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SUMMARY 

Suspension cultures of KB cells accumulate ~SMg2+ by  a transport  system which 
is saturable and specific. At 37 ° the uptake of 2SMg2+ is approximately linear for 
1-2 h and follows standard Michaelis-Menten kinetics with a K m =  o.I mM Mg 2+ 
and a Vma x = 0. 4 #mole/h per I .  IO s cells. The 2SMg2+ which has been taken up 
by the cells is exchangeable with Mg 2+ added after 5 h exposure and can be released 
by agents which cause membrane leakiness. Inhibitors such as cyanide, m-chlorophenyl 
carbonylcyanide hydrazone (CCCP) and ouabain reduce the uptake of Mg 2+ by  50 % 
o r  i l lo re .  

INTRODUCTION 

Although Mg 2+ is the most common bivalent cation in cell cytoplasm, there 
have been no reports of the existence of a specific Mg 2+ transport  system in animal cells. 
There has been much work done on net Mg 2+ fluxes in various systems, particularly 
yeast cells 1, but t ransport  studies have been hampered by  lack of purified, high 
specific act ivi ty 2SMgZ+ (refs. 2 and 3). However, 2SMge+ in a suitable form has recently 
become available 4, and its use has led to the description of a specific Mg e+ active 
t ransport  system in Escherichia coli~, 6. In this first report, the general characteristics 
of the uptake and exchange of ~SMg2+ by  human KB cells in suspension culture are 
described. 

MATERIALS AND METHODS 

Cells and media 
KB cells were obtained from Dr. H. Raskas, St. Louis University School 

of Medicine, and maintained in suspension cultures at 37 ° in minimal essential 
medium (Joklik-modified, GIBCO), with IO % horse serum added. This medium 
contains I mM Mg 2+ as measured by  atomic absorption spectroscopy. The cells were 
harvested after growth to 2.5" lO5-5 • lO 6 cells/ml by centrifugation for 5 mill at 350 × 
g in conical glass tubes in a Model PR-2 International centrifuge, washed once with 
a balanced salt solution from which Mg 2+ was omitted, and resuspended ill spinner 
medimn, also without Mg 2+. The low Mg ~+ balanced salt solution contained IiO mM 
NaC1, 5.4 mM KC1, 9.6 mM NaH2PO 4, I I  mM glucose, and 2. 4 mM NaHCO,. For 

Abbrev ia t i on :  CCCP, m-ch lo ropheny l  c a r b o n y l c y a n i d e  hyd razone .  
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low Mg 2+ spinner medium, the balanced salt solution was supplemented with 
Eagle's basal medium vitamins (IOO ×) and Eagle's basal medium minerals (IOO ×) 
(Hyland, io ml of each per 1), penicillin and streptomycin (GIBCO, IOO units/ml 
and IOO /tg/ml), 2 mM glutamine, and IO % dialysed horse serum (GIBCO). While 
no Mg 2+ was added to this medium, o.oi mM Mg 2+ (measured by atomic absorption 
spectroscopy) was present from contamination of the other ingredients. Cells incubated 
in low Mg 2+ medium for periods up to 9 h appeared normal under the phase contrast 
microscope. Membrane integrity, as indicated by the ability of cells to exclude trypan 
blue dye 7 was not affected. 

Radioisotope and counting 
28Mg2+ (t~ = 21.3 h) was obtained from the Brookhaven National Laboratory, 

Upton, New York, and added to the cultures at about o.I/~C/ml. 
The suspension of cells was maintained at 37 ° with gentle agitation during 

exposure to 2SMg2+. I-ml samples were filtered rapidly on Millipore AA filters (o.8-/~ 
pore size) and washed twice with 5 ml each of MgZ+-free salt solution at 25 or 37 °. 
Additional washing or washing with balanced salt solution at 4 ° did not appreciably 
alter the amount of radioactivity retained on the filters. 

