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Abstract

Amino acid transporters play an important role in supplying nutrition to normal and cancer cells for cell
proliferation. Amino acid transport system L is a major nutrient transport system responsible for the Na' -
independent transport of neutral amino acids including several essential amino acids. The system L is divided
into two major subgroups, the L-type amino acid transporter 1 (LAT1) and the L-type amino acid transporter
2 (LAT2). In the present study, we have examined the expression and functional characterization of system
L amino acid transporters in FOB human osteoblast cells. RT-PCR and western blot analysis have revealed
that the FOB cells expressed LAT1, LAT2 together with their associating protein 4F2hc. The uptakes of [*Cl.-
leucine by FOB cells are Na'-independent and almost completely inhibited by system L amino acid transporter
selective inhibitor, 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH). These results suggest that the
transport of neutral amino acids including several essential amino acids for cellular nutrition into the FOB
human osteoblast cells is mediated by system L amino acid transporters.

Key words: nutrition to cells, L-type amine acid transporters, FOB cells, essential amino acids, BCH

acid transporter)&

XA pEAe A7) ag0] 43
F4, 94714 € At otr w4t —r-&xﬂ
22} Na'ol gt &JFEA o] whe} Na'-9 &4

A AR TR
ofv] Al F A L& Na'™-u] & &
TEee AxT AR FEANES 2T dy-Ee
Azl A FAobr| Ak F+ A 27} Ha= obvl Al A
2 oA glem, A Az 71A wEel £ P’% Eal
ANz} AR A FE 53 T A F50 F8
g 7% gtha o 342‘1 k(). R of AL EA L

25.;(4 o8 = Z=A) o].\:r]lt/x

b

=

E

BY 1

2 FAolv] Ak ¥ut olv]#} L-dopa, melphalan % gaba-
pentin 7l£'. °]‘”1 /\ :rLz 7],3] okﬂ =5 z\r/\ sk /\ o] o
22 4E AR FEsE FeH1-3).

1998+ Kanai S-(4)ol ]3] o}r| il =%

| Lo} 3 WA

1‘Corresponding author. E-mail: kdk@chosun.ac.kr
Phone: 82-62-230-6893

o}& 9l L-type amino acid transporter 1(LAT1)°] C6
glioma A4 FA =t LATIS Al x9 shifd 249
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2-Aminobicyclo—(2,2,1)-heptane-2-carboxylic acid(BCH)
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Table 1. Primer sequence for PCR
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MA, USA)ZF-¥] 913t Abg3tgl e, opbnlieit 2 7]
e} X k5L analytical grade® 4313 AF&-3lit}. Af-
finity-purified anti-LAT1, LAT2 2 4F2hc+= Kumamoto
Immunochemical Laboratory, Transgenic Inc.(Kumamoto,
Japan)Z3-8] AFHto}l A&t

218 e o] &% Al TR AHZ FOBY: American Type
Culture Collection(ATCC, Rockille, MD, USA)el| A 2oyt
o}, A &+l 2] (phenol red”} $+= DMEM# F12¢] 1:1 £3ull
Aol 2.5 mM2] L-glutamines} 10%<] FBSE &3} vl #])
sholl A wfoF3lsic).

Total RNA &I} A™AL- SERIEAAMEE(RT-PCR)

FOB A o4 TRI REAGENT kit(Molecular Research
Center, Inc., Ohio, USA)E ©] &3} total RNAE &%
Z 2] Al £37](UV spectrophotometer) S ©]§-3Fef 260
A EZEE 54, 255 RNAY FEE ALskao.
cDNAZ #A43l7] 931 5 ng? total RNAE reverse-
transcriptase(Invitrogen Life Technologies, Carlsbad, CA,
USA)9} oligo(dT) primerE- ©}-4-3} 42°Coll A 60E7F
AAF ubg-& Al g3ttt 49 ° cDNAE LATL, LAT2 ¥
4F2hc®] primer(Table 1)& o]43le] F3EAAut
(PCR)E A B3tadch PCRYMS 2712 94°Coll A 128, |
(denaturation)¥F2-% 94°Coll 4] 1%, 4 3Hannealing)¥H-%
50~55°Col A 18, F3H(extension)dH-&-& 72°Coll 4 18
30571 2 wbE-s o whA e kg2 72°Cell A 30% 7k
#Zsle] k- A ek 7} primer®] Tm 3t-& 28 ste] LATI
3} 4F2hce] A3HES 25+ 55°C, LAT29] Aguhs &%
= 50°CE A sslgdch. RT-PCR%F 1.5% agarose gelollA]
A7) 4 ¥3te] Z+2e] PCR productE #4135},

R oo o o

Western blot analysis
FOB A Z o4 LAT1, LAT2 ¥ ¥ 281x} 4F2he w9

~kel-g #olsly] $13ke] Western blot #4& Al §3}5ict.

