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Conditions by genetically engineered Saccharomyces cerevisiae
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Cellular iron uptake was performed in the yeast Saccharomyces cerevisiae that transformed with human ferritin H- and
L-chain genes. The recombinant yeasts were enriched in YEP medium supplemented with 2% galactose for 3 days and the

iron uptake was followed by incubating the cells with iron in 20 mM MOPS buffer (pH 6.5). The

reactions were examined

under different conditions including the iron compounds of Fe(ll) and Fe(lll), the concentration of iron, the concentration of
cells and the reaction time. From our results, the recombinant yeast YGH2 producing H-chain ferritin showed higher celfiular
iron concentration at the cell concentration of 100 mg/mi than 200 mg/ml. Iron presented as Fe(ll) rather than Fe(ill) was
taken up more efficiently. Iron uptake increased slightly when iron was added up to 14.3 mM Fe(ll) and then its ceflular iron
concentration was 16.7 + 0.7 umol/g cell wet wt. In addition, the iron uptake reaction reached to maximum at about 2 hr

incubation.
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7be] HS ferri-reductasedl] s +271¢] A= Y3
permeased] 9|3 A 73S FIo HE =2
o] AY e F FHR/ Ao, shite g A
Ho2X (Kp=015 uM) Ho] B&8 o) F-g3}m, o
EAQ Fe3pFurlp7l AETAM & &4 Zrjd8-S 3
2 gt} olgtE tE AFe g §F AFTE Ho| EFR
3 z2AAA A3 Alzde] A&sA Hed, Ked 9
30 pMol| i, B @A Fedp o] FUIsHA =
t}. Fetdp= A3} Fe() ¥ g2z 43AT J3).

A}

ol#3t H F4 #HAHL A% @ olygl d¥- by o},
FFo], AEAAME FAHAAJTE, 3). 44, EE Y=
FE 22 FA49 g By 7FeEy, e AX Y
Hol B&E AS UAF B &85 fEiAM dd 2
7=l Aoy 5o A¥ET SHHA A ZE AE
Ao} dolMe A AF Bl feritino] EAet BL ®
As} whdel], ERAME feriting @y sl gtk
giale] AF o] & AAste Hel RFHFE A dlA}
Hgel| E-g3hc}2-4).
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Ferritin® 2 A} 71Fe] FotEe i 2 A%
il golth(s). o] vAe durHo T 24709 subunito]
2% Ty vid 99 (A% F 13 nm)E o] F L
olgA M 4 WF A% & &8 nmydle A 7 AW
4,500 & HAZA Z2H/E £ Aok AR ferritin® 2 FF
9] subunit 2, H (heart; heavy)38 3} L (liver; lighh B2 9]
2olx e, A gy 2 24 HIEo 27 49
isoferriting o] &A%}t At ferritin H-9} L-chaing A ZE
55% obnlxdt AL AR UAN, Z7), BW A3,
Ho WA d FdF A FAA HME UgE 5SS
AR Ytk £3), H-chain ferritin (H-ferritin)e] 2%
ferroxidase #-¢]7F EAste] WFo] F& FHIEE )
e}, L-chain ferritin (L-ferritin)}& A2 3 o} &9 <A 3
9} mulEgs 59 71%5¢ /Mg BRaHYCHS9). AE
Yol A ferritin® A o] && v o) FHFo=H B
AZm FA EHoZHE Wo| L9 F A AF
7AAt. 2838y feriting ME W # =7 oW
o & AAFgo ey f2lE FHG 0,949 g 9
g4 AAZ: AAHoZHE HNZE R3¥ 4 ok 3
UFel Fe(ll) HHZ RAgozn 8 daz & 9
10°-10°M2} W9 ol N Fe) AEHE FANH FFD
G, 7.

