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Objectives were to characterize ,~echanisms and biochemical properties of transport systems responsible for the uptake of 
branched-chain amine, acids (BCAAs) in muscle cells. Rat omega myoblasts (RMo) were grown to confluency and allowed to 
differentiate prior to conduct of tra~sport assays. Myotubes concentrated cyclolcucine (cI..¢u) in a sodium (Na)-free medium. The 
Na gradient-indepe,ldcnt transporter possessed high affinity (K m = 0.12 mM) and high capacity (Vm, x = 6.4 nmol cLeu/'mg 
protein per rain). Cycloteucine transport was strongly inhibited by nonpolar neutral amino acids bat not by t~-aminuisobutyric 
acid or lysine. Myotubes possessed a Na gradient-independent trans-exchange mechanism. Hence, myotubes possess a System 
L-like transporter. In the second part of the study we determitled that various inhibitors (KCN, oligomycin, iodoacetamide and 
cycloheximidc) increased leucine transport. Their actions were not mediated by reductions in ATP concentration but were 
instead associated with changes in protein synthesis. Hence, regulation of muscle protein synthesis may also influence transporter 
activity. 

Introduction 

Amino acids enter mammalian cells through actions 
of several transport systems [1-3]. Concentrative activi- 
ties of some systems are driven by the Na gradient 
[1-3]. However, Na gradient-independence of other 
transport systems indicates their l'eliance upon other 
mechanisms for energ[zation [1-4]. System L, a ubiqui- 
tous Na gradient-independent system which reccgnizes 
nonpolar neutral amino acids as substrates, may be 
energized via coupling to the N a / H  exchanger [5,6]. 

Skeletal muscle protein balance is influenced by 
branched-chain amino acids (BCAAs) and glutamine. 
Leucine, which is transported by System L, stimulates 
mus~;e protein synthesis [7,8] and its transamination 
product, a-ketoisocaproic acid, inhibits muscle protein 
degradation [8,9]. Glutamine, which in skeletal muscle 
is transported by System N m [10], stimulates muscle 
protein synthesis [11,12]. Noncompetitive inhibition of 
glutamine efflux from muscle by BCAAs is another 
mechanism by' which BCAAs may influence muscle 
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protein balance [11]. Because BCAAs control muscle 
protein homeostasis via several unique mechanisms, 
systems by which they enter muscle cells and regulation 
of these systems may be important determinants of 
muscle protein balance. Therefore, objectives of this 
research were to characterize biochemical properties 
of BCAA transport in cultured muscle cells. During 
this study we detected unanticipated regulation of 
transport following exposure of muscle cells to 
metabolic inhibitors. Hence, objectives of the second 
part of this research were to investigate the signifi- 
cance and metabolic basis for the regulation of amino 
acid transport by agents which interfere with ATP 
formation and protein synthesis. 

Methods 

Cell culture. RMo myoblasts [13] were obtained from 
Dr. Gary Merrill (Oregon State University), plated at a 
density of 20000 cells per cm 2 and were grown to 
confluency in a humidified water-jacketed CO z incuba- 
tor in 10 cm plastic dishes containing Dulbecco's modi- 
fied Eagle's medium (DMEM) supplemented with 10% 
calf serum (CS). Each liter of DMEM contained 10 ml 
of a 1% penicillin G/streptomycin sulfate mixture 
(Gibco Laboratories, Grand Island, NY). At conflu- 
ency the culture medium was replaced with DMEM 
lacking CS but supplemented with bovine insulin (10 -~ 



M) and -examethasone (10 -~ M). in this medium 
formation of myotubes occurred over 48 h after which 
medium was replaced with DMEM containing 10% CS 
for 24 h. At this time in excess of 90% of nuclei were 
myotubular. 

Modified Earle's balanced salt solution (EBSS; pH 
7.4; 37°C) was used for preincubation and transport 
studies. Na-free EBSS (choline-EBSS) was prepared by 
replacing Na salts of EBSS with choline salts at 
equimolar concentrations. In both Na-containing EBSS 
(Na-EBSS) and choline-EBS8, N-2-hydroxyethyl- 
piperazine-N'-2-ethanesulfonic acid (Hepes; free acid) 
was added to a final concentration of 2C L-.M. This 
replaced equimolar NaCI or choline-O, respectively. 
Final buffer pH was adjusted to 7.4 with potassium 
hydroxide (KOH). All EBSS buffers contained glucose 
(1 g / l )  and Phenol red (10 mg/l) .  