FOB AlEe)| trypsin-EDTAS *23}4 tubed] %2 F
PBSE 0|43} 33] Al A3lgd v}, Al E pelletol protein lysis
buffer(1% NP-40, 50 mM Tris-HCl(pH 7.4), 120 mM
NaCl, 10 mM EDTA, 5 mM AEBSF, 100 mM leupeptin,
2 Ng/mL aprotinin)& &} &te] 4°CellA] 1087k ¥k&-A171
% Dounce homogenigere] &7 103] strokedle] A EE
L AA} AZE S ES AR 3T 45 YE F3)

Primer Names

Sequence (5 —3 ")

PCR Product (bp)

LAT1 (sense) TTCATCGCAGTACATCGTGG 536
LATI1 (antisense) CCCAGGTGATAGTTCCCGAA
LATZ2 (sense) . AGCCCTGAAGAAAGATCG 529
LAT2 (antisense) TGCATATCTGTACAATCCCC
4FZhc (sense) TCGATTACCTGAGCTCTCTG 509
4F2hc (antisense) GGGATTTTGTATGCTCCCCA
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FOB A %2 ez 30 ugel] 5 uLe SDS-PAGE sample
buffer(60 mM Tris-HCIi(pH 6.8), 2% SDS, 25% glycerol,
14.4 mM 2-mercaptoethanol, 0.1% Bromophenol blue)&
A 100°Cel A 387 WA A7)l 3$-of] SDS-polyacrylamide
geloll A 2417 A7)45& A A thf gel F] d A S
XCell ™ Blot Module(Invitrogen Life Technologies,
Carlsbad, CA, USA)°l A 1417t &<t 100V 2 PVDF mem-
branedll ¢]%A1Zt}. Membranes- 3% fat-free dry milk-
PBST buffer(PBS, 0.05% Tween-20)¢ll4] 18417t &<t
blocking¥t ¥, PBST buffer® 5%t 33) A& sisivh. Af-
finity —purified rat anti-LAT1, LAT2 ¥ 4F2hc+ 3% fat-
free dry milk-PBS bufferel) 500u] 34 8}9i.o.m, o] g4
membranes gl 1A17F ek WA &, PBST &%
o]-&-38lo] 5 7173 e 7 33 A H 59t} Membranes anti-
rat-horseradish peroxidase conjugated-secondary anti-
body &9 el ¥ 3 A2l A 1417 St vk A7 - PBST
£-o-5 o] g-3}e] 58 714 o & 33] A A 3} 3. Enhanced che-
miluminescence(ECL) detection kit(Amersham Life Sci-
ences, Arlington Heights, IL, USA)Z A}-8-3lo] X-ray 2
E-(Amersham Life Sciences, Arlington Heights, IL, USA)
of Zhs3sted dAbsislct.

Uptake &%

FOB Al Z el A o}v] At 54 Lo 45 & 2418}
7] 98l Kim $(19,20)2] vb-&- o] -8-3}o3 o}n] Al uptake
A2 Agstt wlokd FOB Al £5 43 31¢] 24 well
platesl 1 X 10° cells/well 2 seed & 3+, 80~90% confluence
%1€ o uptakeZ Al st Al Z ol oF plate?] A Aul =]
2 AAZ P A EE standard uptake ¥4 (125 mM NaCl,
48 mM KCl, 1.3 mM CaCls, 1.2 mM MgSQO,, 25 mM
HEPES, 1.2 mM KH:PO4, 56 mM glucose, pH 74) E+
Na'-free uptake &% (125 mM choline-Cl, 4.8 mM KCl, 1.3
mM CaCl, 1.2 mM MgSO,, 25 mM HEPES, 1.2 mM
KHoPO,, 5.6 mM glucose, pH 7.4)-2 o]-43}<] 33] AlH3k
F37°C % 98 AolA 1087k A wiekatadch o ¥, 8985
[MClL-leucine®] &4 5} = uptake & © 2 7 3}o] 12 ul|
FA o, vkg-o] AR F 93 4°Co 2L S 33
AR sted el Al E 2 0.1 N NaOHo) 5o Al F gk 2.2 uptake
012l BFA}5$ liquid scintillation spectrometry 2 27
dow, =A% WASS pmol/mg protein/min S 2 A+E5}
Atk £ uptake A AlA Z7+e] ARE A& 2 T2 4~6
7N9] FOB Al E7} ZA 8= 24 well plated A}8-8}%1 2.0,
7} z+e} A 145 meant SEM(n=4~6)2.2 F A8t ch 7+ 4
o] RS Felslr] f)ste] 33 oA ubE A -E A3
3l AFE AbEsch

FOB A % 4] | -leucine uptake®] Km¥} Viuee L-leucine
123,10, 30, 100, 300 2 100094 uptake & A #3te] Eadie-

Hofstee equations ©]-43}e] AH&E3lgich.