olHel) AR S cerevisizeol X A}H ferritin H- 2 L-chain
FAAE Azt FFHog Lo, HFE A
Z% Hfermting A3 #8479 a9 F & 6% {23}
AL Lferriting A F&4 dHd F o 21%] |23t
ArHI0). B ATFNAE o5 AZRFH FFAAM g A
A F5 BAL Eostna e 44 5%, & d¥E F
F 03 5% 9 wg A7 59 AN 2 F4 wbe
= i

2or o % £ o

BOAPAM AMEE BER £F M EE S cerevisiae 2805
(MATa pep4::HIS3 prbl Acanl GAL2 his3 ura3-52)% A}-&3}
ATH10). B2 ABNZ AR FFEE AF feritin H- B
L-chain §3x7F 24zt A8 A= &2 7F YGH2¢%
YGL1E AMESIich Ui 32 feritin 22171 4
2 e Fehav|s pYGTE ¥ A$E YGTE AHE
39tk AR 43 AT AxXFH AR wWFe AT ¢
v A 2E B 9% wiAQ) YEPD (1% yeast extract,
2% Bacto-peptone, 2% dextrose)E AL B, AR ¥F
ABAEZ HAstr] A% HE WA ZE uwacil 2H Ha
8 X} (0.67% yeast nitrogen base without amino acids, 0.5%
casamino acid, 2% glucose, 0.03 g/L adenine and tryptophan)
2 gt e, #d fx WA feritin FHA WAL
98} glucose Aol 2%2] galactoseE F7IEtFATE oA A
Tl A 2% galactoseZ wjRel) HARE o F AR FF
el fAa wde] b4 ARAA Ao g HIHFHTKID.
Z42ke) EF FFE 5 ml uracil 2F A WA Aw)
& F 1.0 x 107 cells/mlo] H=F 3454 40 ml YEP
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(2% galactose BH) HjA o] 349 30C, 200 pm ZA
o 3¢ Fo A7 HIsAS dREFE FYF 2H
A MFE st wgd B FAd JoAM s
o & Shin F(1)NA FAHAT

HoldSs
AzF EP2v=o) 93 FR AE W femitin VL
EA3517] 935t SDS-polyacrylamide gel  electrophoresis

(SDS-PAGE)Y= Laemmli®] HF(13)o] W&t 433 [k w
B AR FAE 5000 pm @T)NA 105 5 |44 s
o ZF42 28 AH8 3 20 mM Tris-HCl buffer (pH 7.4)
2 13 AY5¥tt. AR glass beadE o] 83} 38 FoF
o431, 10,000 xgolA 108 Fo 44 BIad. A=
e 12% (w/v) SDS-PAGEZE 3391, gel 02%
Coomassie brilliant blue2 GAHAC}. 2810, & T2 AX
W ferritin®] W¥ YL densitometry (Molecular Dynamics
PD-120, USA)E ©] 83} F &}

gl 2 A wfkol st cell weight
ANxd B2 A vl o SE5H (wet cell wist
AZFF (dry cell wTe) FAE FFFo2N 2 F4-F
9o Ay X g&AY Y= A 52 FF
E AR geM 71ed uiel o) wikd ¢
AE 83t 2F4=2 28 Asin 94 st 4
ZAL AN T FEFFE FEIAT 2 F, o) TAE
g &7 &A 105ToA 1241 F¢ ARAIZ

