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Summary 

The transport  of  L-methionine in human diploid fibroblast strain WI38 was 
investigated. The uptake of  L-methionine was measured in sparse cell cultures 
in a simple balanced salt solution buffered with either Tris. HCI of N-2-hydroxy- 
ethylpiperazine-N'-2-ethanesulfonic acid (HEPES). Similar results were ob- 
tained with these two buffers. Cultures were allowed to equilibrate with the 
buffered saline before transport  was measured. The presence of  glucose in the 
buffered saline results in a slight reduction in the initial rate of  transport  for 
the first 2 h of  equilibration in buffered saline. L-Methionine is actively trans- 
ported in WI38 by saturable, chemically specific mechanisms which are tempe- 
rature, pH and, in part, Na ÷ dependent ,  and are reactive with both  L- and D-ste- 
reoisomers. Kinetic analysis of  initial rates of  transport  at substrate concentra- 
tions f r o m 0 . 0 0 0 5  to 100 mM indicated the presence of  two saturable transport  
systems. System 1 has an apparent K M of 21.7 pM and an apparent V of 3.57 
nmol/mg per min. System 2 has an apparent K M of  547 #M and an apparent V 
of 22.6 nmol/mg per min. Kinetic analysis of  initial rates of transport  in Na ÷- 
free media or after t reatment  with ouabaln suggested that  system 1 is Na ÷ inde- 
pendent  and that system 2 is Na* dependent .  Preloading of  cells with unlabeled 
L-methionine greatly increases the initial rate of  uptake.  Efflux of  transported 
methionine is temperature dependent ,  and is greatly increased in the presence 
of  unlabeled L- or D-methionine or L-phenylalanine, bu t  not  in the presence of 
L-arginine. L-Methionine transport  is strongly inhibited by  other  neutral amino 
acids, and is very weakly inhibited by dibasic amino acids, dicarboxylic amino 
acids, proline or glycine. 

Abbrev ia t ion:  HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid.  
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Introduction 

It has been suggested that alterations in transport activities may be of central 
importance in the mechanisms of neoplastic transformation [1], cellular aging 
[2], and performance of the cell cycle [3,4]. Biological transport has been 
recently reviewed [ 5]. 

The transport properties of cultured human diploid fibroblasts have not so 
far been well characterized, in spite of their importance for the study of human 
genetics and biochemistry. There have been few investigations of amino acid 
transport in human diploid fibroblasts. 

Groth and Rosenberg [6] investigated the transport of arginine, lysine, cys- 
tine, and tryptophan in cultured human fibroblasts from normal subjects, from 
patients with cystinuria and from patients with Hartnup disease, but were un- 
able to demonstrate any disease-related transport defects. They observed that 
lysine and arginine share two distinct transport systems, neither of which is 
reactive with cystine. Tryptophan was also transported by two systems which 
were not further characterized as to specificities for other amino acids. Na ÷ was 
not required for the transport of any of the amino acids studied. 

One of the few other published studies of amino acid transport in cultured 
human fibroblast is that of Hillman and Otto [7,8]. These workers used the 
method of Foster and Pardee [9] in which transport is measured in confluent 
monolayers attached to cover-slips. They report that cells from a patient with 
s-methyl acetoacetyl-CoA ~-ketothiolase deficiency display an apparent defect 
in the uptake of isoleucine. They suggest, but do not conclude, that these cells 
have an alteration in the isoleucine transport system. The patient's cells lacked 
Na÷-dependent, ouabain-sensitive transport, but did not display this phenotype 
until they had undergone more than 18 population doublings in vitro. In nor- 
mal cells they report the presence of three saturable systems for the uptake of 
isoleucine, two Na÷-dependent systems and one Na*-independent system. 

We have characterized the transport systems for a neutral amino acid in the 
human diploid fibroblast strain WI38. L-Methionine was used as a protype sub- 
strate because of its relevance to other investigations in progress in this labora- 
tory. 

Experimental 

Cells. Human diploid fibroblast strain WI38 was the cell type used in this 
study. WI38 was derived by Hayflick [10] from female human embryonic lung. 
Cells for these experiments were obtained from Dr. Hayflick under an N.I.H. 
contract (N01-HD-2828} or from Flow Laboratories. Cells were used either 
directly upon receipt from the supplier or after 2--10 passages in this labora- 
tory. All results reported are from experiments done with cells before the 32nd 
passage. Cells from the two sources displayed no discernable differences in their 
transport properties. 

