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SUMMARY

Iron is an essential trace element for most living organisms. At
physiological pH, Fe" and Fe® are the normal oxidation states, with Fe*
being readily oxidized by oxygen to Fe¥'. Fe* is extremely insoluble and tends
to form insoluble hydroxides. Fe®" is handled by specific transport and storage
proteins, transferrin and ferritins.

Ferritin is the major intracellular iron storage protein. The protein is found
in all living kingdoms. Its ability to sequester iron gives ferritin the dual
function of iron reserve and supply. The other major cellular function is to
prevent cells from toxicity that is caused by intracellular free iron. Ferritin
consists of a hollow protein shell (apoferritin) of 24 subunits and an core
capable of storing up to 4500 Fe(IIl) atoms. In mammalian ferritins, there are
two main subunits known as H (heavy; heart) and L (light; liver). The amino
acid sequences of the two subunits show about 54% identify. Tissue ferritins
are composed of a mixture of isoferritins with a range of subunit compositions.
Because of these heterogeneity functional differences of the two subunits are
less understood.

Genes encoding ferritin subunits have been isolated from a wide range of
sources including human, animals, amphibia, plants and bacteria. In yeast, it is
well known that iron is an essential element for the growth. Iron requires a
specific organic ligand for its dissolution and subsequent transport. In this
aspect of metal ion regulation, a number of identified proteins are located
mainly in the plasma membrane of yeast. In the cytoplasm UTRI is only
known to involve in the iron metabolism of yeast. In Saccharomyces
cerevisiae the cells do not produce ferritin. The major iron storage
compartment is the vacuole, the vacuolar iron can be mobilized and utilized by
the cell.

In order to evaluate physiological significance of mammalian ferritin H- and



L-chains, we utilized the yeast expression system as Saccharomyces cerevisiae
2805 do not produce ferritin. Human ferritin H- and L-chain genes(hfH and
KhfL) were expressed under the control of various promoters and a GALI
promoter resulted in the highest expression in S. cerevisiaze. Recombinant H-
and L-ferritin homopolymers were successfully produced in the cells. Enhanced
expression of the human ferritin H- and L-chain genes was also achieved in
yveast by modifying the N-terminal region of the structural genes. In this
report we examined the iron-carrying capacity and factors affecting the amount
of iron uptake by the transformed cells. The study leads comparison of iron
incorporation by H- or L- ferritins in vivo.

The WH and AfL were cloned into the yeast shuttle vector YEp352 with
galactokinase 1(GAL1l ) and GAL 10 divergent promoters, and the vectors
constructed were used to transform Saccharomyces cerevisiae 2805. It enabled
to produce recombinant human H- and L-ferritin heteropolymers as proven by
SDS-PAGE. Ferritin H and L subunits, produced as ca. 20%, 15% of the
soluble proteins in the transformed cells YI1HIOL and Y1L10H, were
spontaneously assembled into ferritin heteropolymers. The H subunit content of
the recombinant human ferritin heteropolymers was analyzed to be 22 and 38%
for Y1HIOL and YI1L10H, respectively. Both recombinant H and L-chain
ferritins were catalytically active in forming iron core.

Recombinant human H- and L-ferritin variants were produced by the
substitution of the proposed ferroxidase active sites, ie. Gly-62, His-65. Among
the ferritin variants, H-62K and H-KG showed a significant decrease in the
initial iron uptake rate compared to the wile type.

When the cells were cultured in the medium containing 10 mM fernc
citrate, the cell-associated concentration of iron was 1749 ¢ g per gram(dry cell
weight) for the recombinant yveast YG-H and 1488ug per gram(dry cell
weight) for the recombinant yeast YG-L but was 49.4pg per gram(dry cell
weight) in the wild type, indicating that the iron contents of yeast is improved

by heterologous expression of human ferritin H-chain or L-chain genes.



Furthermore, iron uptake was performed in the cultured cells and reaction
parameters affecting the rate and amount of iron uptake by S. cerevisiae were
examined. These included the concentration of cells, oxidation states of Fe, Fe
complexes and reaction times. When the cells were incubated with 14.3 mM
ferrous sulfate, the cellular iron concentration was 17.8 gml/g wet wt for
YGH2, 124 pwd/g wet wt for YGL1 and 129 pgmil/g wet wt for YGT. In
heteropolymer, this value was increased to be 27.5 ug per gram(wet cell
weight) for the recombinant veast YILI10H and 282 ug per gram(wet cell
weight) in the Y1HI10L, indicating that the iron contents of yeast are improved
about 2 times by heterologous expression of human ferritin H- and L-chain
genes. Ascorbate somewhat increases the iron uptake in the recombinant
yeasts. Therefore, human ferritin heteropolymers were produced for the first
time in S. cerevisiae and iron enrichment was further achieved by establishing
the iron uptake method. It was also determined whether the iron enrichment of
the recombinant microbes is due to the expressed ferritin in S. cerevisiae.