il

Mxg 82 759 3 o|2 &

Az v E A H FFE FE}H7] A3 uracil
AY F2WAAAH HAujkst ERE YEP 2% galactose &
F) wRAA 30T, 397 wide F, 94 £ (5000
pm, 5 min)dtd MEESL £ g 20 mM MOPS
{3-(N-morpholino)propanesulfonic acid] buffer (pH 6.5)2 2¥
AREPTE B FF Ad) MOPS buffer (pH 6.5)F A A
& olfr= A ol&] buffer &4} w3t FHES FA
A 7] W Eojrh(14, 15). Buffer £ (pH 6.5) WelA
Fe2l A3} Abefe] f-X+ 100 pM BPS (bathophenanthro-
line disulfonic acid) ¢ FH7}<} 4 535 nm TQofx] g
H Fe(h) S o Mo WH3E EHFoZH FUs)
Atk A2 AEE (100 mgml)yE 5% (w/v) glucoseS T
3 A9 @EgddA] 3087 ¥EAZ tE, e HI)s)
of gol BaEA &e 37 FAA 200 mpm (30T)3sh
FAR A B HEAAY E F5 AP og AH
¢l RAZE Fig 19 Jeahidt &2 4= 20 mM
MOPS buffero 4] 100 mg/ml =+ 200 mg/mlZ 3|43}
e Age] Abgsgch Ad@e AgdE dH SFEL
(NH4):Fe(SQ4), FeSOs 2 ferric citrate©] 912 ™, 0-143 mM
B oAl A Fe) ol&%8) 4 ¥EA 2 &
de N, 7122 $83 E3A7 o ALk 2 &
HEE-2 01508 B¢ AFAA EAfHG. whgo] &
AR FAEL 5000 pmo A 58 F AAFEE A
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250°C, 8/\]‘_ b A7) o, AR §3 B2 A (SpectrAA-
880, Varan)& AM-43l9 #9 T8 BAHIFHL.
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for 12hr for 12hr for 12hr Reaction with
l l l Fe in MOPS+Glucose buffer(pH 6.5)
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Figure 1. Schematic diagram of the iron uptake by the recombinant
Saccharomyces cerevisiae.

£ AT e A ferritin H-chain #¥2t& /¢ &
g}An = pYGH29} AMg ferritin L-chain FAAE &3
Zg2AnE pYGLIE 72 Af®E AZY A&F YGH2¢}
YGL1E ARSSATHIO). Ao AMES 4 FFoA9
ferritin W38 %S SDS-PAGEZ #9213 A, HAferitin®] 7
¢ AA FEA vl F F 6%9 LHEES HiloH,
Lferirtin® #A £8&4 ©@¥Wd & ¢ 21% siFstHoh
WHE Lferitingls @2 H-feritin® AT oA 2 =
Ao A& HFETDI0). olE AR TFAAMY Hef A
A FF 54L BHnA kg A =, 4 FE F
F 3 5= 9 658 A7 5o 24384 A F4 whS
< Y3 F vin F4AT AEE T AAA
w2 el H o]&g HIlsld wd fFT widde BT,

d ol HEoly 3 oz AT AME AT
ad wE AT | E vx BHA 7% T BAF A

ST G, B AFANE FAE WFH] 88
% 2 BYED HegAPoEA A oy ¥ESoH 43
}5¢ WAL

M=xgt 552 7 ulofl cist cell weight

FEFHY ARFFS 47 83 ST BN UEFH
& &85 21.5% (Mean value)Z JElttl o] BAE
Ao "}E}lﬁ‘i’i,

Dry cell wt. x 1/ 0215 = wet cell wt.
o] A& HEAA AX W 2 FF £H4 &I 2
g8, feritin FAA7F AP A2 vlYES o] &3}
of wid Ae Ha FAgh
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o3 sxof o2 & o|2 Ef

AZF FF YGH2¢} YGLIS #A H% 100 mgml 2
200 mg/mlo) A 2A12F F<F H o] 27 WA F FAE
AhFig. 2). ¥F YGH2Y A%, @A HX 100 mg/mlol
A olgm whgAZl Ao # ol TA Fx 200
mg/midl Al H FFH}p BAR] RE F FEAA
21308 EA JebthFig. 2A). YGH29) #A ¥ 100
mgmlf A AE U H FTe WA FY T} 45
mMe A 143 mM2 3718 | AAHoE Frtshe 2
& B4tk 183t 143 mM (NHeFe(SO.) 9 ¥H8A1%
S o AX U 3 %= 167 + 0.7 umol/g cell wet wt.©]
Atk olm) FA FE 200 mgmlol e A FEI} 61 %
0.1 umol/g wet wt.2 FFHE AE7F W A eyt
o #F YGL1Y ALdMeE AX W) B $E7} 8-gAD
A ez gt Frte] Zo] FEHUTh st 143
mM (NH.):Fe(SO.).8} BHEAIZAES o AT W 3 F=E
12.1 £ 0.9 pmol/g wet wt.o]t}h ©] AFAME TA F&
200 mgmlo e A E 5o FaSA Axy H
FE7F B¢ 2SoHFig. 2B).
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Figure 2. The iron content of Saccharomyces cerevisiae in relation to
iron reacted. Iron uptake values are expressed in micromoles per
gram wet weight. Values are the means of three independent
experiments ((A) YGH2 (B) YGL1).