In different experiments, three methods of counting radioactivity on the 
filters have been used, all of which are quite satisfactory: I. Filters were glued onto 
planchets and counted in a Nuclear Chicago gas-flow counter with a 5 ° % efficiency. 
2. Filters were dissolved in IO ml of a liquid scintillation cocktail containing dioxane 
and naphthalene 8 and counted in a Packard liquid scintillation spectrometer Model 
3375 with the preset 32p channel. 3. Filters were placed in IO ml water and counted 
in the Packard spectrometer with a 2o % gain setting and 5O-lOOO window via 
Cerenkov radiation 9. The count rate for similar samples was about twice as high by 
liquid scintillation counting as on the gas-flow counter and approximately equal 
on the gas-flow counter and by Cerenkov counting in the scintillation spectrometer. 
Direct o.I-ml samples from the radioactive cultures were also counted for 2SMg2+. 

Cell numbers were determined with a white blood cell counter (('. A. Hauser 
Company) under a phase contrast microscope. A cell count of 3" IO5 cells/nil corre- 
sponds to a packed volume of o.2 % (cell volume/medium volume) as determined 
by centrifugation in an A. H. Thomas thrombocytocrit  tube. The Mg 2+ content of 
cells was determined by washing twice with low Mg 2+ balanced salt solution, concen- 
trating in distilled water, digesting with acid or detergent and assaying with a 
Perkin-Elmer 3o3 atomic absorption spectrometer. KB cells grown in spinner medimn 
containing i mM Mg 2+ accunmlate approx. 2 /mmles Mg 2+ per I . IO s cells. (This 
would correspond to an upper limit of 3 mM internal Mg 2÷ based on the assumption 
that all of the intracellular Mg 2+ is free and not bound.) 

SolapalmitinO ° was a gift of Dr. S. M. Kupchan. Ouabain was obtained from 
Sigma Chemical Company, St. Louis, and CCCP from Calbiochem, Los Angeles. 

RESULTS 

2SMg2+ uptake 
When 28Mg2+ is added to KB cells in suspension culture the amount of radio- 

activity taken up by the cells depends, as expected, on whether they are suspended 
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in t h e  n o r m a l  h igh  Mg 2+ g r o w t h  m e d i u m  or in a m e d i u m  w i t h  a lower  Mg 2+ c o n t e n t  

(Fig. I).  T h e  2SMg2+ u p t a k e  in t h e  low Mg 2+ m e d i u m  is r e a s o n a b l y  cons i s t en t  w i t h  

" t w o  c o m p a r t m e n t  e x c h a n g e  k ine t i c s  ''11 and  w h e n  p l o t t e d  as log EI-28MgZ+(t)/ 

2SMg 2+ (~)1 vs. t i m e  (t) in hours ,  one  o b t a i n s  a s t r a igh t  l ine w i t h  a h a l f - e q u i l i b r i u m  

t i m e  of 3.3 h (Fig. I).  A f t e r  5 h i n c u b a t i o n  w i t h  0.02 m M  ~SMg2+, t h e  Mg 2+ concen-  
o~ of t he  28Mg2+ which  h a d  t r a t i o n  of an  a l i quo t  was  ra ised  to 1,2 raM. More t h a n  75 

been  t a k e n  up  b y  the  cells was  re leased,  p r e s u m a b l y  b y  e x c h a n g e  of n o n r a d i o a c t i v e  
Mg 2+ for 28Mg2+. 

0 
"7 

0.5 

i ; 1 

0 5 tO 

hours at 37 ° 

Fig. I. Uptake of 2SMg2+ in high and low Mg 2e media. KB cells were incubated at 37 ° in either 
normal i.o mM Mg 2 ~ growth medium or in low Mg 2+ medium in which a principal source of Mg 2+ 
was the o.oi mM 28Mg2+ added at time o. After 5 h, the low Mg 2+ culture was divided and 1.2 ln~[ 
Mg e+ was added to one portion. All points except those at 2 min represent the average of two 
values. In the inset, the uptake of 28Mge+ is plotted according to the equation for two compartment 
exchange kinetics: log [i-28Mg~+(t)/~SMg~+(a?) ". = kt. 4 %/ was assumed as an approximate value 
for the 28Mg2+ in the cells at equilibrium (t -: co) by best fit of the equation with the data in 
Fig. i. 

