
Effects of Membrane Fatty Acid Composition on Sodium- 
Independent Phenylalanine Transport in Ehrlich Cells 
WHA BIN IM 1, JON T. DEUTCHLER and ARTHUR A. SPECTOR 2, Department of 
Biochemistry, University of Iowa, Iowa City, Iowa 52242 (USA) 

ABSTRACT 

We have examined Na+-independent phenylalanine transport in Ehrlich cells having different ~ 
degrees of membrane fatty acid saturation. These differences were produced by growing the cells in 
mice fed a fat-free chow supplemented with either sunflower seed oil or coconut oil. Plasma 
membranes isolated from the cells grown on sunflower oil were enriched with polyenoic fatty acid, 
especially 18:2, whereas those isolated from the ceils grown on coconut oil were enriched in 
monoenoic fatty acids, primarily 16:1 and 18:1. Arrhenius plots of phenylalanine uptake showed 
two transitions. The temperatures of these transitions were different in the two cell preparations; 17 C 
and 24 C for the cells enriched in polyenoic fatty acids, 19 C and 28 C for those enriched in mono- 
enoic fatty acids. Therefore, this transport system is sensitive to changes in the fatty acid composition 
of the lipid phase in which it operates. The activation energies, however, were the same in both cell 
preparations; 14, 8 and 4 kcal/mol. There also was no significant effect of the lipid modifications on 
either the K m or V~nax of this transport process. The K m for phenylalanine uptake from a choline 
medium remained constant as the temperature was raised from 17 C to 37 C, whereas the V~nax 
showed about a two-fold increase in both cell types. Phenylalanine exodus from the cells into an 
amino acid-free suspending medium, analyzed using first-order kinetics, also was not influenced by 
these membrane fatty acid modifications. The changes in the transition temperatures probably reflect 
differences in the degree of fatty acid unsaturation of lipids that surround and interact with the 
phenylalanine carrier. Such differences, however, do not appreciably influence the catalytic activity 
of this transport system. 

INTRODUCTION 

Fat ty  acid compos i t ion  is a major  factor  that  
influences the physical state of  membrane  
lipids. We recent ly  have developed a m e t h o d  for 
producing large modif ica t ions  in the fat ty  acid 
composi t ion  of  Ehrlich ascites cells (1). Plasma 
membranes  derived f rom these modif ied  cells 
showed marked differences in the t ransi t ion 
tempera tures  de tec ted  with a spin4abeled 
stearic acid probe,  suggesting that  membrane  
f luidi ty is al tered by these types of  fa t ty  acyl 
modif icat ions  (2). Moreover,  we observed that  
the t ransport  activity of  the Na+-independent ,  
short  chain neutral  amino acid uptake system in 
Ehrlich cells also is inf luenced by these changes 
in the fat ty  acid compos i t ion  of  the plasma 
membrane  phosphol ipids  (3). 

Christensen and his coworkers  have shown 
that  there are at least three distinct systems 
that  mediate  the t ransport  of  neutral  amino 
acids in Ehrlich cells: System A, ASC and L 
(4,5). The sodium-dependent  uptake of  c~- 
aminoisobutry ic  acid by Ehrlich cells, which is 
inf luenced by lipid modif ica t ions  (3), is 
media ted  by System A (4). In order  to deter- 
mine whether  other  amino acid t ransport  
systems are similarly inf luenced,  we have 
ex tended  our studies on membrane  lipid 
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modi f ica t ion  to System L, as represented by 
sodium-independent  phenylalanine uptake.  The 
t ransi t ion tempera tures  for this t ransport  
system showed the expec ted  variations for the 
changes in fa t ty  acid saturat ion that  were 
produced.  In contrast  to System A, however ,  
the kinetic parameters  for phenylalanine 
t ransport  and the act ivat ion energies for this 
process were no t  appreciably affected by these 
changes in membrane  fat ty acid saturation.  