Cultivation of  cells. Procedures for maintenance and preservation of these 
cell strains generally followed the protocol of Hayflick (unpublished). All cells 
were maintained in Dulbecco's modification of Eagle's minimal essential medi- 
um [11], with 10% (v/v) active fetal bovine serum, 100 units penicillin G and 
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100 pg s t reptomycin per ml, and 15 mmol  HEPES buffer  per 1. Cultures were 
generally subcultivated at a 1 : 4 split ratio. Medium was replaced every 2--3 
days until confluency was reached. At the time of subcultivation cells were 
removed from flasks with 0.05% trypsin in HEPES-buffered Hanks'  balanced 
salt solution with 100 units penicillin G and 100 pg s t reptomycin per ml. Cul- 
tures were routinely maintained in 7 5 ~ m  2 plastic Falcon tissue culture flasks. 
Cultures of  WI38 from both  sources were checked for mycoplasma contamina- 
tion by the method of  Schneider et  al. [12] and were found to be uninfected. 

Materials. L-Methionine was obtained in radiolabeled form from New Eng- 
land Nuclear Corp. as L-[Me34C]methionine or as L-[Me-3H]methionine. L- 
[Me-14C]Methionine was checked for puri ty by paper chromatography and was 
found to be substantially free from contamination with other  compounds.  L- 
[Me3H]Methionine was purified by  paper chromatography before use to elimi- 
nate a small amount  of  radiolabelled methionine sulfoxide. 

Fetal bovine serum, growth medium, and antibiotics were obtained from 
Grand Island Biological Co. Twice crystallized type  II bovine pancreatic trypsin 
was obtained from Sigma Chemical Co. Other reagents were in general the high- 
est grade available from Sigma Chemical Co. or from California Corporation for 
Biochemical Research. 

Paper chromatography. Ascending paper chromatography in one dimension 
of  radiolabeled material was performed with Whatman No. 1 chromatography 
paper in N-butanol/acetic acid/water (25 : 4 : 10, v/v). For material extracted 
from cells with 5% trichloroacetic acid, standards were treated similarly before 
application to the paper. After development ,  the paper was cut  into 1-cm strips 
and counted for radioactivity. 

Measurement of amino acid transport. Uptake was measured by  a modifica- 
tion of  methods  used by a number  of  workers in other  cell culture systems 
[13,14] .  The following protocol  was used with minor variations. Cells are 
seeded into 6 ~ m  Falcon dishes to give a desired cell density and allowed to 
incubate 1--2 days in complete  growth medium at 37°C. The dishes are then 
rinsed with 5 × 2 ml of  buffered saline at pH 7.4 and allowed to equilibrate 
with the buffered saline usually for 6 0 - 9 0  min. The equilibration time was 
always held constant  for any particular experiment.  Transport is initiated by  
removing the buffered saline and adding radioisotope in 1 ml buffered saline. 
The reaction is s topped a few seconds after removal of most  of  the radioisotope- 
containing buffered saline by rinsing with 5 × 2 ml buffered saline at 0°C. The 
amount  of  radiolabel taken up by  the cells can then be determined in one of  
several ways. For  initial rate determination, in which very little of  the radio- 
label in the cells is incorporated into protein, the following procedure has 
proved useful. The washed cells are extracted with 1 ml and then with 2 × 0.5 
ml ice cold 5% trichloroacetic acid. Radioactivity in the combined extracts is 
then measured in a liquid scintillation counter  using internal standardization. 
The extracted cells, which remain attached to the dish, are then dissolved in 
0.5 ml 1 M NaOH. Cell protein is measured by the method of  Lowry et al. [15] 
against a bovine serum albumin standard. Background for both  the protein and 
radioactivity measurements is taken,  respectively, as the amount  of protein 
bound to dishes incubated with growth medium and serum but  no cells, and 
the radioactivity extracted from these dishes after they are processed in the 
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same manner as those with cells. After the appropriate conversion, uptake is 
expressed in nmol/mg per min. For determination of  radioactivity remaining in 
the trichloroacetic acid-precipitated material, cells are dissolved in 1 ml 1 M 
NaOH. Exactly half of  this is taken for determination of  radioactivity, again 
using an internal standard, using the other  half for the Lowry reaction. In 
kinetic experiments a uniform specific activity was used at all substrate concen- 
trations in a given experiment.  For measurement of  efflux, cells were typically 
incubated 30 min with radioisotope in buffered saline wi thout  preincubation; 
radioactivity remaining with the cells at intervals of  time after rinsing with non- 
radioactive buffered saline was then determined. The buffered saline contained, 
per l: 116 mequiv. Na ÷, 2.7 mequiv. K ÷, 2 mequiv. Ca:*, and 2 mequiv. Mg 2÷ 
(all cations added with C1-) buffered at pH 7.4 with either 20 mM Tris • HCI or 
15 mM HEPES. For  substrate concentrations greater than 10 mM the buffered 
saline was diluted appropriately for the maintenance of uniform osmolality. 
Integrity of  the cells was maintained under all above,stated conditions. All ini- 
tial rate determinations reported here were derived from 1-min accumulations 
of  radiolabel. Departure from linearity with time occurs between 1 and 2 min 
of  uptake.  