ojAe ZZwETINLE o437 Y AAZRH AR
3 ERX YGH2¢| @ ¥ Hferriting A ¥y 3B &3
o 48L& R ¥, AT EE YGLlY IdE
Lferritin® 3 279 #4& Rolx] FUrh10). wtr,
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Figure 3. The iron content of Saccharomyces cerevisiae in relation to
iron reacted. Different iron compounds such as ferrous ammonium
sulfate (A), ferrous sulfate (B), and ferric citrate (C) were compared
in the reaction. The iron uptake experiments were performed at the
cell concentration of 100 mg/ml for 2 hr. Iron uptake values are
expressed in micromoles per gram wet weight.

A =0 E H o2 &

A2 AR TF YGH2, YGL1 ¥ YGTE ujek I,
g AJeH7E g2 da Zz wgA7n AX W 2 g
Hln A ErhFig. 3). ANAAHEY  glucosert  FH
MOPS (pH 6.5) &dofx ojz w59 AMzF ¥F ZF
A Hol FFHJY o] & A 2FE HH ¥-EA)7)
7] A A¥Y H FEEe 25 0.1 pmoljg wet wt.E EA
H At Fe() 3H3HE2A (NH)Fe(S0s)9] 55 F 4.5 mM|
A 143 mME F7FA A ot YGH2Y| o8] S4H Al

not o >
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X E vE=% F7tetAt(Fig. 3A). 1E3td T35 YGH2
g 143 mM Fe(h3 ¥HEAZHE | AXH 2 5% (167
pmoljg wet wt)= hZ FF (11.1 pmol/g wet wt)ol H] 3|
o 15 9 #A etk £91 el @ 5ok Sl
aet AE U 3 Fet Srbste 842 89 W 3
ol ME o] A o] Alolol UHe] B Hejrt &
ABE 9ujdt}t. o] A= EE Candida sp.o| 3014
Cu(IDe} Ni(IDel AE o &< HPE £33 27, Ws
A7l F4 ol F&It F7hgd wel AX J F4%

ol F71¢ A& fAbsiTk(6). tix FF YGTS 2%, A
2% g2 FR3n Yoy fermiting WHSA &
€t &® Candida sp.o| JAM FE& T2 F& o]
s 12 AHgd g & ol FFel oM HE
AANA B BLET S7HE S BATHIE). ° A%
YEP wjAo] E3tg H (0.5-0.6 pgmhol] s 1z} 3

7bErel] YGTY oA AE U & =7t ddHez =
A X" Aoz AZAHATL &% Pichia pastoris(17)¢l] A
B31E 79 (fed-batch system)®} ¥ @3] B batch system
T BT YGH2Y] 93 §48 HE U 2 3=
AiHez FAHASS ¢ F vk o] @, YGLI
F ¥ (12.1 pmol/g wet wt.)& &I T X} FALS
Bk 53],  F4ol Aol YGH29} YGLIo] =}
Hojx AL gdA dgdxel, AZF H-ferriting
W 2 FF9 g4uFoltt Fedl) 33EQ FeS0,9
A RS We (NHoFe(SO)9tel 7359 E AolE B
o] A gretrhFig. 3B). ¥H- &4 UM F FFE o
A Fedl) 4el7b FARH 2 fFAHAT =3, dEF7]
7h A ol olFol IS 7HA FUSE FAT

o 2y go
o 2

1

g-'\l

o
o i dfu alo

&

-]