S ince  b o t h  a c t i v e  t r a n s p o r t  and  f ac i l i t a t ed  dif fus ion i n v o l v e  specific ca r r i e r  
s y s t e m s  and  differ  f rom pass ive  diffusion in t h a t  t h e  car r ie r  molecu les  are  s a t u r a t e d  

in t he  p resence  of h igh  c o n c e n t r a t i o n s  of subs t r a t e ,  t he  effect  of i nc reas ing  Mg 2+ 

c o n c e n t r a t i o n  on u p t a k e  was  t e s t e d  m o r e  carefu l ly .  T h e  resu l t s  of such  an e x p e r i m e n t  
are  g iven  in Fig .  2; t h e  in i t i a l  ra tes ,  t r e a t e d  a c c o r d i n g  to LINEWEAVER AND BURK 12 

in Fig .  2a, show s a t u r a t i o n  k ine t i c s  w i t h  a K m  = 0 . I I  m M  Mg 2+ and  a Vma x - -  o. 4 

# m o l e / h  pe r  I , l O  s cells. A l t h o u g h  a sma l l e r  f r ac t ion  of t h e  h i g h e r  c o n c e n t r a t i o n  
of Mg 2+ was  a c c u m u l a t e d ,  th i s  r ep r e sen t s  a g r e a t e r  t o t a l  u p t a k e  of Mg 2+ ( compare  

Figs.  I a n d  2). T h e  l ines d r a w n  for t he  in i t i a l  r a t e s  of u p t a k e  of h i g h e r  concen-  

t r a t i o n s  of ZSMg2+ in Fig.  2b do n o t  e x t r a p o l a t e  to  t h e  absc issa  a t  0 t ime ,  b u t  r a t h e r  
the re  seems to be  a r a p i d  in i t i a l  u p t a k e  of a sma l l  f r ac t ion  of ~Mg 2+ fo l lowed b y  t h e  
l inea r  u p t a k e  shown  in Fig.  2b. W e  h a v e  n o t  d e t e r m i n e d  w h e t h e r  th i s  resu l t  is 
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Fig. 2. Saturat ion kinetics of the Mg 2+ t ranspor t  system. 28Mg'a+ uptake was followed for a 3-h 
period wi th  KB cells exposed to o .03- t .o I  mM Mg 2+. As opposed to the data  analysis in Fig. i, 
here the fractional incorporation of 2SMg2+ was multiplied by the specific activity to give 
/tmoles Mg 2+ uptake  per i • IO 8 cells. The rate of uptake of 2SMg'a+, as indicated in (b), is plotted in 
(a) according to LINEWEAVER AND BURK TM. These data  are from one of three separate experiments ,  
all with comparable results. 

indicative of a small surface "compartment" with nmre rapid exchange, as has 
been invoked to explain such results ~,la,H, or reflects nonspecific binding to the 
cell surface or to the Millipore filter itself. Millipore binding, if it OCCUlTed, never 
exceeded o.I % of the 2SMg2+ present and did not affect our studies on the major 
cell compartment. 

Specificity and inhibition 
The KB cell system for uptake of 2SMg2+ is highly specific. Whereas the uptake 

system is half saturated by o. i i  mM Mg 2+, the uptake of 28Mg2+ in 0.02 mM Mg 2+ 
is unaffected by the addition of i.o mM Ca 2+ or o.I mM Mn 2+. Mn 2+ at i mM 
immediately inhibits 2SMg2+ uptake by 80 %. However, this concentration of Mn 2+ 
is cytotoxic over a prolonged period of time and thus tile directness of its effect on 
Mg 2+ transport is uncertain. 