Cell volume estimation. For determination of  cellular volume, trypsinized 
cells were washed by  centrifugation twice with Tris-buffered saline, and once 
with a small volume of Tris-buffered saline containing I pCi [14C]inulin per ml. 
The cells were then resuspended in Tris-buffered saline with 1 pCi [14C]inulin 
per ml, incubated 10 min, and pelleted into centrifuge tubes with graduated 
chambers. The volumes of  the pellets were recorded. The pellets were then dis- 
solved in 1 ml (total volume) of 0.01% sodium dodecyl  sulfate/0.001 M ethyl- 
enediaminetetracetic acid. Protein and radioactivity were measured in aliquots 
of  this homogenate,  using an internal standard for radioactivity determination. 
Inulin-labeled water was considered to be extracellular. A value of  0.617 pl/mg 
cellular protein was obtained. This value was used as a conservative estimate of  
cellular water in the calculation of  distribution ratios. 

Results 

Effect o f  cell density 
Transport  rates were measured exclusively in sparse cell cultures. It was 

found that the initial rates of  transport of  L-methionine calculated per mg cel- 
lular protein does not  vary significantly as a function of  cell density over the 
range used in this s tudy,  up to 0.25 mg per 6 ~ m  dish. 

Effect o f  pH 
Initial rate of  transport  of  L-methionine in WI38 is pH dependent.  The opti- 

mal pH for uptake is 7.4 within the 6.8--8.5 range examined. This correlates 
well with the optimal pH reported for growth in WI38 [16].  

Metabolic conversion 
Paper chromatography of  L-[Me-14C]methionine extracted from cells labeled 

for 2 min was used to estimate the degree to which methionine is metabolized. 
After 1 min; virtually all of  the radiolabel is recovered as material which co- 
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chromatographs with authentic L-[Me-i4C]methionine. Radiolabeled methio- 
nine sulfoxide, an oxidation product ,  present as a radiolabeled trace contami- 
nant does not  appear in the cell extract.  Contaminated methionine was purified 
by paper chromatography prior to kinetic experiments,  however. After 1 h of  
incubation, approx. 18% of  the radiolabel is transformed to material that  does 
not  migrate with either methionine or methionine sulfoxide. Unless otherwise 
stated, uptake rates have no t  been corrected for metabolic conversion. 

Effect of preincubation in buffered saline 
Initial rate of  transport  declines as a funct ion of  time of  preincubation in 

buffered saline. After  4 h of  preincubation the initial rate of  transport  is 
80--85% of  the rate wi thout  preincubation. However,  during the first 30 min of  
preincubation, the initial rate is significantly elevated. To measure the rate of  
uptake reproducibly in a simple salt solution, it is therefore necessary to allow 
the cells' a period of  at least 30 min for equilibration. The decrease in initial 
rate with time in buffered saline is completely prevented by  addition of  excess 
methionine to the buffered saline used for preincubation. 

Time course of uptake 
The time course of  methionine uptake is shown in Fig. 1. Velocity of  uptake 

is maximal during the first 2 min. Thereafter,  the velocity of  accumulation of  
trichloroacetic acid-soluble methionine slows and finally reaches a plateau after 
about  40 min with 4.8 nmol/mg cellular protein at a substrate concentrat ion of  
0.01 mM. This corresponds to an equilibrium distribution ration of  78. After 
2 min of  uptake,  less than 2% of the total radiolabel taken up by  the cells was 
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Fig .  1 .  A c c u m u l a t i o n  o f  L - m e t h i o n i n e  a t  3 7 ° C  a n d  a t  5 ° C .  U p t a k e  o f  L - [ 3 H ] m e t h i o n i n e  (0 .01  r aM)  in  
W I 3 8 - 2 3  was  m e a s u r e d  in  H E P E S - b u i f e r e d  sa l ine  a f t e r  a n  in i t i a l  30- rn in  p r e i n c u b a t i o n  in  H E P E S - b u f f e r e d  
sal ine.  E a c h  p o i n t  is t h e  m e a n  o f  t r i p l i c a t e  m e a s u r e m e n t s .  D i s t r i b u t i o n  r a t i o  is i n t e r n a l  c o n c e n t r a t i o n  o f  
t r i c h l o r o a c e t i c  a c id - so lub l e  m e t h i o n L n e  d iv ided  b y  e x t e r n a l  c o n c e n t r a t i o n ,  a ,  t o t a l  n m o l / m g  (a t  37~C) ;  o ,  
t r i c h l o r o a c e t i c  ac id - so lub le  n m o l / m g  (a t  3 7 ° C ) ;  o ,  t o t a l  n m o l / m g  (a t  5°C) ;  ~ ,  t r t c h l o r o a c e t i c  a c id - so lub l e  
n m o l / m g  (a t  5 °C) .  