Transport assays. Culture medium was aspirated af- 
ter which myotubes were preincubated for 10 min in an 
EBSS-bascd buffer (10 ml). After this myotubes were 
washed briefly with EBSS-based buffer (10 ml, 37°C). 
The washing buffer was aspirated after which EBSS- 
based buffers (4 mi), which contained the labeled (14C; 
0.2 p.Ci/ml; cLeu or leucine) and unlabeled amino 
acid under investigation, were added. The plates of 
myotubes were then covered and incubated at 37°C 
either in a CO 2 incubator or on a water bath. The 
incubator was used to maintain buffer temperature and 
pH when assessing transport for periods of time ex- 
ceeding 2 min. Transport was stopped by aspiration of 
the transport buffer followed by three rinses with ice- 
cold EBSS-based buffers (5 ml each). Application of 
the first rinse represented termination of the transport 
assay. Myotubes were scraped from culture dishes then 
sonicated. Aliquots were taken for determinations of 
protein, which were completed as outlined by Bradford 
[14] using bovine serum albumin as a standard, and of 
14C activity. Radioactivity in samples was determined 
using liquid scintillation counting. Na gradient-depen- 
dent plus-independent transport was estimated using 
Na-EBSS-based buffers. Na gradient-independent 
transport was estimated using eholine-EBSS-based 
buffers. Replicate incubations containing '4C-inulin- 
carboxyl, [carboxyl-14C] (New England Nuclear; Boston, 
MA) and unlabeled amino acid were used to correct 
for the labeled amino acid associated with the extracel- 
lular buffer. Transport was defined as the inulin-cor- 
rected ~4C activity associated with myotubular protein. 
Each treatment, including inulin controls, was repeated 
three times within a study and studies were replicated 
with serial passages of myoblasts. 

Biochemical characteriza~iot,~ of BCAA transport. We 
evaluated the time-course for cLeu uptake by evaluat- 
ing distribution ratios (DR) at 0.5,1, 2, 4, 8 and 16 rain 
of incubation in both Na-EBSS and choline-EBSS 
buffers. Cycloleucine was provided at 1 mM. Distribu- 

tion ratios were calculated following determination of 
intracellular space according to a well-established 
method [15]. Briefly, total water space associated with 
myotubes was determined by the equilibration of 3-O- 
methyl[~4C]glueose, lntracellular space v, as determined 
by correction of total water space with inulin, which 
provided an estimate of the extracellular space. The 
DR was expressed as the concentration of the intra- 
cellular amino acid divided by its concentration pro- 
vided in culture medium. Differences between dose 
response curves were examined using polynomial re- 
gression analysis [16]. For two dose response curves a 
model was fit with an interaction component after 
which a model was fit without an interaction compo- 
nent and an extra sum-of-squares F-test was performed 
[17]. Lack of significance indicated dose-response 
curves were parallel [16,17]. 

Non-specific binding of cLeu to muscle cells. Non- 
specific binding of cLeu to myotubes was examined as 
outlined by others [18]. Specifically, effects of increas- 
ing osmolarity on cLeu transport were examined. My- 
otubes were pre-incubated for ! h in Na-free EBSS 
containing variable concentrations of mannose or man- 
nitol such that variable osmolarities (300-1500 mosM) 
were obtained. Following pre-incubation, transport of 
cLeu in Na-free EBSS containing equivalent concen- 
trations of mannose or mannitol and [1-~4C]cLeu 
(aminocyclopentane-l-P4C]carboxylic acid; New Eng- 
land Nuclear, Boston, MA) was examined. Transport 
was corrected using inulin as described previously. 

Kinetics of eLeu transport were examined in both 
the presence and absence of Na using cLeu concentra- 
tions of 0.05, 0.1, 0.25, 0.5 and 1 mM. Kinetic parame- 
ters of the Na gradient-independent transport compo- 
nent were derived using least-squares analysis [19] as- 
suming that net entry of cLeu in choline-EBSS resulted 
from a combination of one Na gradient-independent 
saturable component and a diffusional component. 