FOB Al Z el A 1 -leucine®] 4-& Al 3k= BCHE G
2. [“Cli-leucine 1 1M A} 3tell4] BCHE] % 0, 1, 3,
10, 30, 100, 300, 1000 = 3000 uMl A uptakeZ 3] 3}
Zxste] on, BCHO K; 3% AHE3hy] 18 AdelA =
BCH 03} 100 uM £} 8ol 4} [“Cl-leucine %% 3, 10,
30, 100, 300 & 1000 uMel A uptaked Al 333t} FOB Al
Fol A -leucine $%¢ dl¥ BCH| K; #k< 1/L-leucine
2%o thE 1/.-leucine uptake$-2 ArZ3}e] double re-
ciprocal plot -4 2 2 A4ibsled oH(K=BCH ¥%/(BCH &
A BFel| A} | -leucine uptake?) K../1.-leucine uptake®} Kn)-1).

o}w] Ab 45 A) Lol ¢}3) %% -leucine uptake®l] =l
e oe) opvxAbEe oA axE 27] 93 30 M2
[“Cli-leucines} WAl 5o] FAH A] ¢ obvl At 3mM&
uptake & ol FA Folstel APt

SHAM
A8 A= meanT SEMO.2 vehfigich
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FOB MEOI|AM ofa|icat =E5A Lo W

FOB M ZEo|A] o}l it =74 1.9] o}l LAT13
1
=

7] 913, 22+ primer(Table 1)& ©]§3}o] RT-PCRE A
#5}leih FOB Al Z o4 LATI, LAT2 % 4F2hc2] mRNA
wals v #add 4 glglow, SEA Lo 7 ooty
LAT13 LAT29 A 27} fA-S #Ad 5 o
(Fig. 1).

FOB A T4 LATL, LAT2 ¥ 4F2hc®] wiutad-g &
sty 98, Z+zke] A S o] &3}e] western blotting$
Aefabe] whule) whd §-Rol M A T & A3 ok FOB
AZNH LATIZH LAT2 @ 4F2hcell 3l So} & o) whiw
=2 0,47 2 85 kDasl 4 Qa4 90w, o) kg
AT % mRNAS W3 A £ o} ro] LAT1F LAT27}F AL
< FaF 4 A% rhFig. 2).

| LAT1
I LAT2
I 4F2hc

Fig. 1. Detection of LAT1, LAT2 and 4F2hc by RT-PCR
in FOB human osteoblast cells.

The first stand cDNAs prepared from FOB cell total RNA were
used as template for PCR amplification. The PCR products were
electrophoresed on a 1.5% agarose gel and visulaized with ethi-
dium bromide. The LAT1-specific PCR product (536 bp), LAT2-
specific PCR product (529 bp) and 4F2hc-specific PCR product
(509 bp) were obtained from FOB cells.
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Fig. 2. Western blot analysis of LAT1, LAT2 and 4F2hc in
FOB cells.

Western blot analyses were performed on the protein extracts
prepared from FOB cells in the presence of 2-mercaptoethanol
using anti-LATI1, anti-LAT2 and anti-4F2hc antibodies. For
LATI, LAT2 and 4F2hc, the 40 kDa-, 47 kDa- and 85 kDa-
protein bands detected, respectively.

("*ClL-Leucine $=&54
FOB A Zd|A L-leucine] T%‘%”é A7 98,
MCl7F 2% 1-leucine® uptake A¥-< A s}sic). FOB
A ZE 37°Cell A [“Cli-leucine(30 pM)e]| &% standard
uptake £ (Fig. 3A, Na) =% Na'-free uptake §8 (Fig.
3A, Choline)oll wiFA17) A3} [“Cl-leucine uptake %
4 oo, [™Cl-leucine uptake %-& standard uptake
83} Na'-free uptake &4 o] & Holx] dgkr}
(Fig. 3A). o] A3} FOB Al Z A | -leucine $4-& 32
Na'-Blo|&H o2 o] F 1 < v Aejng B =79
£ uptake A &-E& Na” ~free uptake Mol 4] Aj8)3}e] u)
_,3_3}031:} Fig. 3AclA e} 2o} A& FOB Al ZE
[MClL-leucine(30 uM)e] -4 standard uptake £ (Fig.
3A, Na, on ice) ¥+ Na'-free uptake € (Fig. 3A, Choline,

on ice)ell #ieFA17] A} [MCl-leucine®) uptakeE &
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Fig. 3. ["*Cl.-Leucine uptake by FOB cells.