Rats induced anemic by iron-deficient diets were treated with equivalent
amounts of iron as ferrous ammonium sulfate, horse spleen ferritin or
iron-enriched recombinant yeast. Full recovery from anemia and increased
tissue iron occurred in our experiments, indicating that iron-enriched yeast
could contribute to worldwide problem of iron-deficient amenia. The production
of an iron enriched food additive is of commercial use. As such, the iron
fortified recombinant yeast can be used in livestock feeds for poultry, domestic
animals and a food supplement for humans.

On the basis of our results that human ferritins are active in the
transformed cells, we applied oxidative stress using H20: or a superoxide
generating agent menadion to the transformed cells to examine how yeasts
response to oxidative stress. Treatment of yeast cells (YGT, YGH2 and YGL1)
of exponential-phase with H»O: resulted in differences in susceptability to H20a.

The YGH2 producing ferritin H-chain was very sensitive at low

concentrations of Hs0Q:; and more susceptible than YGL1. However, such
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variance was not observed in the cells treated with menadione and all cells
grown until stationary phase(ODesw=2) were more susceptable to menadion than
those grown until exponential phase(ODsy=0.3). This phenomenon is in contrast
to the results obtained from the H20: stress. The reason is not clear at this
point and further studies on analyzing activities of antioxidant enzymes in the
cells which are susceptable to the oxidative stress are underway.

In summary, we manipulated several kinds of human ferritin H- and
L-chain homopolymers and heterpolymers in S. cerevisiae. By investigating
their cellular functions and comparing them we tried to understand how the
tissue isoferritins are formed to function their specific roles at their locations.
For example, H-chain composition is much higher in ferritin present in heart,
whereas L-chain composition is far higher in ferritin present in liver. In the
present study we could analyze capacity of iron accumulation, effect of
ascorbate on iron uptake, susceptability to oxidative stress and other cellular
characteristics in those recombinant yeasts and these provide us to more

understanding on the iron storage and iron metabolism in eukaryotes.
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H 3 & Agsd e & 21

=

7]. )kl Hc}-
1) AFHE o] &3 A7 ferritin(FN) olFZJA A B4 2 S 4+
-1, #5 ¥ v

Plasmid &4 ¥ & F&& 93 £F2% E coli JMI9E A&t}
A2 AZ2TE Y3kl plasmid pUCIST pACY184E WEEZE A3 oM, tac
promoter’} £ pVUCH-1& $-4d 24%F n4+2ZHEH AU Bacto-ager,
bacto-trypton, veast extracts - DifcodllAl TFH3tA 2™, A¥ B AT bio-rad,
pharmacia, sigmacdlA T¢I AZFHE plasmid?! pVUHFH, pVHFH-L,
pVHFL-H, pVUHFH/pACHFL, pVUHFL/pACHFHE 7}A+= #F+& ZtZt HFH,
HFL, H-L, H/L, L/HZ %933t}

(D-2. &8 HE 9 A=
917t FN H- ¥ L-chain® #43le F3A4 (WH and HL)E 471 &) ¢
ko] ZF cDNA ZolB oM SFAqNE Iyes S5 F WA, gFd
=

Fz243le] d W pVUHFHS pVUHFLE A x4t tigd doA FN

¥ EE FEIFAE LAV A5, A= FEA2E S HEAH (Fig 1.
Plasmid pVUCH-1& ¢17F FN #3AE 2dA717] 9% #d HEgZ AL L3%
t}. EcoR I/ Hind 9] AFas ¥ Z+= A7 FN H-chain FHAE 22

% pVUCH-19] Adstyen o] plasmid® pVUHFHZ WHstdth =3
FN L-chain §7#t9] 4$% A &2 EcoR I/Sma I #91& et €& g ¥
Blo 443stel pVUHFL#t . ¥R 7 327 54 didd &5
HHAHEE A4S w2 Axd sto, WH-HL, HL-AH
stk olHE H9E B3t Lol plasmidE 24 pVHFH-L,

Hatgon, &d plasmide 25 IPTGe 93t #do]l =2 & JEE 3
t}.