Effects of variable concentrations (0, 0.2, 0.5, 2 and 
10 mM) of a-aminoisobutyric acid (AIB), leucine, ly- 
sine, phenylalanine, tyrosine and 2-amino-2-norbor- 
nanecarbo~lic acid (BCH; Aldrich Chemical Co.; Mil- 
waukee, Wi), which were provided in the transport 
buffer, on initial rates of saturable Na gradient-inde- 
pendent eLau transport were evaluated using choline- 
EBSS-based buffers. Saturable transport was deter- 
mined by subtracting the nonsaturable component for 
cLeu entry from total transport. To ascertain the non- 
saturable component, concentration-dependence of 
cLeu transport in choline-EBSS was completed in tan- 
dem with these studies. From this, the nonsaturable 
component was estimated by least-squares analysis [19]. 
For subsequent studies, the non-saturable component 
was not determined. 

Regulation of amino acid transport. Effects of various 
inhihitors (KCN, oligomyein, cycloheximide, iodoacet- 



amide) on amino acid transport, protein synthesis and 
ATP concentrations were examined. Rationales and 
experimental details for these studies are provided in 
the results section and in legends to figures, respec- 
tively. 

Assessment of protein synthesis. Effects of various 
metabolic inhibitors on myotuhe protein synthesis were 
examined by incubating myotubes in choline-EBSS for 
1 h in the presence and absence of an inhibitor and 
[3H]phenylalanine (0.25/zCi/ml; side-chain 3Hi 1CN, 
Costa Mesa, CA). Following 1 h, myotubes were washed 
with ice-cold buffer and scraped from their plates. 
Cells were sonicated and an aliquot of the sonicated 
material was taken for protein determination [14] and 
an aliquot was precipitated by addition of TCA (5%; 
final concentration). The protein was pelleted by cen- 
trifugation, washed twice with 5% TCA and solubilized 
by heating with Protosol (0.25 ml; New England N't- 
clear, Boston, MA). Radioactivity associated with the 
cell pellet was determined by liquid scintillation count- 
ing and was corrected for non-specific association of 
label with cells using zero-time control blanks. 

Assessment of myotube ATP. The luminometric 
method of Hampp [20] was used for ATP determina- 
tions. Following exposure of myotubes to metabolic 
inhibitors for 1 h, myotubes were removed from the 
CO 2 incubator, medium was aspirated and 1.4 ml of 
ice-cold perchloric acid (1.66 M) was added. Cells were 
scraped from their plates and transferred to a micro- 
centrifuge tube. Cell debris was pelleted by centrifuga- 
tion (2°(2) after which the pellet was taken for protein 
determination [14] and 800/zl of the supernatant was 
taken for ATP determination. Bicine (1 M; 200 p.I) and 
KOH (4 M; 350 p.I) were added, pH of the supernatant 
was adjusted to 7.6-8.0 by addition of KOH. pH paper 
(pHydrion Lo-Buff 5-9; Micro Essential Laboratory, 
Brooklyn, NY) and the residual Phenol red in the 
sample were used for this purpose. The sample was 
centrifuged (2°C) to precipitate perchlorate and the 
supernatant was taken and placed on ice. ATP content 
of samples was immediately determined with the lu- 
ciferin-luciferase assay procedure using a Biolumines- 
cent Somatic Cell Assay Kit (Kit FL-ASC; Sigma 
Chemical Co., St. Louis, MO) and a liquid scintillation 
counter. A standard curve with freshly-prepared ATP 
was prepared for each assay. Values obtained for cells 
were within range of the standard curves. ATP concen- 
tration was expressed as a proportion of myotube pro- 
tein. The study was repeated four times with four 
different passages of myotubcs. 