In an attempt to further characterize the Mg 2+ uptake system, effects of various 
energy inhibitors were investigated. In the experiment shown in Fig. 3a we tested 
cyanide, presumably a general energy poison acting at the level of the cytochromes, 
and CCCP, one of the more potent of the new "uncouplers" of oxidative phosphoryla- 
tion. Both inhibited 2SMg2+ uptake by about 50 %. Although this degree of inhibition 
does not permit a definite distinction between (energy-requiring) active transport 
and (non-energy requiring) facilitated diffusion ~a, it should be noted that inhibitions 
of 25-50 % have been considered evidence for active transport in other mammalian 
cell and tissue studies11,15 17. Also tested in the same experiment (Fig. 3a) were 
ouabain, a cardiac glycoside which inhibits the (Na+-K+)-ATPase responsible for 
alkali cation active transport TM and solapalmitine, a plant alkaloid, which causes 
non-specific loss of small molecules without directly affecting transportlU, 2~' Both 
of these latter compounds were more inhibitory than cyanide or CCCP. The action 
of ouabain can be explained either by direct inhibition of a specific Mg 2+ transport 
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Fig.  3. Effects  of inhibitors  on  the  a c c u m u l a t i o n  of aSMge+. (a). 5 min before the  a d d i t i o n  of o. I / ~ C / m l  
~SMg'a+, o.o2 m M  o u a b a i n ,  i o  ml~I s o d i u m  cyan ide ,  o. t  m M  C C C P  or  o . I  m M  s o l a p a l m i t i n e  w e r e  
added  to the  ind icated  cultures .  (b). Af ter  5 h incubat ion  w i t h  o . i  /~C/ml ~SMg2", the  cu l ture  was  
d iv ided  and  so lapa lmi t ine  added  at  the  concentra t ions  indicated .  All cu l tures  c o n t a i n e d  approx .  
O.Ol 5 mM to ta l  Mg 2+. 

protein or indirectly by action via the (Na+-K+)-ATPase. As yet we cannot distinguish 
between these two possibilities. Low concentrations of solapalmitine cause rapid 
loss of already accumulated 2SMg2+ (Fig. 3b). Since an agent, which causes nonspecific 
leakiness19, ~° and therefore a great increase in the rate of passive diffusion in and 
out of the cells, causes a loss rather than an accelerated uptake of 2*Mg2+, we can 
conclude again that passive diffusion is not the basic mechanism for 2SMg2+ uptake. 
Still another indication of the energy dependence of this uptake is that cells incubated 
at 27 ° take up 2SMg2+ at 40 % the rate of 37 ° ceils. 

D I S C U S S I O N  

These preliminary experiments suggest that mammalian cells like some bac- 
teriaS, ~ have a specific transport system for Mg 2+ uptake. The specificity is indicated 
by the discrimination between Mg 2+, Ca 2+ and Mn 2+ for uptake by the cells. Although 
our evidence at this stage is not sufficient to distinguish between facilitated diffusion 
and active transport for the mechanism of Mg 2+ uptake, passive diffusion seems 
unlikely for three reasons: (i) Passive diffusion systems do not show saturation 
kinetics with clearly defined Km's as do facilitated diffusion and active transport 
systems la. (2) There is no reason to expect energy inhibitors to alter the rate of 
passive diffusion. And (3) if Mg 2+ were entering the cell by passive diffusion, the addi- 
tion of solapalmitine which breaks down the cellular permeability barrier would 
accelerate the uptake. Exactly the opposite occurs and Mg 2+ uptake is grossly inhi- 
bited by solapalmitine (Fig. 3a); 2SMg2+ which has been previously accumulated 
by the ceils leaks out when solapahnitine and other similar agents are added (Fig. 3b ; 
ref. 2o). While such leakage may also involve other substances of small molecular 
weight (e.g. possible Mg~+-complexing agents like ATP) the fact that cells at low 
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(IO/x.M) solapalinitine concentrations appear normal by phase nficroscopy and con- 
tinue to exclude trypan blue indicates that the cells do not suffer any gross dalnage. 
Since we cannot determine the fraction and nature of intracellularly bound Mg"J, 
the inhibition of Mg 2+ uptake by cyanide, CCCP and ouabain must be taken as sug- 
gestive of but inadequate to prove that there is a metabolically dependent Mg 2+ 
transport system. Such a system could either be a primary active transport svsteln 
or secondarily coupled to an active transport system. The extent of the ouabain 
sensitivity of Mg 2. uptake in KB cells (in E. coli and Euglena "SMg~- accumulation 
is ouabain insensitive; unpublished data) makes it interesting to speculate that 
bivalent cation transport in mammalian cells might involve a (Mg2+-Ca2+)-ATPase ~a 
system analogous to the lnammalian cell (Na+-K+)-ATPase exchange system. 
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