MATERIALS AND METHODS 

Cells 

A fat ty  acid-deficient  diet was provided by 
Teklad Test Diets (Madison, WI). Coconut  oil 
was purchased f rom Ruger Chemical Co. 
(Irvington,  NJ)  and sunflower seed oil was 
obta ined  f rom Cargill (Minneapolis,  MN). The 
Ehrl ich ascites cells were propagated in CBA 
mice fed a fa t ty  acid deficient  diet supple- 
men ted  with ei ther  16% coconu t  oil or 16% 
sunf lower  seed oil. The fa t ty  acid compos i t ion  
of  these diets has been repor ted  previously (1). 
Mice were placed on these diets for at least 4 
weeks prior to the t ransplantat ion of  the cells, 
and the diets were cont inued  during the addi- 
t ional 2 weeks of  tumor  growth.  Tlie cells were 
t ransplanted by the in t raper i toneal  inject ion of  
0.5 ml of  a sterile solut ion conta ining 1 vo lume  
of Ehrlich ascites t umor  and 9 volumes of  0.15 
M NaCI. 
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Transport Measurements 

In all solutions used for the cell transport 
studies, Na + was replaced isoosmotically with 
choline. We have employed the methods 
developed by Christensen and his coworkers 
for studying amino acid uptake by and efflux 
from Ehrlich cells (6,7). Typically, the cells 
were collected by centrifugation at 200 x g for 
2 min and washed once with 0.15 M choline 
chloride solution. The cells were then sus- 
pended in Krebs Ringer-phosphate buffer, pH 
7.4, supplemented with 1.5% bovine serum 
albumin. In this medium, the rate of phenyla- 
lanine uptake was not diminished by storage of 
the cells at 0 C for up to 1 hr. For the uptake 
measurement, a 0.2 ml aliquot of the cell 
suspension was added to 1.4 ml of Krebs 
Ringer-phosphate buffer, pH 7.4, and the 
reaction was initiated by addition of 0.2 ml 
uniformly labeled [14C]phenylalanine. At the 
end of a 45 s incubation, 5 ml of the ice-cold 
buffer was added, and the cells were pelleted at 
10,000 x g for 2 min. The separated cells were 
extracted with 1 ml of 3% sulfosalicylate for 30 
rain. After removal of the precipitate, the 
radioactivity contained in 0.2 ml aliquots of the 
cell extract and the supernatant fluid from the 
incubation medium was measured in Packard 
Tri-Carb 2425 liquid scintillation spectrometer 
with 15 ml of Tritosol scintillation fluid (8). 
[3H] Inulin was used to estimate the volume of 
extracellular water in the cell pellet. Prior to 
the start of each incubation, both the medium 
and cells were equilibrated for 5 rain at the 
temperature at which the reaction was to be 
performed. Without this equilibration, con- 
siderable variations in the uptake rate were 
observed in temperature dependence studies. 
The weight of intracellular water per 100 mg of 
the cell pellet was not appreciably affected by 
changes in incubation temperature. 

Krebs Ringer-choline bicarbonate medium 
supplemented with 5 mM HEPES buffer was 
used for the efflux studies. The pH of this 
buffer was 7.6 at 20 C and 7.4 at 37 C with 
95% 02-5% CO 2 as the gas phase. Typically the 
cells were incubated in the buffer solution 
containing 20 mM [14C]phenylalanine at 37 C 
for 10 min. The cells then were washed twice 
with ice-cold 0.15 M choline chloride solution 
and suspended in this solution. To measure 
exodus rates, a 0.5 ml aliquot of the cell 
suspension was added to 25 ml of the bicarbo- 
nate medium with 95% 02-5% CO 2 as the gas 
phase. The volume ratio of suspending medium 
to cellular water was ca. 300. Unless specified 
otherwise, the decrease in levels of the radio- 
active amino acid in the cells was measured in 
the interval from 5 to 15 rain after suspending 

the cells. The rate constant, k, was computed 
from the first order equation, A t = Aoe-kt. 

For Arrhenius plots, rates of uptake were 
measured from 7 ~ to 42 ~ at intervals of 1.5 ~ . 
All the data were fitted by the method of least 
squares using a Hewlett-Packard 98108 pro- 
grammable calculator. 