(A) Ion dependent of ["Cl.-leucine transport. [**Cli~Leucine (30
EM) uptake measured in the standard uptake solution (Na) was
compared with the measured in the Na -free uptake solution
(Choline). The [ 4C]L leucine transport measurements were per—
formed at 37°C and on ice. (B) Inhibition of [**C]L-leucine trans-
port by BCH, a specific inhibitor of system L. The [**C].-leucine
(30 nM) uptake was measured in the presence (BCH) or absence
((-)) of 3 mM BCH.

n&

=4

o9l th(Fig. 3A). A& 9]¢} 37°Col A 9] [MClL-leucine uptake
ZA 3= FOB A Z 4|4 1-leucine?] ¢4o] o}v| At 5 A
2 53 o] Fo] Atk A& A AHghTh FOB Al F ol A [MC-
leucine(30 UM) uptaket= o}v] =AF =A] L] A=A o] )
A<l BCH 3mM¢l| 2] ¢33 A= ¢ om (Fig. 3B), o)
A= FOB AlZ A [MCl-leucine $4¢] o}w] %4k &
A Lg 5l o] F A Akl FOB A Fol| 4] [14C]L—
leucine uptake®] tlme—coursetf: A a7 Yl vk zE
05, 1,2, 25,5, 10, 15 2@ 20%-el4] [“Cl-leucine uptaked
A 85kl ek [MCl-leucine(30 uM) 9] uptake= v ok} 7k 2]
FA 0|3 wl A 2 258 71A} A& A shed oA, ulfoF

Al ZE 108l ol o] 2] w A7t 208 7F2] F-A] = A ek
(Fig. 4). wehA] 2 =FollA 9] 2E uptake A -2 wlSFA|
Zb 1380l A A8t o, =2 A 3}-E pmol/mg protein/min
o2 A3ty vt

Fig. 52 #Z¢] FOB Al ZA [“Cl-leucine®] uptake::

3} 519} 29, Michaelis-Menten Kinetics®l] 2] 3} K, <
116.11 uM{mean £ SEM, n=3), Vinax+ 7890 pmol/mg protein/
min{mean=SEM, n=3)2.2 At&= ).

2

01 218

-Leucine &0 HEE oix|= BCH°I k=i
FOB Al Z A [MClL-leucined] 4l v x| = BCH¢] &

A8 247} 98, [MCl7h A E | -leucine?] uptake s
BCH &4 slol A#fatgict. BCH 0, 1, 3, 10, 30, 100, 300,
1000 = 3000 uM-2 [M“Cl.-leucine 1 1M¢] uptake® ¥ %
&R o7 AA Y o 1 ICHe 130.03T6.89 uM(mean
+SEM, n=3)2 At&= 9} (Fig. 6).

ol A AF4=el K, 3¢ 317] $)s] BCH 03} 100 uM 23]
&}l 4] [MClL-leucine 3, 10, 30, 100, 300 2 1000 uM$] uptake
F8stgdcl K 3H-2 142.13118.12 uM(mean +SEM,

n=3)& AL=H 1 (Fig. 7), 2 A7} ICyp @t F41ES
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Fig. 4. Time course of [“*Cl.-leucine uptake by FOB cells.
The FOB cells were incubated in the Na -free uptake solution
containing 30 UM [“Cl ~leucine for 05, 1, 2, 2.5, 5, 10, 15 and
20 min.
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Fig. 5. Concentration dependence of ['*C]L-leucine uptake
by FOB cells.

The [MClL-leucine uptake by FOB cells was measured for 1 min
and plotted against 1 ~leucine concentration. The 1 -leucine uptake
was saturable and fit to the Michaelis-Menten curve (K,=116.11
UM and Vmax=7890 pmol/mg protein/min). The insert shows an
Eadie-Hofstee plot of L-leucine uptake that was used to de-
termine the kinetic parameters.
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Fig. 6. The concentration—dependent inhibition of ["'ClL-
leucine uptake by BCH in FOB cells.

The [MClL-leucine uptake (1 uM) was measured for 1 min in the
Na -free uptake solution in the presence of various BCH con-
centrations and expressed as a percentage of control 1-leucine
uptake in the absence of BCH.