Myotube creatine phosphate (CPi determination. In 
sepal'ate studies, effects of KCN, oligomycin and iodo- 
acetamide on myotube creatine phosphate levels were 
determined according to the methods of Bergmeyer 
[21]. Myotubes were treated with inhibitors as outlined 
earlier prior to CP assay. Myotubes were scraped from 
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their plates in 1.66 M perchloric acid. The pH of  the 
sample was adjusted to 6.0-6.5 using 4 M KOH, The 
samples were placed on ice for 1 h, then centrifuged 
(2°C) to precipitate perchlorate. The supernatant (1 
ml) was taken and combined with 1.99 ml of tri- 
ethanolamine buffer (25 mM, pH 7.5) containing 0.23 
mM NADP, 3.3 mM MgCI 2, 0.15 mM ADP, 16.7 mM 
glucose, 1.7 p.g/ml glucose-6-phosphate dehydroge- 
nose and 470 mU/ml  hexokinase, incubated at room 
temperature for 30 min, then mixed with creatine ki- 
nose (10/zl; 5 mg enzyme/ml triethanolamine buffer) 
and the reaction was allowed to proceed for 20 min. 
Change in A334 was monitored to .~,nsure linearity of 
reaction conditions and the assay was validated with 
crystalline CP. The study was repeated four times and 
triplicates were performed with each study. 

Statistical analyses were conducted as outlined by 
Steel and Torri¢ [17]. Data were tested for a normal 
distribution and homogeneity of variance prior to anal- 
ysis of variance. Differences between treatment moans 
were tested using a Student-Newman.Keul multiple 
range test. A level of significance of 5% was adopted 
for all comparisons. 

Results 

Biochemical characterization of BCAA transport 
The time-course [or cLeu uptake in the presence 

and absence of Na is shown in Fig. 1. Irrespective of 
the presence or absence of Na, myotubes concentrated 
cLeu 4-5-fold within 16 rain of incubation. Differences 
(P  < 0.05) in cLeu transport wete not detected in the 
presence or absence of Na. 

To determine whether the time-dependent increase 
in myotube radioactivity represented transport or in- 
stead represented non-specific binding of cLeu to cells, 
effects of increasing medium osmolarity on initial rates 
of cLeu transport were investigated. When osmolarity 
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Fig. l, Time-coarse for cLeu ~,ntry into ~Mo myotubes in the 
presence and absence of No, Niyotubes were preincabated at 37°C 
for 10 rain in either Na-ERSS or choline-EBSS prior to assay of 
transport in either Na- or chotine-EnSS buffers, cLeu concentration 
was I mM. Values are expressed as distribution ratios and are means 
of three replicate studies with three passages of myoblasts. Distribu- 
tion ratio (DR) is the ratio of intracellular cLeu/extracellular eLeu. 
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Fig. 2. Effects of osmolarity on cLeu transport. Myotubes were 
pre-incubated tot 60 rain in Na-free EBSS (0.3 osM) containing 
variable eonce~arations of mannose or mannitol such that final 
osmnlarities of n):dia varied from 0.3 osM (no additional mannose or 
mannitol) to 1.5 osM. Following this, effects of osmolarity on initial 
rules of cLeu transport (I rain, 0.l mM) were examined using 
Na-free EBSS buffers containing variable mannose or manniTol. The 

study was cand~Jcted twice for marmose and twice for mannitol. 

was  increased  f rom 300 to 600 mosM,  no  changes  
( P  > 0.05) in cLeu  t r anspor t  were  de tec ted .  This  is in 
a g r e e m e n t  with results o f  H u n d a l  et  al. [20] who  re- 
po r t ed  tha t  a 5 0 %  increase  in pe r fusa te  osmolar i ty  did 
not  af fect  g lu tamine  t r anspor t  in pe r fused  muscle.  
However ,  a t  h ighe r  osmolar i t ies  we found  tha t  cLeu  
t r anspor t  was  progressively d iminished  (Fig. 2). We 
es t imate  tha t  at  infinite osmolar i ty ,  t r anspor t  would  
a p p r o a c h  zero  a n d  conc lude  tha t  the  t i m e - d e p e n d e n t  
increase  in cLeu  associat ion with myotubes  (Fig. 1) 
r ep resen t s  t ranspor t .  

Kinetics  o f  cLeu  t r anspor t  in the  presence  a n d  ab- 
sence o f  Na  a re  showp, in Fig. 3. Na  g rad ien t - indepen-  
den t  cLeu  t r anspor t  a ccoun t ed  for  approx.  70% of  
total ca r r i e r -med ia t ed  cl  eu  t ranspor t .  Vm~ X and  K m 
es t imates  for  the  Na  g r a d i e n t - i n d e p e n d e n t  c o m p o n e n t  
were  6.4_+ 1.7 nmol  c L e u / m g  pro te in  pe r  rain a n d  
0.12 + 0.04 mM,  respectively. Diffusion accoun t ed  for  
5.1 + 2 .3% ,of initial (1 min) cLeu  ent ry  in chol ine-  
EBSS. 