Lipid Analyses 

Washed cells were extracted with a chloro- 
form/methanol  solution (2:1, v/v), and the 
chloroform phase was isolated (9). Polar lipids 
were isolated from neutral lipids by silicic 
acid column chromatography (10). Plasma 
membranes were isolated from Ehrlich cells as 
described previously (1), and the lipids con- 
tained in the membranes were extracted with 
the chloroform/methanol solution. The phos- 
pholipid content of the membranes was 
measured chemically (11), and the cholesterol 
content was determined by gas liquid chroma- 
tography (12). Other aliquots of the cell and 
membrane lipid extracts were saponified (13) 
and methylated (14). The fatty acid composi- 
tion was determined by gas chromatography 
using a glass column (1.8 m x 2 mm I.d.) 
packed with Apolar 10C on 100/200 mesh 
Gas-Chrom Q (Applied Science Laboratories, 
Inc., State College, PA). The separations were 
carried out with a Hewlett-Packard 5710A gas 
chromatograph equipped with a flame ioniza- 
tion detector, and relative mass amounts were 
determined with a Hewlett-Packard 3380A 
automatic integrator (12). Fatty acid methyl 
ester standards were obtained from Supelco, 
Inc (Bellefonte, PA). 

RESULTS 

Cells and Plasma Membrane Fatty 
Acid Composition 

This dietary approach has been employed 
previously to modify the Ehrlich ascites cell 
plasma membrane fatty acid composition, and 
detailed results from both cell lipids and 
several subcellular membrane fractions have 
been reported (1,3,15-17). These analyses were 
repeated in the present study only to confirm 
that similar modifications were produced, 
and they were not carried out in as great detail. 
As shown in Table I, the fatty acid composi- 
tional changes produced in the cell lipid frac- 
tions and in the isolated plasma membranes 
are essentially the same as those reported earlier 
(1), including those produced in the cells 
utilized for studies of c~-aminoisobutyrate 
transport (3). Both the polar and neutral lipids 
of the cells grown in the mice fed the coconut 
oil-supplemented diet contained more saturated 
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TABLE 1 

Fatty Acid Composit ion of  Cell and Plasma Membrane Lipids 

1 0 0 5  

Percentage composi t ion (%)a 

Cells 

Polar lipids Neutral lipids 

Fatty acid Sunflower b Coconut  Sunflower Coconut  

Plasma membranes  

Sunflower Coconut  

Classes c 
Saturated 44 49 28 38 42 40 
Monoenoic 20 31 21 41 19 32 
Polyenoic 33 16 49 13 36 23 

Major individual acids 
14:0 1.5 3.7 1.7 4.4 1.8 2.9 
16:0 19.7 24.7 14.5 20.1 17.7 18.4 
16:1 3.9 6.9 3.4 7.8 2.4 4.6 
18:0 20.5 18.7 9.6 12.7 22.3 18.6 
18:1 16.8 24.8 16.6 30.6 13.7 26.2 
18:2 23.5 8.4 24.9 8.2 23.2 9.8 
20:4 6.3 5.8 6.2 2.9 6.6 8.4 
22:6 3.1 1.7 4.1 1.1 4.3 1.9 

aAverage of  two cell and plasma membrane  preparations,  each analyzed in duplicate. The individual values 
agreed very closely in each case. 

bDiet of  the  mice in which the cells were grown. 
CThese values do not  add up to 100% because a small percentage of the fat ty  acid composi t ion was 

unidentif ied.  

a n d  m o n o e n o i c  f a t t y  ac ids  a n d  c o n s i d e r a b l y  
less  p o l y e n o i c  f a t t y  ac ids  t h a n  t h o s e  f r o m  t h e  
cells  g r o w n  in t h e  m i c e  f ed  t h e  s u n f l o w e r  
o i l - s u p p l e m e n t e d  die t .  In  t h e  p l a s m a  m e m -  
b r a n e s  i s o l a t e d  f r o m  cells  m o d i f i e d  in t h i s  w a y ,  
t h e  d i f f e r e n c e s  were  c o n f i n e d  to  t h e  m o n o e n o i c  
a n d  p o l y e n o i c  f a t t y  ac ids .  T h o s e  f r o m  t h e  
c o c o n u t  o i l - fed  a n i m a l s  c o n t a i n e d  m o r e  m o n o -  
e n o i c  f a t t y  ac ids ,  b o t h  16:1 a n d  18: 1, w h e r e a s  
t h o s e  f r o m  t h e  s u n f l o w e r  oil f ed  a n i m a l s  
c o n t a i n e d  m o r e  p o l y e n o i c  f a t t y  ac id ,  m o s t l y  
18 :2 .  As  r e p o r t e d  p r e v i o u s l y  (1) ,  t h e  p l a s m a  
m e m b r a n e  f a t t y  ac id  m o d i f i c a t i o n s  were  n o t  
a s s o c i a t e d  w i t h  a n y  a p p r e c i a b l e  c h a n g e  in  t h e  
p h o s p h o l i p i d  c o n t e n t  o f  t h e  m e m b r a n e ,  3 1 3  
( s u n f l o w e r )  vs. 323  ~ g / m g  p r o t e i n  ( c o c o n u t ) ,  
a n d  t h e  m o l a r  r a t i o  o f  p h o s p h o l i p i d  t o  c h o l e s -  
t e ro l  was  t h e  s a m e ,  1.2,  in  b o t h  cases .  A l t h o u g h  
n o t  t e s t e d  in  t h e  p r e s e n t  w o r k ,  we h a v e  s h o w n  
p r e v i o u s l y  t h a t  t h e s e  f a t t y  ac id  m o d i f i c a t i o n s  
are  n o t  a c c o m p a n i e d  b y  a n y  c h a n g e s  in  t h e  
p h o s p h o l i p i d  h e a d  g r o u p  c o m p o s i t i o n  o f  t h e  
m e m b r a n e  (3) .  