.'11 :io
_>,i
=
1
L

(D-3. FN °|¥ FJ&A9 T3

917t FN H 9 L-chain $ 342 fa7 dold 284D 5 A== 37] 9

ot
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8l plasmid pVUHFH, pVUHFL, pVHFH-L, pVHFL-H, pVUHFH/pACHFL,
pVUHFL/pACHFHE tj#33 ¢to2 A AGA Ak Ampicillin (50 ¢g/ml) &2
chloramphenicol (34 gg/ml)o]l EojglEs LB viAolA 37C, 16A17E<E 71993
T2 0.1mM IPTGE H7Fste] 4Azbset mieksted Ik FN fdz7r & &
dE F AEE At TS dARYE o] &8t £ tg guiEe B
d %S SDS-PAGE$®} non-denaturing gelS o] &3t EAsHI T
SDS-PAGEE 9% A% SDS-gel loading buffere} 42 § 100ColA 10 #

#ate] AMESEA T 75Tl A 1023 €
@ A= SDS-gel loading buffere} 412 & 100TCelA 10% &<t
7tEs & 44 Fgste AHEAT FN a4 2d A

(Molecular Dynamics PD-120, USA)E o] &3t 43519} .

N

¢

of

St
a

I =4

S AEE F A4
N

2 AAEF

H
rr
o
0]
3
g.
2.
g
=
Q
<

pYUHFH

ColEl ptac 80 HFH »»/81,7, Amp

ovurL — 24 | ]

pACHFH

pAGHFL

ovFH-L —| |7 e Bl
pVHFL-H — -7 | IRl

Fig. 1. Schematic diagram of the plasmids constructed. Line represents the
plasmid DNA and the boxes represent the gene or their corresponding
functional domains.

(1)-4. Western blotting
el7ke]l 7roll 9l FN (85% L-chain, 15% H-chain)g E7]°] F4st A
E 435t e E7 9] J2EH FHE A} I Western blotting

& Burnette(1981)¢] #go F3t A
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AZ3 dATES selection marker® ampicillin 3 chloramphenicolE 3 7}
5ml LB #jAlel AFasto] 37CoA sFE AmFstdc. A& 2mM
Fe-nitrilotriacetic acid(NTA)Z %7} 300ml LBH}A] )| transfer ¥k $- 37Col A
4A1ZE 719ith. FN2 01mM IPTGE F7Fste] inductiondhed 4417 o ¥l 3had
. FAE £33 F 20mM Tris-HCI(pH 7.4)E washing3tAth. AE I HEE
9] aliquot¥ Sephacryl S-300 (26X%100 cm) A BZvtEIHAE FhstAt. 2+z+
o] RE BIEQ A543 %A (SpectrAA-830, Varian)E AM&3std & #FS

|

d

~ @ [, -chain FN(H- & L-FN)¢] A4 ¢

Plasmid 4 2 & 2% 9% £F25 E coli ]M 1098 AF&3t5th <

F AERZE S cerevisiae 2805 (MAT a
pepd:: HIS3 prbl Adcanl GALZ his3 ura3-52)& A&t w42 A=xg
plasmid¥ yeast shuttle vector$l YEp3522 Ab&3tdcth 7t H 2 HLE X3
3t DNA @& pVUHFHS pVUHFLERE ZHZ A9tk AE5diga &4
Al 2 2 E] YEp352¢) GAL1 promoter, GPD promoter ¥ GAL7 terminator”} 2+
Z+ Al E o)W YEp352-GAL, YEp352-GPD % pGAL7-TERZ2E A3 %gtem,
ADHI promoter$} ADH3' terminator’} £°]E ZTTAF|EE & HMALER

