracellular  pH is the abruptness with which the amines restored glycolysis 
in aged cells compared to the delayed restoration by  K + (Fig. I I )  since, as a l ready 
pointed out, the intracellular  pH is increased rapidly  by  the amines and much more 
slowly by K +, I t  should be stressed tha t  in these experiments the extrace]lular p H  is 
mainta ined constant  by  means of the pH-s ta t  machine. While it  is known tha t  NH4+ 
and K ÷ ions specifically act ivate  phosphoenolpyntvate  transferase 15 and phospho- 
fructokinase 16, Na ÷ ions oi ~, the other hand axe inhibi tory to these enzyrae activities.  
Thus, the  observed restoration of glycolysis by  Na + and various a lkylammonium 
compounds as well as by  K + and NH4+ under our par t icular  condit ions is not  due 
to direct specific act ivat ion of the par t icular  aforementioned glycolyt ic  enzymes. 

I t  was shown tha t  fresh and aged cells both ini t ial ly contain acid which leaks 
rapid ly  from the former and slowly from ~he la t te r  when the  cells are suspended 
in HzO and mainta ined a t  pH 7 (Fig. I0). The reason for this difference between fresh 
and aged cells is not known at  present. Nevertheless, i t  provides an explanat ion for 
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the  rap id  glycolysis in fresh ( : d ~  :~ ~.~mzded glycolysis in aged cells again on the  
basis of an inhibi t ion of gtycd13% tbg atke Ib~eer in t racei lu lar  p t l  in aged cells. Fur the r -  
more,  if a low intracellulaT ~p'~ iis me..~,m~sits[e for r e t a rded  glycolysis in aged cells, 
t h e n  clearly the  gradual  aoss ,og ,~m~,.~_~.~ end/ogenous H + from the  aged cells while 
glycolysis  is going on grad~a~.l~- wd~i.~e_.~ r~b_e inhibi t ion  and  thus  accounts  for the  
S shaped kinet ics  of glyc01ysis ,dta~,at~_~.tiC of these cells. T h a t  excess acid ini t ial ly 
present  wi th in  the  aged c ~  ~ a~e~,o~+igf2e for re tard ing  glycolysis was most  con- 
v incingly  demons t r a t ed  b y  am .c~pemi-me~c showing comple te  res tora t ion of glycolysis 
following a long per iod  o~ ~ . ~ t ~ f i i 0 ~  ~ pI~ 7 wi th  loss of ir, t~,tt.ellula~ acid prior  to 
the  add i t ion  of glucose (Fig. 77)- 

F r o m  m e a s m e m e n t s  ~I  _%-IN::~ v ~ ; ~ l ~  in to  bacter ia l  cells, the  ~heory of N H  3 
up take  as expressed in Egn .  '0 IP e ~ i ~ , .  ~ principle,  calculat ion of the int racel lular  pH  
(more precisely,  the  p H  of ~ae .NIN:~ ..~m'e)~. The  int racel lular  pH  is conta ined  in the  
value  of the  in tercept  at zero _%'Ilqt:a~lla~, ~ (qYable I I I )  and m a y  be calcula ted provided  
the  w)lume of the  N H z  s-pace iis Ikra,~m. Unfor tuna te ly ,  the  w~lume of the  N H  a 
space is not  known bu t  i f  we :m, mm~.. a,-~ ~ reasonable first approx ima t ion  tha t  it is 
abou t  7 ° % of the  wet  we~h~t ,o~t tire, ~t]g, t hen  the  da t a  in "Fable I I I  yield an int ra-  

cel lular  p H  of about  5.o. 
The  theory  of N H  a ~ ~ai~e ~fll~, g r e ~  an eva lua t ion  of the  in t race l lu lar  (NH 3 

space) buffer capac i ty  ~aq~te ffJIIII/:~u~ tflku~ i t  can be ca lcula ted  tha t  the in t raeel lu lar  
p H  of the  N H a  space increases  ltrm o x ~  pI~.' un i t  for eve ry  rnicromole of free N H a  

(or free a lkylamine)  which ~pe~eara~.~ iinto, r .o ml  of s tock  ceds (approx. I 5 - 2 o  mg  

d ry  wt.).  
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