F ig .  2 .  E f f l u x  o f  L - m e t h i o n i n e  i n t o  b u f f e r e d  sa l ine  o r  i n t o  b u f f e r e d  sa l ine  con tAin lng  L - m e t h i o n l n e ,  D ~ n e -  
t h l o n l n e ,  o r  L - e t h l o n i n e .  E f f l u x  o f  L-[  ! 4 C ] m e t h i o n l n e  ( l abe l ing  c o n c e n t r a t i o n  ffi 0 . 0 1  r aM)  w a s  m e a s u r e d  
in  W138-16  a t  3 7 ° C  in  H E P E S - b u f f e r e d  sa l lne ,  in  H E P E S - b u f f e r e d  ~t l lne  w i t h  L - e ~ i o n i n e  a t  0 .1  r a M ,  in  
H E P E S - b u f f e r e d  sa l ine  w i t h  L - m e t h i o n i n e  a t  0 .1  r a M ,  o r  in  H E P E S - b u f f e r e d  sa l ine  w i t h  D - m e ~ i o n i n e  a t  
0 .1  r aM.  Cells w e r e  l abe l ed  3 0  r a i n  b e f o r e  e f f l u x  w a s  i n i t i a t e d .  E a c h  p o i n t  is t h e  m e a n  o f  t r i p l i c a t e  d e t e r -  
m l n a t i o n s ,  o ,  H E P E S - b u f f e r e d  sa l ine ;  a H E P E S - b u f f e r e d  sa l ine  + L - e t h l o n l n e ;  ~,  H E P E S - b u f f e r e d  sa l ine  
+ L - m e t h i o n l n e ;  ~, H E P E S - b u f f e r e d  sa l ine  + D-meth ior~ ine .  
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incorporated into trichloroacetic acid-soluble material. Uptake of  methionine is 
temperature dependent .  At 5°C uptake is linear with time and much slower 
than at 37°C. 

Efflux 
The rate of  exit of  exogenously supplied methionine is similar in magnitude 

to the rate of  accumulation {Fig. 2). Cells lose most  of  the methionine accumu- 
lated in 30 min in the first 20 min of  exodus. The efflux system displays the 
phenomenon of  accelerative exchange diffusion [17],  i.e. the presence of  L-me- 
thionine in the external medium greatly enhances the rate of  exit. D-Methio- 
nine, L~thionine,  and L-phenylalanine are also active in accelerating efflux 
(Fig. 2). L-Arginine, putrescine, spermine, D-glucose, 3-O-methylglucose (at 
0.1 mM or ten times labeling concentrat ion),  or ouabain (at 1 mM), however, 
have no significant effect  on efflux. Efflux is temperature dependent ,  being 
neglibible at 0°C. Efflux in the presence of  external methionine is also reduced 
at 0°C, bu t  not  so much as is efflux at 0°C into buffered saline alone. 

Initial rate kinetics 
Initial velocities of  transport  as a function of  substrate concentration were 

measured in WI38 over a low {less than 1 mM) and a high (greater than 1 mM) 
range of  substrate concentration.  Earlier work on phenylalanine transport in 
other  strains suggested that  at least two systems were active in mediating trans- 
port.  Two widely separated ranges of  concentrat ion were studied since kinetic 
analysis over a concentration range in which both  systems have substantial 
activity is unproductive,  i.e. no reliable constants can be derived from a bipha- 
sic double reciprocal plot  if only the curvilinear part  of  the curve is known. 