B AEsitt

(2)-2. A=A % uiF g

AL £F AZY AxY TR viFe ST v AZ 5F IF ALY
YEPD(1% yeast extract, 2% Bacto—peptone, 2% dextrose)& AI&3IA L &2 Y
2 AZDAE Add] 98 AE ¥R ZE uracil 2FE HA wR0.67% yeast
nitrogen base without amino acids, 0.5% casamino acid, 2% glucose, 0.03 g/L
adenine and tryptophan)& A&t on, &3 % #jAlo] FN 34 2@ & 9
3 2%¢] galactoseE H7Fstdch AEET &8 FFE 300 mL flask(working
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volume; 40 mL)& 30T, 200 rpmell A 394zt vigstdnt. &8 AEe oA F4
< 300 mL flaskoll transfer & 24 AlZbvich AH 3 v As A I3 €] &(10-100
)2 34 3le] UV/Vis spectrophotometer(Ultrospec 3000, Pharmacia Biotech.)&
o] &3te] 600nmelA FHEE Ao, pH meterd ©]&3dte] AR A X
o] we pH WalE A8 AE 5 4 Avig AHE gds
A23 v g2 3A3ste counting chamber (hemocytometer)E o] &3t Z4 33
o 22 dE 9%ke modified Lowry methodol ]38} #2434t Plasmid <b
F A0 AHS wigAE 3] 54(100-2008))8kd HF FEF =
guf R o] = & 2k 100709 colonyE uracil 2¥ HIAWIXZ toothpicking ¥+
2|

mlm
;&
Oll
2

o
-

AN

¢}

colony 9] H[(HE&)Z ZAA

(2)-3. FN &d Azx3} plasmid +5

E. coli°l 412l FN H-chain 2&d e ¢l pVUHFHE EcoR I#} Hind IIZ At
3 ¥ Klenow fragment® &3t 560 bpel AfH DNA ©#H & It 181
E. coli 91/¢] FN L-chain #& %€ ¢ pVUHFLZ4E EcoR 1#} Sma [2.E &
@33 blunting A &3te 530 bpel AL DNA ©@8E Addd. 23, g5 44
WE S A zst7] 95t WA pGAL7-TER2¢ GAL7 terminatorZ Sal 1% Hind
Iz ZAdste 9d& = Zzte] Y2 promoter® X3t YEp352-GAL,
YEp352-GPD Z&l&ul=£ Sal I3 Hind M2 Zad X Adstq 37
YEpGAL-T$} YEpGPD-TE A #3io o =3 I o = YEpGAL-T%}
YEpGPD-T &e}Auj=9] Sal I $IX& 24 blunting A2 ¥ WH EE, KL
DNA ©3$ 4989t ADHI promoter® ¥33lx = pVT-U Egav=
o] ZSole Xba 122 A2 bluntingA 7]l ¥ HH =¥, L DNA @3S 44
st dEAMEHE ARSI, 1 Ad, HHE 23AI7] A3 GALL
promoter-AfH-GAL7  terminator®] #d# A ¥ES 2+ pYGH GPD

0|

promoter-AfH-GAL7  terminator®] A <¥E& 32t+= pYGP-H ¥ ADHI
promoter-AfH-ADH3’ terminator® A <& ztE pVD-HE F+EF3Ad. =
WLE 2EAF)7] 98 GAL1 promoter-AfL-GAL7 terminator® F2HA M E&
zt= pYG-L, GPD promoter-hfL-GAL7 terminator® M &€ zZt& pYGP-L 2
ADHI1 promoter-#L-ADH3' terminator®] 4<€& 2+ pVD-LE 753 H(Fig. 2).
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pGALlL HFL

pADH1 ADH3’

Fig. 2. Schematic diagram of recombinant plasmids. Line represents the
plasmid DNA and the boxes represent the gene or their corresponding
functional domains. Open boxes are HFH and dark boxes are HFL gene,
respectively.

(2)-4. SDS-PAGE
Az% plasmidel o ZAEL EA3s7] 9 SDS-polyacrylamide H-2
Laemmle] W< wet Fadgrt. 28l 338" FN H-chain %=+, L-chain©]

al
holoprotein &2 Z@H o] A&, 2%d wugo] A% wsEx HAsty] 9

™Y
ol
=
rE
oX,
2
tlo

& ME FE2EL 1 mM ferrous ammonium sulfate®} ¥H-8-A|
o] &3te] AVIYTS FAATY. DA AL MM E 0.25% Coomassie
brilliant blue R-250& AH8-3 1, FellDS |Aa7] s A8 FA4 L=
&3 2% KiFe(CN)st 2% HClI 42 AL8315th

(2)-5. EREZHEY AZF AlE H-chain @ L-chain FN¢ A A

Ayt At AEF H-chain FNo| AA= AX

(75T, 1087HE & & AR st d2 &) dAdd giid e AAs] =94
(105000 X g, 2hr)slal, 80% ammonium sulfate® HAAIZ S 20mM Tris
(pH7.4)ol 4 ¥ S =& Sephacryl S-300 column (25X100 cm) =& Mono Q

column€ FHAIA A sHH .
H-chain FN#+= 238, A%% L-chain FN¢ AAlE WA MAX FEE5& &
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M X oS, 80% ammonium sulfate® A A7l F Sephacryl S-200 (2.6 X
cm) ¢ Sephadex DEAE (0-05 M NaCl) Z2ufE 1 diuE 33t A A st