—

¢

2 B8 3 s2dAM iz g3 2 Az 7F 25 A
EF471 v sl ohFig. 3C). Elsle] a2 A YGH2e) A
9 Fe) 5, Fe(lll) 3880 3t 2 4 2ate 27t
16.7 umolf/g wet wt. 2 0.5 pmol/g wet wt. 24 Fe(l) 3}3}
2o 93 H F4 ¥EUF 30 9 o) A el o
A3} HH, d Fo Fe() o] Fej7} Fe(ll) FejR
t 20 $Y%e onit)l. ARE Y 849 H 5
o e} ME OE HEE S F480 o] AFA AL
£3 3 BT (45-143 mM)9] A%, A8 Axdo] 2%
g Aoz YEHEY o] B9 8435 e Fedp= #3713
Fe(l) =%F @@ dolti(3). waba YGH2] UojA] Fe(l)
o] &9 F7F EA3HE Fetdpol] 3] FAHUSE & F
At

"S- A 7H) AR gFe A F5 $FE& v
7] 98t zZt FFEE 143 mM Fe(l) ©] &3} 15-1508 %
QF ¥ESAIZL £, X d s B G THFg 4). B
£ & Ajztel doiA YGH2 #&F7 YGLI #5u tiE
aFel vis) AE | A o] wA JEEHt E I
22 HH A #F EF 9 &ZUlo| wgtom 1 o
F £TT t4 "HojRnoy A o] A FUlsie &
A& BHch ¥ A1E & oF 1208 Ao MEW H g
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o] A9 AR ol2Y 3 1 o|Fole FrtFo] F£3H
A Ae AU §AS e B 12, o e
A ZE74A] Fe(l) ©]-2¢] *‘5} FE7E A E FAES FQ
stgrh ma oiJg, H 4 uwe ¥ FAE Besin
T4 0 i 2 998 A2 Baste] Bg &
719} A &F wlwg da, x71d Hrhg F gl ¢
97% o]Ate] @8l & dgdrhdata not shown). ©] AL
2 F¢ 49NY 5 A99E 2 %o ANRe 939
o Ao olZ%S W] ¥ FFE ¥Y, YGH2 FF
= oF 17.0 uymol/g wet wt.E H ¥, YGLI 59 2T
F YGT+= 47 F 133 pmol/g wet wt.9} 129 pmoljg wet
wt.s B¥ch 283l AFRY &% YGLI #3539 4 &
Be 2 FF YOTH A $A1 ke wAT o 2
£ o@d 2zvEzds AYe BAH A42F &
YGL1 A X of 2dE Lferritino] 8 73] &4go] gl
< 93 Aol X FTH10).

do

Iron uptake

(2 mol/g wet wt)
-l —h N
N » ©
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0 30 60 90
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Figure 4. Time course of Fe(Il) uptake by the recombinant yeasts.
The reactions were performed by adding 14.3 mM FeSO, at the cell
concentrations of 100 mg/ml.
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B A ME Al femitin H- 2 L-chain F347} A=
e B S cerevisiaeo] oA Ho WA T wIL S 5
WA} AZT AXE 2% galactose7} H7}E YEP uj Ao
4] 397} batch culturedt £, 20 mM MOPS buffer (pH 6.5)

A g 73 FE, E I}UE FTF HF vE LS A
358 melskel Mee ABaAT of A9 A, feritn

H-chain 45 Wdsls FF YGH29) Yol #A F&
100 mg/mlof A i] %_L 200 mg/mlHitt & FH »5E
Booh gz, A 5 vhsel lolA FedDe] 4+t "“5117}
Fe(IH Xt} AN 'rrilb’}ﬁq' A wxe] Fvtd wet " F
g5 Z715t¥9o9, 143 mM Fe(D# ¥+3-A] YGH29Y] xﬂ
U 2 55 167 + 0.7 umolg cell wet wt.2 EA5c)
A FFe s AR oF 1208 Al A iAo o=
g}
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