#ldt 4= gl =3 Fig. 79 ¥4 22 | -leucine™ BCH
7} FLT A E o] 43l FOB AlE R o] 5-& 3}n,
Az AAH AA A B 7(]—_9_5}._]_/_ 9l8-& #ala 4 9jglrh.

(“Cli-Leucine $=& 14 CHE olo|cAtE TSl AEAS
FOB Al 2ol 4] [“Cli-leucine®] 43} o} & o}vl Al S
o] A3 atg-g zabsly] ¢lsted 30 uM [M'Cli-leucine®]
uptake s WAL 0.2 FA|FA] 42 ofvl mAFES] A 5}
(3 mM)ell A =38}tk FOB A Z el 4] [MCl.-leucine up-
take< glycine, alanine, serine, threonine, cysteine, aspara—
gine, glutamine, methionine, isoleucine, valine, phenylalanine,
tyrosine, tryptophan, histidine ® BCHel| & sj4& A5
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Fig. 7. Double remprocal plot analy51s of inhibitory effect
of BCH on the [""Cli-leucine uptake in FOB cells.
The [¥Cl.-leucine uptakes (3, 10, 30, 100, 300 and 1000 uM) were
measured in the Na —free uptake solution in the presence (filled
triangle) or absence (filled circle) of 100 uM BCH in FOB cells.
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Fig. 8. Inhibition of [**Cl.~leucine uptake by amino acids
in FOB cells.

The [MCl.-leucine uptake (30 pM) was measured in the presence
of 3 mM nonradiolabeled indicated ;~amino acids and system L
specific inhibitor BCH.

o] o1} aspartate, glutamate, lysine, arginine, proline %
cystined]] YA+ A=A g} Fig. 8).
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HS 2AEE A Y-S B8 FOB A Lol 4] o} vl il $2427
L9 ob8Eal LATIS LAT2 9 252 8237} 4F2hc?)
9l o, LAT1# LAT29] W&z =7}
&g Qe+ 3 %D}(Flg 1). FOB A Z.2] shulg o]
FA A% LATIL, LAT2 2 4F2hc?]
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al“vHFlg 2). £ AP AE FOB Al Eoj| A FA 0w At
o] FFoll= ot et 5 %74] Le] o} &<l LAT1% LAT2
7t BE 8% HEE & A la}% AL dAAE $ 9t
2y o] A AT = AbEe] AHA MM A 29} 27 2
A A E el A= ofrl Ak Tw%l ol A LAT27 8
D% Absrel ket Al 20k 3 9 m} Zo]| 4] = o} w]
A A L Zo A LATIR &gl = 7218 93 o}
¥E(21,22)8) Ashob= 2oz} glgdvk LA 1
A e 1 w3t F97) AjE] gl &
WEEw, Sk 2 AE e A% oﬂ %gfz @1
By vl gloh(4511,12). Wil L
of ] &l sled A AFz A ] AR 1 zmoﬂ z9
w}zi = 6} 9l oH(14-16,21,22). 23} B
QA FRATF9) FOBE AFe] A4 774
E2ot 379 AN HA Lol A o= 2] ofr| At Toﬁﬂ L
9] % o}l LAT1#H LAT2Z} 2% +adskeich, wela]

_] Jﬁ. Hﬂ

ook % 2 Nl 1-r.<,>£
nﬂi Mo
o XK

L :

AR

FOB Al #el4 F4 0k wAls 43t 79 ool Al 4
A7} $RAAE Bels}r] slaked, FAokol Al Fol A

AgA o g 7174 Bo] o] &5 = | -leucine ©] 43} uptake
AL A3t

FOB Al 3ol 4] -leucine uptaket Na'-H] &&= o]g] o
o, opul Ak =5 A] Lo A=A AbebAlQl BCHel &3 <k
3] Akl sleh(Fig. 3). BCHE obvl x4l 728 717 33
E2A o}ul it A Lo AlA abebA| o] v (4-6), FA
# A7 o}l At G438l Na' -9 &4 olv] Al 4
A ATB* (amino acid transporter B*")2] kgt x}gka]o]c}
(19). &1} Na'o] EA)31%] 92 22 o4 BCH¥ o}9|
A A Lk A o2 2} welba FOB Al 4
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Table 2. Comparisons of kinetic parameters for p-leucine uptake

Cell names Km (UM) 1Cs (M) K; (uM)

FOB cells (human normal osteoblast cells) 116 130 142

Glial cells (rat normal astrocytes) 224 270 228

C6 glioma cells (rat glioma cells) 52 73 55

Keratinocytes (human normal oral keratinocytes) 125 152 125

KB cells (human oral squamous carcinoma cells) 65 70 68
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