At substrate concentrations up to 0.1 mM, kinetic analysis revealed a trans- 
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Fig .  3 .  D o u b l e  rec iproca l  p l o t  o f  in i t ia l  rate  o f  L ~ m e t h i o n i n e  t r a n s p o r t  a g a i n s t  ~ubst~ate c o n c e n t r a t i o n  
(leas t h a n  o r  e q u a l  t o  0 .1  r aM)  in  b u f f e r e d  ealLne o r  in  Na*-free  b u f f e r e d  sa l ine .  In i t ia l  rates  o f  t ransport  o f  
L - [ 1 4 C ] m e t h i o n i n e  in  W I 3 8 - 1 7  w e r e  m e a s u r e d  a t  3 7 ° C  a f t e r  9 0  r a in  p r e i n c u b a t i o n  in  T r i s - b u f f e r e d  sa l ine  
or  in  T r t s - b u f f e r e d  sa l ine  w i t h  NaCI r e p l a c e d  b y  c h o l i n e  c h l o r i d e .  L ines  s h o w n  w e r e  f i t t e d  b y  l i nea r  regres-  
s / o n .  E a c h  p o i n t  is t h e  m e a n  o f  t r i p l i c a t e  m e a s u r e m e n t s ,  o ,  T r i s - b u f f e r e d  sa l ine ;  o ,  Na+-free T r i s - b u f f e r e d  
sa l ine .  
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F ig .  4 .  D o u b l e  r e c i p r o c a l  p l o t  o f  in i t i a l  r a t e  o f  L - m e t h i o n i n e  t r a n s p o r t  a g a i n s t  s u b s t r a t e  concentra t ion  
(less t h a n  o r  e q u a l  t o  0.1 r aM)  in b u f f e r e d  sa l ine ,  in Na+-free b u f f e r e d  sa l ine ,  in  b u f f e r e d  sa l ine  a f t e r  P re in -  
c u b a t i o n  w i t h  o u a b a i n ,  or  in  b u f f e r e d  sa l ine  a f t e r  Preincubat ion wi th  excess  n o n - r a d i o a c t i v e  L - m e t h i o -  
n ine .  In i t i a l  r a t e s  o f  t r a n s p o r t a t i o n  o f  L - [ 1 4 C ] m e t h i o n i n e  in  W138-23  were  m e a s u r e d  a t  3 7 ° C  a f t e r  1 5 0  
r a in  p r e i n c u b a t i o n .  Cells we re  r i n s e d  w i t h  2 m l  H E P E S - b u f f e r e d  sa l ine  i m m e d i a t e l y  b e f o r e  u p t a k e .  L i n e s  
s h o w n  w e r e  f i t t e d  b y  line~Lr r eg re s s ion .  E a c h  p o i n t  is t h e  m e a n  o f  t r i p l i c a t e  m e a s u r e m e n t s .  V is in  n m o l /  
m g  pe r  m i n ;  S is in M. o ,  p r e i n c u b a t i o n  a n d  u p t a k e  in  H E P E S - b u f f e r e d  sa l ine ;  e ,  p r e i n c u b a t i o n  a n d  u p t a k e  
in  H E P E S - b u f f e r e d  sal ine,  w i th  N a  + r e p l a c e d  b y  T r i s - b u f f e r e d  s a l i ne ;V ,  p r e i n c u b a t i o n  in H E P E S - b u f f e r e d  
sa l ine ,  w i t h  o u a b a i n  a t  1 m M ;  u p t a k e ,  in  H E P E S - b u f f e r e d  sa l ine ;  o P r e i n c u b a t i o n  in  H E P E S - b u f f e r e d  
sa l ine ,  w i t h  L - m e t h i o n i n e  a t  1 0  r a M ;  u p t a k e ,  in H E P E S - b u f f e r e d  sa l ine .  

port  process for methionine which conforms to the Michaelis-Menten equations 
(Figs. 3 and 4). 

Analysis of  the data in Fig. 3 gives an apparent K m of  44.4 + 7.3 pM and an 
apparent V of 7.26 ± 0.89 nmol/mg per min. If NaCI in the buffered saline is 
replaced with either choline chloride or Tris • HC1, or if the cells are precincu- 
bated in the presence of  ouabain, both  the Km and the V are lowered (Figs. 3 
and 4). Analysis of  these data give similar estimates of  the reduced values of  
the kinetic constants. The means of  the three estimates are an apparent K m of 

I 
21.7 + 2.0 pM and an apparent V of  3.7 ± 0.12 nmol/mg per min. 

Preincubation in 10 mM non-radioactive L-methionine results in much higher 
transport  rates of  all concentrations (Fig. 4). This phenomenon has been called 
trans-stimulation [18].  The proximity to the origin of  the ordinate intercept of  
the fi t ted line for these data in the double  reciprocal plot  suggests that  uptake 
after preincubation with excess substrate is no t  a saturable process. 