(2)-6. &d ¥ A}¥ H-chain, L-chain FN ¥ Eddolae E84, AESE 54

Az L HolA aRZ2HE A AFF A H-chain® L-chain FN-& Fe
ot Bh-&AIZl ¥ native PAGEE 339 in vitrool 9] Fe 2854 <& 1At
%3t H-chain® L-chain FN¢] ferroxidase &4 =& A8t UV/Vis § 29
EZL Ao A Spectrophotometer (Hitachi)E o] &3t A3ttt AF3 H-FN
2 L-FN9 4% Z742 Shodex KW-804 ZHE& 23 HPLCE ©]&3te] &3
st e HFE E2F AlZE  thyroglobulin(Mr 669000), horse spleen ferritin
(476000), catalase (232000), aldolase (158000) 5& A}&38ith THFY SAHLS =
A#d A719%F A=A (BioFocus 3000, Biorad)2 ol &3lo] 433t312 ™, coated fused
sifica tubing (50 #mXx24 cm)& ©]&3t] AAE FN AE(100-200 ng)E 1%
ampholyte(pH3-10)# 410] 200 psiZ 20% F< A EE FUT oS, 15kVE 4E7
THAHLR olF3tE AYS S I

(2)-7. Atomic absorption spectrometry

Axd WAEN oM Ax AHH H FF BA=E EA87] 98 uracil 2
B HAuA A a2 E AuSstn A7) & %0, 10 and 20mM) 9] ferric
citrate”’} Z7}¥ YEP(containing 2% galactose) #iX]o A 30C, 497+ vjFst &
44 £8(3500xg, 10 min)3te AEXEE T8 b 2% EDTAZ 3H AHs}
3 50CelA 4823 AxAHY. HAERE TR HNEES 4 M ZAF 10 M
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(3) ARAA A=F aEE o3 A7 H- 2 L-chain FN9| ¥olA A4
(3)-1. ARA FN ¥olA Az

FN H % L-chain Z} subunit F+d2E pSELET-1 vectord] cloning ¥ Table 1
9] oligonucleotide® A}8-8to] ferroxidase BAFHE <A 6287 65 ofn =4t
S 747 e @AW AL FN Fd48 F58%th.  FN Hchain® %45 62
H GluE Lys® X33t7] 18] Table. 19 hlg, 66 His® GlyZ A&317] A3}
h2E, 629 65" Glugt HisE Lyset GlyZ Aol #3%35t7] $13] h3E forward
primer2 A2 2 reverse primer® HR AF83tth. FN L-chain® 4% 621
LysE GluE A 37 ga (1L, 65 GlyE HisZ X 3sl7] 98] L2E5, 629 65
H Lys® GlyE Glu®t His®2 FAlo| x3kst7] 98] €32 forward primerZ AF-8-3f
o™ reverse primer® LR A}E3td site-directed mutagenesisE 333t o]
Hol £AAE FgRoA ZLAA T Y98 GAL promoterE®: 7FA3 Y& yeast
shuttle vector§! YEp3529l cloningdte] H-chain® 7% 622 X317 pYGh62K,
658 S X 3AZ] pYGh65G, 628 651 AWM X322 pYGhKG, L-chain
ferritin® 7% 62W-& X317 pYGI62E, 656 S X $AZ] pYGI6SH, 628 3 65 &
AWM AFAIZ] pYGIEH ®olA| Fe2vm=g F53AtHFig. 3). ©l€ ferritin
HolA Fetzana Z7HS Ttoo] Wl wet ERTF S cerevisize 2805°1 BE A
stdte) HFHO 7% YGh62K, YGh65G, YGhKGZ e HFLel 4% YGI6ZE,
YGI65H, YGIEH Ax% 25 #5& dArh

(3)-2. HolA 2 2 HVFF

AZ3 EX TF+ uracil 23E 8§X](0.67% yeast nitrogen base without amino
acids, 0.5% casamino acid, 2% glucose, 0.03g/L adenine and tryptophan)ell4 30T,
200rpmoll A 12417 5t Aujd F ferritin ¥ o)A #HAE 93 galactose’t FH7Hd
YEP(1% vyeast extract, 2% bacto—peptone, 2% galactose)8}Z| A 30T, 200rpm=
3L wigatA .