P h e n y l a l a n i n e  U p t a k e  

F i g u r e  1 s h o w s  r e p r e s e n t a t i v e  t i m e  c o u r s e s  
o f  p h e n y l a l a n i n e  u p t a k e  f r o m  a c h o l i n e -  
c o n t a i n i n g  m e d i u m  b y  E h r l i c h  cells.  T h e  

p h e n y l a l a n i n e  c o n c e n t r a t i o n  was  0 .7  m M ,  a n d  
t h e  i n c u b a t i o n  t e m p e r a t u r e s  we re  17 C or  31 C. 
V a l u e s  at  0 t i m e  r e p r e s e n t  t h e  u p t a k e  t h a t  
o c c u r r e d  d u r i n g  s e p a r a t i o n  o f  t h e  cells by  

i 3.0 

2.0 

1.0 

o 3 1 ~  

i I I I 
0 1 2 3 

Time, min 

FIG. 1. Time course of  phenylalanine uptake f rom 
a choline medium.  The Ehrlich cells were grown 
in mice fed a regular diet. The phenylalanine concen- 
tration was 0.7 mM, and the incubat ion temperatures  
were 17C and 31C. 
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T A B L E  11 

Kinetic Pa ramete r s  for  Phenyla lan ine  Uptake  at Different  T e m p e r a t u r e s  a 

C o c o n u t  b Sunf lower  

T e m p e r a t u r e  K m V m a  x K m  V m a x  

~ C mM # m o l / m l  m M  # m o l / m l  
cell w a t e r - 4 5  s cell w a t e r . 4 5  s 

17 0.12 0.84 0,15 0 .88  
23 0 .14  1.14 0.13 1.14 
31 0.15 1.51 0.16 1.65 
37 0.12 -+ 0 .03  c 1.54 -+ 0 .10  0.14 • 0 .03  1.77 +- 0 .14  

aL ineweave r -Burk  plots  to derive the cons tan t s  were  based on 8 d i f fe ren t  subs t ra te  
c o n c e n t r a t i o n s  ranging f r o m  0 .05  to  0.5 mM.  

bDie t  fed  to  the  mice  in which  the cells were  g rown .  

CMean -+ S.E. o f  4 e x p e r i m e n t s .  

centr i fugat ion,  and they appear  to be equiva- 
lent to the up take  tha t  occurs during 20 sec of  
incubat ion  at the respective tempera tures .  
Phenyla lanine  uptake  deviated f rom lineari ty 
af ter  1 min of  incuba t ion  at bo th  tempera tures .  
Because of  this, we used a 45 s incuba t ion  t ime 
for all of  the up take  studies.  

Table II shows the effect  of t empera tu res  on 
the kinetic cons tants  for phenyla lan ine  uptake 
f rom a chol ine med ium by Ehrlich cells g rown 
in mice fed ei ther  the sunf lower  or coconu t  
o i l - supplemented  diet. The nonsa turable  com-  
ponen t ,  es t imated  by the equa t ion  of Inui and 
Chris tensen (6), was found  to vary f rom 0.04 to 
0.08 min -1, and it did not  show any clear 
dependence  on the lipid compos i t i on  of  the 
cells or  the incuba t ion  tempera tures .  We used a 

value of  0.06 min -1 to correct  all of  the uptake 
data for  the nonsa turable  c o m p o n e n t .  We did 
no t  observe any significant d i f ferences  in the  

r t 
K m or the Vma x values for  the two  kinds of 
cells. There was also no appreciable  tempera-  

! 
ture dependence  of  K m values over the range 
f rom 17C to 37C. 