At high substrate concentrations,  uptake is non-saturable (Fig. 5). Subtrac- 
tion of  the non-saturable flux reveals that  presence of  a saturable system which 
operates preferentially at high substrate concentrations.  The contr ibut ion of  
the non-saturable flux to the observed rates of  transport  was estimated by three 
methods  which gave essentially identical results. With the method  of  Akedo 
and Christensen [19] the apparent permeabili ty constant ,  Kp, is taken from the 
ordinate intercept  of  a plot  of  distribution ratio per min against reciprocal sub- 
strate concentration.  The value of  the intercept is equal to the value of  the 
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Fig .  5.  D o u b l e  r e c i p r o c a l  p l o t  o f  in i t i a l  r a t e  o f  L - m e t h i o n i n e  t r a n s p o r t  aga in s t  substrate  c o n c e n t r a t i o n  
(g rea t e r  t h a n  o r  e q u a l  t o  2 .0  m M ) ,  c o r r e c t e d  for  d i f fus ion .  In i t ia l  r a t e s  o f  t r a n s p o r t  o f  L-{ 1 4 C ] m e t h i o n i n e  
in  W I 3 8 - 2 0  w e r e  m e a s u r e d  a t  3 7 ° C  a f t e r  9 0  m i n  p r e i n c u b a t i o n  in H E P E S - b u f f e r e d  sa l ine .  O b s e r v e d  veloc-  
i t ies  w e r e  correc t ed  for  d i f fus ion  by m e t h o d s  descr ibed  in the  t e x t .  Each po in t  is the  m e a n  o f  t r ip l i ca t e  
m e a s u r e m e n t s .  V is in  n m o l / m g  pe r  r a in ;  S is in M. ,~, o b s e r v e d  f l u x ;  A, s a t u r a b l e  f l ux .  

term, 1 -- e-kp t, in the equation: 

_ K p  
Dr, l _ e _ k p  t D o - - ( 1 - - e - k p  t) 

(Dm = distribution ratio resulting from a mediated process, Do = Distribution 
ratio observed}. For  these data the value of  Kp is 0.0478. 

The other  two methods of  correction used the following equation: 

Vm = v 0 - K D  [S] 

i.e. mediated velocity, vm, equals observed velocity, v0, with the velocity 
increasing linearly as a function of  substrate concentrations,  KD [8], sub- 
tracted. The apparent diffusion constant,  K D ,  Was  determined in two ways. The 
ordinate intercept of  a plot  of  velocity divided by substrate concentration 
against reciprocal substrate concentrat ion has been used to estimate the appar- 
ent  diffusion constant  [7].  The KD from the plot of  these data is 0.288/min. 
The other method for estimating K D w a s  in iterative procedure which sought a 
value for g D which gave the least error of  fit to a straight line for derived Vm 
values in a double reciprocal plot. This procedure yielded a best K D of 0.275] 
min. The means of  the constants derived for the high substrate concentration 
data (Fig. 5) are an apparent Km of 547 +- 19 pM and an apparent V of 22.6 
-+ 0.11 nmol/mg per min. 

A plot  of  the averaged apparent kinetic constants for the rates at high sub- 
strate concentrations,  at low substrate concentrations and at low substrate con- 
centrations in the absence of  Na ÷ or in the presence of  ouabain are shown in 
Fig. 6. Line d in the plot  was derived by addition of  the low substrate concen- 
tration values indicated by  extrapolation of  the line for the system most  active 
at high substrate concentration to the ouabain-insensitive, Na÷-independent 
values at substrate concentrations less than 0.05 mM. It is clear that  the ob- 
served rates at substrate concentrations less than 0.05 mM can be accounted for 
as the sum of  rates for two kinetically distinguishable modes of  entry,  suggest- 
ing that  there are two saturable systems for the uptake of  methionine in WI38: 
a high Kin, Na÷-dependent system, and a low Kin, Na÷-independent system. 
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Fig. 6.  Doub le  r ec ip roca l  plot  of  k ine t ic  c ons t a n t s  for  L - m e t h i o n i n e  t r an sp o r t  der ived f r o m  analysis  of  
averaged  da t a  for  high and low subs t ra te  c onc e n t r a t i ons ,  a, Cons tan t s  were  der ived  f rom c o r r e c t e d  ra tes  at 
high subs t ra t e  c o n c e n t r a t i o n s ;  b ,  cons t an t s  were  de r ived  f r o m  ra t e s  at  low subs t ra te  c o n c e n t r a t i o n s  in the  
absence  of  Na + or  a f t e r  ouaba in  t r e a t m e n t ;  c, cons t an t s  were  der ived  f r o m  ra tes  at low subs t ra te  co n cen -  
t r a t ions ;  d,  l lne was d r a w n  t h r o u g h  poin ts  de r ived  by  s u m m i n g  e x t r a p o l a t e d  ra tes  at  subs t ra te  c o n c e n t r a -  
t ions  less t h a n  0 .05  raM f r o m  line a. wi th  those  f r o m  line b .  at  subst*rate c o n c e n t r a t i o n s  less t h a n  0 .05  
raM. 