Effects  o f  o the r  amino  acids on  initial ra tes  o f  N a  
g r a d i e n t - i n d e p e n d e n t  cLeu  t r anspor t  are  shown in Fig. 
4. N o n p o l a r  amino  acids,  including BCH,  leucine,  
pheny la lan ine  and  tyrosine c o m p e t e d  s t rongly with 
cLeu  for  t r anspor t  whe rea s  a n o n p o l a r  neu t ra l  amino  
acid (A1B) a n d  a basic  a m i n o  acid (lysine) did nut  
compe te  s t rongly  with cLeu  for  t ranspor t .  N o n p o l a r  
a m i n o  acids,  if suppl ied at  sufficiently high concen t ra -  
t ion (10 mM),  complete ly  suppressed  sa turab le  Na  
g r ad i en t - i ndependen t  cLeu  t ranspor t .  

Regulation of amino acid transport 
Fol lowing comple t ion  o f  the p reced ing  s tudies  we 

examined  regula t ion  o f  System L. Leucine  rep laced  
cLeu  as a model  amino  acid a t  this s tage in ou r  s tudies  
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Fig. 3. Concentration dependence of cLeu transport. Myotubes were 
preincubated (37°C) in Na-EBSS or choline-EBSS for 10 rain prior to 
assessing transport (1 mint of cLeu in either No- or choline-EBSS 
buffers, respectively. Values are means of four separate determina- 
tions and are expressed as nmol eLeu/mg protein per min+S.E.. 
Saturable components for transport in the presence of Na (No- 
saturable) and absence of Na (No-free saturable) are also shown. 
Estimated Vm~ ~ and K m for the Na gradient-independent compo- 
nent are 6.44= 1.7 nmol cLeu/mg protein p=J rain and 0.12±0.04 
raM. respectively. Values are means. S.E. values arc not given as 

their dimensions were smaller than the symbols used. 

because  its susceptibili ty to  t r ans -exchange  with o the r  
non-po la r  amino  acids was  g r ea t e r  than  t rans -exchange  
no ted  for  cLeu  (da ta  not  shown).  Hence ,  it was  sur-  
mised tha t  more  physiological ly-meaningful  d a t a  could  
be ob ta ined  with use of  a na tura l ly -occur r ing  amino  
acid. Effects  o f  KCN on  leucine t r anspor t  were  exam- 
ined because  this has  been  used as a cr i ter ion for  
re l iance upon  cel lular  energy  reserves by t r anspor t  
systems [4,22]. Pre load ing  o f  myotubes  with leucine or  
phenyla lan ine  p r io r  to assessing t r anspor t  was  used  to 
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Fig. 4. Inhibition of saturable Na 8radicn.~-independent eLeu trans- 
port by AIB, B(:H, leueine, lysine, phenylalanin,~ and tyrosine. 
Myotubes were preincubated for l0 rain in eholine-EBSS after w;.;ch 
a eholine-EBSS-based buffer containing eLeu f0.l raM) and ~C.cLeu 
with either no additions or additions of other amino acids (0.2, 0.5, 2 
or l0 raM) was added. Transport assays were conducted for I rain. 
The nonsaturable tdiffusion) component was st,.btracted from total 
transport to allow determination of effects of competing amino acids 
on Na gradient-independent cLeu transport. Values are expressed as 
a percent of control and are means of ~hree separate determinations. 
Transport of cLeu in absence of other ami,0 acids was 3.1 nmol/ 
mg protein per min. For clarity of i:)resenlation, S.E. values a r e  

not shown. 
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Fig. 5. Effects of KCN and of preloading on leucine transport by 
RMo myotubes. Myotubes were preincubated for 60 man in choline- 
EBSS containing no additions (control) or additions of KeN (5 mM), 
leucine (20 mM) or phenylalanine (2fi raM) after which they were 
washed with ice-cold choline-EBSS Ihen leucine transport (0.1 mM~ 
l mint was assayed. Values are means+S.E, of three replications. 
Differences (P < 0.05) between lreatmenls ;ire indicated by lack of a 

common superscript above bars. 

c,~amine t rans -exchange  of  leucine for  leucine and  
leucine for  phenyla lan ine ,  respectively. 