Temperature Dependence of 
Phenylalanine Uptake 

A fixed substrate  concen t ra t ion ,  0.7 mM, 
was used for the t empera tu re  dependence  

t 
studies since the K m for  up take  was observed 
to be t emp e ra t u r e - i n d ep en d en t  over the  range 
of  interest .  Figure 2 compares  Arrhenius  plots  
for phenyla lanine  uptake  (cor rec ted  for non-  
saturable uptake)  in cells grown on e i ther  

+ 

o 
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(3 -.4 

1.0 

0.8 

0.6 

Oil 

3L2 313 314 315 

xlO 

~176176 ~ 

�9 1 . ~ _  

~'0.8 " .~0  ~ C 

Sunf lower Oil ~ . . . .  

.0.6 ~ '  

3t2 313 3t4 35 

+ X10 4 

FIG. 2. Arrhenius plots for phenylalanine uptake in the Ehrlich cells grown in mice fed either the sunflower 
oil or coconut oil diets. Uptake was measured in a medium containing choline, and the phenylalanine concentra- 
tion was 0.7 mM. Each point represents an average of duplicate values at the temperature. These data were fitted 
by the method of least squares analysis as described previously (3). 
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TABLE llI 

Transition Temperatures and Activation Energies Obtained from Arrhenius Plots of 
Phenylalanine Uptake 

1007 

Phenylalanine uptake 

T1 T 2 E1 a E 2 E 3 

Diet Expt. no. ~ kcal/mol 

Coconut 

Sunflower 

1 18.6 27.5 12 8 3 
2 19.8 28.5 14 9 5 
3 18.7 28.2 12 9 3 

Mean -+ SE 19.0 + 0.4 28.1 • 0.3 

1 16.7 25.1 15 8 5 
2 17.5 23.0 18 9 4 
3 16.9 24.9 13 9 4 

Mean -+ SE 17.0 • 0.2 b 24.3 • 0.7 c 

aE1-E 3 are activation energies; E 1 is that below T 1 , E 2 is that between T 1 and T2, and 
E 3 is that above T 2. 

b0.01 <P<0.02. 
cp<0.01. 

coconu t  or sunf lower  oil. Table IlI lists the 
t rans i t ion tempera tures  for  the t r anspor t  
process  and the activation energies ob ta ined  
f rom three  separate expe r imen t s  of  this type .  In 
all cases, the t ransi t ion t empera tu res  observed 
with the cells g rown on sunf lower  oil were f rom 
2 ~ to  4 ~ lower  than those  for  the cells grown on 
coconu t  oil. The act ivat ion energies, however ,  
were no t  significantly d i f fe rent  for the two  cell 
prepara t ions ,  being ca. 14, 8 and 4 kca l /mol  in 
b o t h  cases. 

Phenylalanine Efflux 

Figure 3 shows the t ime course of  [14C]- 
phenyla lan ine  exodus  f rom the two cell pre- 
para t ions  in to  an amino  acid-free suspending 
medium.  Two internal  phenyla lan ine  concen-  
t ra t ions  were tes ted ,  4 and 17 raM. A f i rs t -order  
rate cons tan t ,  0.04 min-1,  appears to fit all o f  
these si tuations.  These data indicate  tha t  
phenyla lanine  exodus  at 37 C was no t  in- 
f luenced by the types  of  m e m b r a n e  fa t ty  acid 
modi f ica t ions  that  we have p roduced .  