Inhibition by other amino acids 
The results of  inhibition experiments suggest that  methionine transport  in 

WI38 is not  stereospecific. D-Methionine is an excellent inhibitor of  L-methio- 
nine uptake (Table I), and also is as effective as L-methionine in accelerating 
efflux of  transported L-methionine when present in the exit medium (Fig. 2). 

Inhibition of  L-methionine uptake by other  amino acids is shown in Table I. 
Generally, amino acids whose side chains are uncharged at neutral pH are good 
inhibitors. Amino acids with side chains bearing a charge at neutral pH are gen- 
erally very poor  inhibitors, as are ~-amino-isobutyric acid, cystine, glycine, and 
proline. Serine, threonine, asparagine, and cysteine inhibit to a degree interme- 
diate between these two groups. 

The effects of  ouabain on transport  rate are shown in Fig. 7. The effect  of  
ouabain on the kinetics of  methionine transport  is similar to the effect  of  
removing Na ÷ from the buffered saline. The trans-stimulation effect (the 
increase in transport  rate in cells preincubated in excess substrate) is not  
reduced by  incubation with ouabain, that  is, the reduction in rate observed 
with ouabain in cells preincubated in excess methionine is less than the reduc- 
tion in rate observed with ouabain in cells preincubated in buffered saline 
alone. This is consistent with the observation that the transport  rate becomes 
more sensitive to ouabain inhibition as cells are preincubated in buffered saline 
(Fig. 7). At a substrate concentrat ion of  0.2 mM, the maximum distribution 
ratio achieved in an accumulation experiment  is reduced 48% by  ouabain at 
0.5 mM. Simultaneous inhibition of  initial t ransport  rate by  ouabain and either 
L-alanine, L-serine, or L-asparagine suggests that  these amino acids do not  pref- 
erentially inhibit either ouabain-sensitive or ouabain-insensitive uptake at a sub- 
strate concentrat ion of  0.2 mM. Ouabain has no significant effect  on efflux. 
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T A B L E  I 

I N H I B I T I O N  O F  L - M E T H I O N I N E  U P T A K E  B Y  O T H E R  A M I N O  A C I D S  

I n i t i a l  r a t e s  o f  u p t a k e  i n  t h e  p r e s e n c e  o f  t h e  i n h i b i t i n g  a m i n o  a c i d  a r e  e x p r e s s e d  a s  a p e r c e n t a g e  o f  t h e  

i n i t i a l  r a t e  o b s e r v e d  w i t h o u t  a n  i n h i b i t o r .  T h e  s u b s t r a t e  c o n c e n t r a t i o n  i s  5 p M .  e x c e p t  w h e r e  i n d i c a t e d .  

I n h i b i t o r  R a t i o  o f  [ I ]  t o  [ S ]  

1 2 . 5  1 0  2 5  5 0  1 0 0  

L - E t h i o n i n e  8 2 . 0  * - -  3 8 . 0  * - -  - -  1 0 . 0  * 

D - M e t h i o n i n e  9 0 . 3  * - -  3 8 . 2  * - -  - -  1 0 . 7  * 

L - I s o l e u c i n e  . . . . .  1 6 . 6  

L - H i s t i d i n e  . . . . .  1 9 . 0  

L - T r y p t o p h a n  . . . . . .  1 9 . 5  

L - T y r o s i n e  . . . . . . .  1 9 . 7  * *  

L - V a l i n e  . . . . .  2 1 . 6  

L - L e u c i n e  . . . . .  2 3 . 0  

L - P h e n y l a l a n i n e  5 9 . 0  * 5 7 . 6  2 9 . 1  * 3 1 . 3  2 8 . 5  2 4 . 0  * 

L - A l a n i n e  - -  - -  2 7 . 0  * *  * - -  - -  5 9 . 7  

L - S e r i n e  - -  - -  4 3 . 2  * * *  - -  - -  5 7 . 9  

I . , - A s p a r a g i n e  - -  - -  5 2 . 4  * * *  - -  - -  5 6 . 9  

L - T h r e o n i n e  . . . . . .  6 2 . 2  

L - C y s t e i n e  - -  9 8 . 8  - -  1 0 0 . 4  6 4 . 8  - -  

L - A r g i n i n e  8 4 . 7  * - -  8 4 . 7  * - -  - -  7 8 . 9  * 

~ - A m i n o - i s o -  - -  1 0 0 . 6  - -  8 9 . 7  8 4 . 0  - -  

b u t y r i c  a c i d  

L - P r o l i n e  . . . . .  8 4 . 7  

L - L y s i n e  . . . . .  8 7 . 9  

G i y c i n e  - -  9 8 . 8  - -  9 6 . 5  9 2 . 3  - -  

L - C y s t e i n e  1 0 1  9 7 . 3  1 0 1  9 7 . 3  9 5 . 6  - -  

L - A s p a r t i c  a c i d  . . . . .  9 6 . 8  

L - G l u t a m i c  a c i d  - -  1 0 1 . 7  - -  1 0 1 . 2  1 0 0 . 3  - -  

* S = 1 0  ~ M .  