P re incuba t ion  o f  myotubes  with KCN increased  
leucine t r anspor t  2-fold ( P  < 0.05) a n d  p re load ing  my- 
o tubes  with leucine e n h a n c e d  leucine t r anspor t  (Fig. 
5). P re load ing  myotubes  with phenyla lan ine  did  not  
affect  ( P  > 0.05) leucine t ranspor t .  

To  de t e rmine  whe the r  effects  o f  KCN on  leucine 
t ranspor t  were  due  to a d d e d  po tass ium or  due,  instead,  
to the  p resence  of  cyanide,  we eva lua ted  effects o f  
KCN, KCI a n d  ol igomycin on leucine t r anspor t  (Fig. 6). 
T rypan  blue exclusion was also assessed to  provide an  
index o f  viability. KCN a n d  ol igomycin increased  
leucine t r anspor t  ( P  < 0.05) but  KCI was wi thout  effect  
( P > 0 . 0 5 ) .  KCI, KCN and  ol igomycin did not  affect  

control KeN KGi ollSomycln 

Fig. 6. Effects of KCN, KCI and oligomycin oil Na gradient-indepen- 
dent leucine transport by RMo myotubes. Myotubes were preincu- 
bated as outlined in the legend to Fig. 5 in the presence of KeN (5 
raM), KCI (5 raM) or oligomycin A (5 ,u,g/ml) or in the absence of 
additions after which leucine transport (I mint in choline-EBgS was 
determined. Leucine concentration in the transport medium was 0.1 
raM. Values are means of three replications + S.E.. Differences (P < 
0.05) between treatments are indicated by lack of a common super- 

script above bars. 
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Fig. 7. Effects of cycloheximide (C-hen; 10 /.tg/ml)s actinomycin D 
(At 1 p.g/ml), KeN (K; 5 raM), oligomycin A (O; 5 /zg/ml) and 
combinations of these treatments on Na gradienl-iodepeodent 
leucine transport by RMo myotubes. Myotubes were exposed to 
these treatments for a 60 man preincubation period in choline-EBSS. 
Conditions for assessing leucine transport are given in the legend to 
Fig. 5. Values are expressed as a percent of control and are means of 
three replicate studies + S.E.. Differences (P < 0.05) between treat- 
ment means are indicated by lack of a common superscript above 
bars. All treatments means except aetinomycin D differed (P < 0.05) 

from control (4.16+0.84 nmol leucine/mg protein per mint. 

( P  > 0.05) T r y p a n  blue exclusion. Fo r  each  t r ea tmen t  
pe rcen t  o f  myotubes  excluding t rypan  blue was  9 3 % -  
95%.  

T o  d e t e r m i n e  w h e t h e r  effects  o f  K C N  a n d  
ol igomycin on  leucine t r anspor t  were  t ranscr ip t ion-  o r  
t r ans l a t ion -dependen t ,  we invest igated effects  o f  pre in-  
cuba t ion  with a n d  wi thout  K e N  or  ol igomycin in the 
p resence  and  absence  o f  actJnomycin D a n d  cyclohex- 
imide (Fig. 7). Act inomycin  D, a d d e d  to the  p re incuba-  
t ion buf fe r  a lone,  did not  affect  ( P > 0 . 0 5 )  leucine 
t r anspor t  nor  did it affect  ( P  > 0.05) abilit ies o f  KCN 
or  ol igomycin to e n h a n c e  leucine t ranspor t .  In more  
recent  s tudies  (da ta  not  shown)  we have de t e rmined  
tha t  longer  exposure  (2 h) o f  myotubes  to ac t inomycin  
D increases  ( P < 0 . 0 5 )  leucine t ranspor t .  Cyclohex- 
imide, a d d e d  a lone  to the  p re incuba t ion  buffer ,  mim- 
icked ac t ions  o f  K e N  a n d  ol igomycin ( P  < 0.05). Al- 
t hough  effects o f  KCN on  leucine t r anspor t  were  not  
addit ive to effects o f  cycloheximide,  the combina t ion  o f  
ol igomycin a n d  cycloheximide caused  a g r ea t e r  induc-  
t ion o f  t r anspor t  than  did cycloheximide a lone ( P  < 
0.05; Fig. 7). Because  we did not  examine  concen t ra -  
t ions of  cycloheximide a n d  ol igomycin which maximally 
increased  leucine t ranspor t ,  we canno t  infer  f rom the  
la t ter  observat ion  tha t  ol igomycin a n d  cycloheximide 
regula te  leucine t r anspor t  via dist inct  mechanisms.  