Az AR FFEEEH FN Wold 2dE FAsy] s 12% SDS-
polyacrylamide A€ Laemmli®] ol wat =3t AE FE2EL 47 93

e widds dAAE AdRHHd AHES FTHRTFE 23 Ao £ F pellet



glass bead: extract bufferE 1:2:1 8|2 H7sdo H9 2=3==z 30

i
N

vortexing ¥ % icedll A cooling &= HA L 63 HHEI & JAE A

oy
ol
2
flo

A X AEX FEEL 2XSDS sample loading buffer$} 1112 430 1007

£
X2

U

C
105-7r €& 7lell& F A=dH8 12% SDS-polyacrylamide Aol A7] 953t ch

Table. 1. Primer sequences for site-directed mutagenesis of ferritin H- and
L-chain gene.

Primer sequences Substitutions
h1l: CAA TCT CAT GAG AAG AGG GAA CAT Glu2—Lys
GCT GAG ’
h2: TCT CAT GAG GAG AGG GAA GGT .
His65—Gly
H-chain Variants GCT GAG
h3: CAA TCT CAT GAG AAG AGG GAA Glub2—Lys &
GGT GCT GAG AAA CTG ATG His65—Gly
HR: CGC AAG CTT TTA GCT TTC ATT ATC
ACT

£1: CTG GCC GAG GAG GAA CGC GAG
GGC TAC GAG
£2: GAG AAG CGC GAG CAC TAC GAG Gly65—His
CGT CTC CTG T
£3: CTG GCC GAG GAG GAA CGC GAG Lys62—Glu &
CAC TAC GAG CGT CTC CTG Gly6s—His
LR: TCC CCC GGG TTA GTC GTG CTT GAG
AGT

Lys62—Glu

L-chain Variants

pYGh62K DYG‘GZE
GAA(E)
CAC(H)
pYGhKG pYGIEH
GGT(G) CAC(H)
AAG(K) GAA(E)

Fig. 3. Schematic diagram of recombinant ferritin variant plasmids.

_27_



N ®WolAd o Fe &

89 g% HolA wFZEEE Z FN ¥olAlE AAste FNOZRE Hol A
AE apoferriting WE7] 98] 1% thioglycolic acid(pH5.0)2 o]-&35te H& 3187
o2 ZYAZl L 0.1M sodium bicarbonate(pHS.0)9+ 20mM imidazole €% -8
(pH7.0)2. 8 FX3utt whg& 220X apoferritin £ ol A4 7tA2 FF3] X
A2 Fe(Il)o]o] £l 20mM imidazole ¢35 8 A(pH7.0)E Folx ZHHZ
A7 ete] ¥k AlA UV/vis spectrometryol] A 310nm 3ol A" A AbstEof
o3 EFE HIFE ZAHFo2AN A2 ferritin HolA Y A HHIAE ZASHA
o Ay AHES 99E TR 05mg/mLEAN AASA FASGAT B @A

Pe(Il) o] &9 4+ wuad 223 2007 oIk

(4) &RA 27 FN H- 9 L-chain +3dx9 3}3dd A5 oldFAFA9
e ASEA

(4)-1. A+¢ ¥+ 2 plasmid

Plasmid £4], % & 2 44 2d& A% 572 488 dida3d &
E AEzE M) & 2) A5 b 2ok F3A AE2E plasmide yeast

shuttle ®E ¢l YEp352& A&3litl. €17 FN H-chain ¥ L-chain #8& 9%
ZelavlE pYIHIOL® pYILIOHZ #d A#A7 ZRATE  YIHIOLY
YILIOHZ 77 wgatgdeh. oA wFe 43 wix] 2 g i QdA 7=

# w2,

(4)-2. FN 28 A} =% plasmid 7-&

SR QA WH ¢ WLE nEdA7IE HEE Ay Hdl F=A
promoter¢l GALLIE o] &3l AfH ¢ ALY N-Z9 I& &, JHFE +3
A2 st 2y wWE  pYGLIF pYIHIOLE A3 ol #8ta FN
H-chain® A% primer= start condon®¢] GAATTCE TTTAAAZ X|33A
o 5'-AGCTTTGTTTAAAATGACGACCGCGTCC-3', st9 primere 5-CGC
AAGCTTTTAGCTTTCATTATCACTGTCTC-3'2 AFst . L-chain® 4%
o dojA 44 primere start condon T2l ZEQD AGC(Ser)E TCT(Sen &