DISCUSSION 

Two tempera tu re  t ransi t ions  for  Na +- 
i n d e p e n d e n t  phenyla lanine  uptake ,  which is 
media ted  by System L in Ehrlich cells, were 
observed in the Arrhenius  plots.  These tempera-  
tures were in f luenced  by the modi f i ca t ions  in 
m e m b r a n e  fa t ty  acid compos i t i on  tha t  were 
p roduced ,  and en r i chment s  with po lyeno ic  
fa t ty  acids was associated with a 2-3 ~ lowering 
of  bo th  t rans i t ion tempera tures .  A similar type  

of  change was n o t e d  for  Na+-dependent ,  shor t  
chain neutral  amino  acid t ranspor t  which is 
med ia ted  by System A in Ehrl ich cells (3). 
Therefore ,  bo th  of these neutra l  amino  acid 
t r anspor t  sys tems are sensitive to  changes in the 
fa t ty  acid compos i t i on  of  the  m e m b r a n e  lipids 
in which they  are embedded .  Studies wi th  
Escherichia coli indicate tha t  the t rans i t ion 
t empera tu res  for  t r ansmembrane  t r a n s p o r t  

0.8 

" ~  0.6 ~ .  

�9 Sunflower O~ 5raM ~ 9  0 
-4 o Sunflower Oil, 17ram 

0.4 
�9 Coconut Oil. 5mM 
~, Coconut Oil. 17mM 

I i i i 

0 5 10 15 20 

E x o d u s  T ime ,  M in  

FIG. 3. Efflux of phenylalanine from the Ehrlich 
cells grown on either coconut oil or sunflower oil. The 
radioactive phenylalanine concentration inside of the 
cells was either 5 mM or 17 mM at the beginning of 
the incubation. These studies were done at 37 C, and 
each value is the average of two determinations. 

LIPIDS, VOL. 14, NO. 12 



1008 WHA BIN IM, JON T. DEUTCHLER AND ARTHUR A. SPECTOR 

systems are caused by phase transitions of the 
membrane lipids (18,19). In isolated Ehrlich 
cell plasma membranes, spin-labeled stearic acid 
probes have demonstrated the presence of two 
major lipid transitions (2,20). The temperatures 
of these transitions, however, differ by several 
degrees from those noted for the amino acid 
transport systems. Likewise, the temperatures 
of the activity transitions for each of the amino 
acid transport systems differ by several degrees 
(3). Therefore, unlike the E. coli transport 
systems (18,19), the neutral amino acid trans- 
port system transitions in the Ehrlich cell 
are not a direct reflection of the membrane 
bulk lipid phase transitions. A likely possibility 
is that the lipid microenvironments of the two 
transport systems differ and that the activity 
transitions of each transport system reflects the 
composition of its microenvironment. It should 
be noted that the activity transition of the 
Ehrlich cell plasma membrane (Na++K+)-ATPase 
also is not consistent with the bulk lipid transi- 
tions when the fatty acid composition of the 
membrane was modified by these dietary 
procedures (21 ). 

Although the transport transition tempera- 
tures were altered, the fatty acid modifications 
that were produced had no appreciable effect 

r t 
on the activation energies or the K m or Vma x 
of phenylalanine transport. By contrast, the 
same dietary modifications altered the activa- ! 
tion energy and K m of a-aminoisobutyrate 
transport in the Ehrlich cell (3). Therefore, in 
contrast to our previous findings with System 
A, the present results indicate that membrane 
lipid composition does not exert a modifying 
effect on the function of System L in the 

t 
Ehrlich cell. In this regard, the K m for a-amino- 
isobutyric acid uptake in the GF-14 
lymphocyte line shows a sharp transition at 
around 29 ~ (22). As the temperature was raised 

r 
from 20.5C to 28.9C, the K m decreased from 
1.78 to 0.68 raM, and it then remained con- 
stant between 29C and 42C. On the other hand, 

t 
the K m for phenylalanine uptake in Ehrlich 
cells showed no transition over the same 
temperature range. One possible explanation is 
that the binding site of the a-aminoisobutyric 
acid carrier, System A, is influenced by changes 
in the physical state of the surrounding lipid, 
whereas the binding site of the phenylalanine 
carrier, System L, is not affected by these kinds 
of membrane lipid changes. Alternatively, it is 
possible that the lipid dependence of the 
transport parameters in System A is exerted on 

the Na+-dependent component  of this system, 
perhaps on the (Na++K+)-ATPase (21), and 
therefore not directly on the amino acid carrier 
component.  Independently of mechanism, 
these results demonstrate that membrane 
lipid modifications do not have a uniform 
effect on carrier mediated transport systems in 
a eucaryotic cell, even on those systems which 
transport closely related metabolites. 
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