* *  1 t o  S r a t i o  = 9 5 .  

* * *  S = 2 0 0  ~ M .  

0 5  

>- 
I I 
1 5 

II [ I I 1 I I 
30 9O 20 180 

rain with cx.~abain jore~ncul3alJ(~,min 

F i g .  7 .  E f f e c t s  o f  o u a b a l n  o n  i n i t i a l  r a t e  o f  L - m e t h i o n i n e  t r a n s p o r t .  I n i t a l  r a t e s  o f  t r a n s p o r t  o f  L - [ 1 4 C ]  • 

m e t h i o n i n e  ( 0 . 2  m M )  w e r e  m e a s u r e d  i n  W I 3 8  a t  3 7 ° C  i n  H E P E S - b u f f e r e d  s a l i n e  a f t e r  p r e i n c u b a t i o n  i n  

H E P E S - b u f f e r e d  s a l i n e  o r  i n  H E P E S - b u f f e r e d  ~ l t n e  w i t h  o u a b a i n .  I n  t h e  f i r s t  p a n e l ,  o u a b a i n  c o n c e n t r a -  

t i o n  w a s  v a r i e d ;  a l l  c e l l J  w e r e  p r e i n c u b a t e d  2 0  r a i n .  I n  t h e  s e c o n d  p a n e l ,  t i m e  o f  e x p o s u r e  t o  o u a b a i n  ( 0 . 5  

r a M )  w a s  v a r i e d ;  a l l  c e l l s  w e r e  p r e i n c u b a t e d  9 0  r a i n ,  w i t h  o u a b a i n  a d d e d  a t  v a r i o u s  t i m e s  b e f o r e  u p t a k e ,  

e x c e p t  f o r  t h e  f i r s t  p o i n t ;  u p t a k e  r a t e  i s  e x p r e s s e d  a s  a f r a c t i o n  o f  t h e  r a t e  i n  c e l l s  P r e i n c u b a t e d  f o r  t h e  

i n d i c a t e d  t i m e s  w i t h o u t  o u a b a i n .  V I i s  t h e  r a t e  w i t h  o u a b a i n  t r e a t m e n t ; V  0 a n d  V T a r e  t h e  r a t e s  w i t h o u t  

o u a b a i n  t r e a t m e n t ;  a l l  V v a l u e s  a r e  i n  n m o l / m g  p e r  m i n .  E a c h  p o i n t  i s  t h e  m e a n  o f  2 - - 3  m e a s u r e m e n t s .  
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Discussion 

There are at least three kinetically distinguishable modes of entry of L-methi- 
onine in WI38: (1) A saturable system with a low apparent Km (21.7) and a low 
apparent V (3.57 mmol/mg per min); does not require Na ÷ and is insensitive to 
ouabaln (system 1). (2) A saturable system with a high apparent Km (547 pM) 
and a high apparent V (22.6 mmol/mg per min); requires Na ÷ and is sensitive to 
ouabaln (system 2}. (3) A non-saturable mode of entry which is discernable 
only at high substrate concentration (physical diffusion). 

The results of transport studies by other investigators with other neutral 
amino acids in normal cultured human diploid fibroblasts are summarized in 
Table II. One important source of variation is the contribution of trans-stimu- 
lated flux to the rates observed in some studies. When cells are removed from 
growth medium and placed in a simple buffered saline lacking substrate and 
substrate analogues, they require at least 30 min to achieve stable transport 
activity. The results of efflux experiments suggest that this is the approximate 
amount of time required to lose most of the free internal pool. Apparent trans- 
port activity is significantly elevated during this period. A narrow range of sub- 
strate concentrations has been used by earlier workers. In one case the lowest 
concentration used exceeds the Km of our system 1 by a factor of 2--5. 

At typical plasma concentrations of L-methionine, uptake is principally me- 
diated by system 1. The apparent Km for system 1 (21.7) #M) correlates quite 
well with reported plasma concentrations {3--29 gM with a mean of 21 #M 
[20]}. The physiological significance of system 2 is uncertain. It could be of 
value to cells when plasma concentrations are increased in the non-fasted state. 
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