283t e % AzslId )k 5 -CGAATTCATGTCTTCCCAGATTCGTCAG-3', 3+

...28_



primer= 5-TCCCCCGGGTTAGTCGTGCTTGAGAGT-3'. ©l& A9l primer
£ ol &3t T A4l ¥eg FAFAL, dolxl ¥H-&EE blunting?d F pUCI8
of At R AR AEe #dlstgdd 19 vhg o] ¥HZ 5 H BamH 13 Sal
o2 ARE HH GHE dA3, GALL promoter?t GAL7 terminator® X33l
a5 28 HE< pYGTA Adste pYGH2E Al=8 Atk L-chain® 3-5-l<
FAA HES 93 WEEZHRE EcoR I3 Sma [0E AE KL ©HE A
pYGTel A4ste] pYGL1IE A3 tH(Fig. 4).

a8 3, GAL1-GAL10 promotere] <&} 23 E+= HWEE Azstr] A3HA
WA, 222 FN L-chain 2d #HE< pYGL1E Xba 17 Sph I o2 HAogh
% Klenow fragment® 3t GAL7 terminatorE 2t AL DNA ©H-S LU

—

AR
ot = % pYGH2 plasmid®] GAL1-GAL10 promoter ¥ %% EcoR I8 A
34 bluntingd ¥ AL-tGAL7S A4&%th = 23 FN heteropolymers T3

i

A & JdE tGAL7-HL-GALI0-GALL1-AH-tGAL7e] #HA MHE& Z
pYIHIOLS F339th. =%, FN subunit®] FHxe] #4217t A= #k4A
pY1L10H plasmidE T=3l7] 938 pYGH2 plasmidE Xba [ Sph 102 A &3}
I blunting A 838t GAL7 terminator® %'+ AfH DNA @& Ao, a8,
pYGL1 plasmid® GAL1-GAL10 promoterd] S HEE EcoR 122 Hdsld
blunting® ¥ WH-tGAL7E AHdstatt. 1 23 tGAL7T-HH-GAL10-GAL1-AL
—tGAL79] #3x M4E& 72tE pYILIOHE +%3At (Fig. 5).

pGALl tGAL7

| pYGT(6.2kb)
pGALI -6 +4 HFH 1GAL7
H [[aaaTicface. o

(o 11 | B
H [ Tracasst

- pYGH(6.8kh)
-4 pYGH1: ACG+ ACT(+4 ~ +6)
H pYGH2: AAATTC »TAGAAA(-6 ~-1)

pYGL(6.7kb)
pYGL1: AGCTCT(H ~+6)
pYGL2: AAATTC »TTTAAA(G ~-1)

1 laasTTC

*Mutation site

Fig. 4. A schematic diagram of recombinant plasmids constructed. The line
represents the plasmid DNA and the boxes represent the gene or their
corresponding functional domains. The genes of the 2 ori and the selection
markers (ura3, Amp) are omitted for simplicity in the diagrams.
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10GAL1 HFH  tGAL7

pYGH2
pYGL1
tGAL7  HFL 10GAL1 HFH  tGAL7
s L ' pY1H10L
HFH HFL
! pY1L10H

Fig. 5. Schematic diagram of recombinant plasmids. Line represents the plasmid
DNA and the boxes represent the gene or their corresponding functional domains.
Green boxes are AfH and blue boxes are AfL gene, respectively. The genes of the

2 ori and the selection markers (ura3, Amp) are omitted for simplicity in the
diagrams.

(4)-3. ZX ¥4 d&A9 427 FN Axy 2 58

Fig. 49} 5914 F%9 plasmid 222 Ito 5(1983)¢] WHOE S cerevisiae
2805 o 2 AZAIZ F, uracil AF H2uA AN FF HIAAEE 14 AEs
B = glass beadZ ©]&3te] DNA F& § g 4

g
g2 AToZ DNAE sty 23 Adstdeh 182, uracil 2

CEEETE
W HauAs 2g JPuAN FA 4, FN 28F % plasmid 44 E
zAgor FNel AE W $d 582 U7 98 SDS-polyacrylamide 2

A719% % densitometry® AA 2EE @ F FNY &g T4

4)-4. A719%

AZ3 plasmidel <3 HHE EMEr] Y8 SDS-polyacrylamide 22
Laemni(1970)¢] #WHg wet sttt 28l #¥E FN H-chain¥} L-chain
o] M2 Y= olx FN o|JFAE D=vX, a8z 23" oijde] A3} ut
L3R Felsr) Y8 AE FE2EL 1 mM ferrous ammonium sulfate$} W&
A7 F BRA Ag ol g3l AV|GdES FASAT 2ea EHAESR iron
+33 9t (Kim and Kim, 1994.).