To  de t e rmine  w h e t h e r  the observat ions  were  un ique  
to the R M o  cell line we examined  effects o f  KCN and  
ol igomycin on leucine t ranspor t  in L6 myotuhes  
(Amer i can  Tissue Type  Collection; Rockville, MD).  
This  s tudy was r epea t ed  th ree  t imes identically to 
s tudies  with R M o  myotubes  a n d  we de t e rmined  tha t  



KCN and o!igomycin effected the same response (P < 
0.05) for leucine transport in L6 myotubes. Transport 
of leucine in control-, KCN- and oligomycin-treated L6 
myotubes was 3.15 _+ 0.74, 7.46 ± 0.34 and 6.84 + 0.46 
nmol /mg  protein, respectively. 

Based on the preceding observations we believed 
that the stimulation of transport was due either to a 
reduction in ATP concentration or to a reduction in 
protein synthesis. We challenged the former hypothesis 
by examining effects of iodoacetamide on leucine 
transport and by examining effects of the inhibitors on 
myotube ATP concentrations, lodoacetamide is a po- 
tent inhibitor of glycolysis [23] and we expected that it 
would effect a greater reduction in myotube ATP than 
KCN or oligomycin. In preliminary studies (data not 
shown) we determined that 100 p.M iodoacetamide was 
the highest concentration which could be added to 
culture medium which would not cause myotube de- 
tachment. Although pre-incubation of myotubes for 1 h 
with iodoacetamide (100/.tM) increased leucine trans- 
port by the same order of magnitude as KCN and 
oligomycin (data not shown), iodoacetamide and the 
other inhibitors did not significantly (P  > 0.05) reduce 
myotube ATP concentrations. ATP concentrations in 
control-, KCN-, oligomycin- and iodoacetamide-treated 
myotubes were 42 9 + 8.8, 46.5 + 8.6, 39.9 + 7.0 and 
41.3 + 10.9 nmol /mg  protein, respectively. However, 
each of the inhibitors including iodoacetamide, c~clo- 
heximide and actinomycin D reduced (P<0 .05 )  pro- 
tein synthesis to varying degrees (Fig. 8). Cyclohex- 
imide effected near-complete inhibition of protein syn- 
thesis (Fig. 8). 

We believed that myotubes may maintain ATP con- 
centrations when treated with metabolic inhibitors by 
utilizing their high-energy phosphate stores in the form 
of creatine phosphate (CP). Myotubes were treated 
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Fig. 8. Effects of KCN, oligomycin, iodoacetamide, cycloheximide 
(C-hex) and actinomyciu D (Act-D) on phenylalanine incorporation 
into myotube protein. Values are means+S.E, of two separate 
studies. Values are expressed as a percent of control. Compared to 
control, all inhibitors effected a significant (P < 0.05) reduction in 

protein synthesis. 

with KCN, oligomyein and iodoacctimide for 1 h, after 
which they were scraped from their plates for assay of 
CP. Creatine phosphate concentrations were 45.6 +_ 5.4, 
42.3 +_ 2.8, 45.3 + 8.0 and 67.6 + 7.6 /~mol C P / g  pro- 
tein in control-, KCN-, oligomycin- and iodoacet- 
amide-treated muscle cells, respectively. Compared to 
control, iodoacetamide increased (P<0 .05 )  CP con- 
centrations. Effects of the other inhibitors on CP con- 
centrations were not significant (P  > 0.05). 

Discussion 

Biochemical characterization of  BCAA transport 
Cultured myotubes contain a transport system which 

possesses properties of System L noted in other cell 
types. These properties include the ability to concen- 
trate nonpolar neutral amino acids in a Na-free buffer, 
inhibition of cLeu transport by nonpolar neutral amino 
acids but not t)y polar neutral or basic amino acids and 
trans-exchang¢. Myotube System L is an active Na 
gradient-independent transport mechanism which pos- 
sesses approximately one-third of the capacity and 
120-fold the affinity of the System L described in 
perfused rat muscle [24]. Reasons for the large differ- 
ences in affinities between these tissue sour:',..~ are 
uncertain. Differences could be due to existence of 
different System L variants in RMo cells compared to 
intact hind-limb muscle. Several variants of System 
L(LI, L2, L3), which differ in their Kms and capacities, 
have been identified in other cell types [25]. Alterna- 
tively, differences may be due to the different methods 
used in ours and others' studies, in the hind-limb 
perfusion studies [10,24] transport was assessed as the 
disappearance of labeled amino acid from a perfusate. 
However, the same laboratory group has reported a 
low K m for glutamine transport in sarcolemmal vesi- 
cles (90 p.M [26]). In our studies the Kr. for AIB in 
isolated sheep intercostal muscle was high (11.4 mM 
[19]). Therefore, it appears that transport studies which 
use intact muscle yield higher estimates of KmS than 
do studies which employ cell culture or vesicle prepara- 
tions. These differences could be due to unstirred layer 
effects associated .vith intact tissues. 

Using cLeu as a transport substrate, LeCam and 
Freychet [22] reported that the K,, of System L in rat 
hepatocytes was 2.5 mM. The large difference in affin- 
ity of System L in hepatocytes versus myotubes may be 
related to differences in experimental techniques. Al- 
ternatively, it is possible that kinetics of System L 
differ between tissues. Tissue-dependent expression of 
transporter variants and /o r  tissue-specific regulation 
of transporters may underlie prioritization of tissues 
for utilization of amino acids. A Iow-K m System L in 
skeletal muscle cells would facilitate uptake and uti- 
lization of BCAAs by skeletal nuscle prior to the 
uptake of BCAAs by the liver. 



Regulation of amino acid transport 
In Ehrlich ascites tumor cells [4] and hepatocytes 

[21] KCN and oligomyci,1 reduce System A and L 
activities. Interpretat ion of this has been that  transport  
systems rely upon energy reserves for their  concentra- 
tive activities. We examined effects of inhibitors of 
ATP formation on leucine transport  and were sur- 
prised to detect  a s t imulat ion of transport.  At  first we 
believed that  KCN and oligomycin may effect changes 
in t ransport  by reducing ATP concentration.  However, 
we la ter  de termined  that  none of the inhibitors had an 
effect on myotube ATP concentrations.  Furthermore,  
none of the inhibitors reduced CP levels and, in fact, 
iodoacetamide increased CP levels. Hence,  the means 
by which muscle cells mainta ined ATP is not clear, i t  is 
possible that  1 hour of exposure to inhibitors was 
insufficient to deple te  CP stores detectably. Therefore,  
our  s tudies did not provide insight into the energet ic  
dependency of myotubular  System L. However, we 
later  de termined  that  all inhibitors reduced protein 
synthesis. Effects of cycloheximide on protein synthe,~is 
and of actinomycin D en  R N A  synthesis are well- 
established; however, mechanisms by which the other  
inhibitors reduced protein synthesis are unknown. 
Fuller et  al. [27] have reported a relat ionship between 
cardiac protein synthesis and CP concentrat ions.  How- 
ever, the lack of effect of  inhibitors on CP in this study 
rules this out  as a possible means by which the in- 
hibitors a l tered protein synthesis. Nevertheless,  changes 
in protein synthesis are in common to exposure of 
myotubes to cycloheximide, KCN, oligomycin and iodo- 
acetamide and it is possible that  there  exists a relation- 
ship between protein synthesis and amino acid trans- 
port. 

Observat ions that  KCN and oligomycin reduce Sys- 
tem A and L activities in hepai.ocytes and Ehrlich 
ascites tumor ceils [4,22] indicate that  the ab6ve-noted 
responses could be unique to skeletal  muscle. Differ- 
ences between liver and muscle t ransporters  exist 
[22,24] and may include responses to factors which 
regulate protein synthesis. Chris tensen [28] has com- 
mented on the importance of t ransport  to the determi-  
nation of interorgan amino acid flows. Perhaps changes 
in muscle amino acid transport ,  which may occur upon 
regulation of muscle protein synthesis, contribute to 
changes in amino acid flows between muscle and other  
tissues. 
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