YIHIOLS} YILIOH ZAA A48 917F FNe| subnuite] 24 vl€& &
7] st vEAd AL o4t Y] 45 S T F, FN ©ldo] dFA

o #FstE WEE FE3MY tAl WA tE SDS-PAGEE 531
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densitometry & subunit® Al FFS FAsAT

(4)-5. FN W Fe &<
H-FN 2 L-FN¢ 715< d737) 938 A%xF E coli ¥5 HFH* HFL %

Az AR FF YGH29 YGL1 #F=Z%E ztzte] FN& A A ste] apoferriting
W= % jron uptake 28 E FHsATH H-FNY Z $ol+ Sephacryl 5-300 column

(25%100 cm)2 AP o, L-FN9 Z$dE Sephacryl S-200 (26%60 cm) <F

Sephadex DEAE (0-05 M NaCl) ZzwlEx#ddg sistd AAstdc AAd
FNe 22y H F4 5= (3)-37 o] a4tk o wgoAs diid £A47

100, 200 2 400742 HEubetdoh Agol AL
sttt

(.
4

A2 05mg/mLe TLE AHE

o] 2}

Azg WAZd A B F5E FE871 A8 uracil 28 HvA A
Au)kst ERE YEP (2% galactose 35) viAlA 30T, 2¢%F Ex, 3247 HYy
kst T A4 8 (5000xg, 5 min)dtd AEZES £ tF 20 mM MOPS
(3- [ N-morpholino] propane sulfonic acid) buffer (pH 6.5)2 2¥ A H3 At &
AZE (100 mg/mL)& 5% (w/v) glucoseE 738 99 &4F& A 30 &
7F whe A7) g, 143 mM ferrous sulfate® F71ste] Ho] FRsA F= 371
Zo| A 2 A7F e A AT a8z, F o237 ur&A] 0.2 mM ascorbate® 3 7}at
o] A o]le] F4E HI FAEAT 2 F, 4N BYstd AXE FHE o
z542 28 A0 F ol FF¥F BASE st A 4G
vol/vol) &HolA 250°C, 8AIZF wHeAl7l o}, YAFZZE=A (SpectrAA-830,
Varian)Z AMg3te] He BEE B4t o WyE & 2)-7dA ARSI
e gagtozn A7 F 44T £ g F oldd oF ¥ Soly AL

Wi A &z &k Datas] TAH £

ta
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&

Az EERZERE FN o8AFAS 2 v FHHAXAvE(Jeol JEM
2010)& ol 83te] dmAL eyt @4 AEE 35t 2% phosphotungstic
rL

Lt A8 2 xLE 4ol 1087 %gA7 the ARAA WA
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5) FNE Adste 2% @A oA 2 49 54 2 879 o4 3
29 3%l x3
®)-1. B2 oA 7 whgzzie] W d F3

(r

17t FN H-chain ¥ L-chain +#x& 2&dsls a8 #F2ZRH & 3=
of] g & o229 5 A (FA9 45 100 & 200 mg/ml, H3TES] F57F;

ferrous ammonium sulfate, ferrous sulfate & ferric citrate), ¥F-&A]ZF (0-150

=
ol
lo
fru
=
o

min) % F4F(yvield & iron uptake in gmol Fe/wet wt)5 S I+
Tl dolA H ol FFE FHHgsAT. 28z H FF vl 3lolA
ascorbate®] 43S B3¢, Yol H-chain @ L-chain #4AX7F 499 o
Foll doiM Zzh A ol whgg FAFo =M FN H subunit® L subunit
of A=A 7T vl AESFIY. a3 o] 4 AHE ntgoE v EH
EAHE ol &t A= ax wjFAo FN Akl G F= A 717 84
cell %, FS(ferrous sulfate)®] ¥ %, 7183 FS WA 7t ute} AEsta, 3
FFS BA%t o A a9 HA A& Fax spHvh

Az oF e #Hsted 250 ml A ZHES A9 uracl HAZAFEA 40

1 colonydF3t 30T 200 rpmol A 12417 A& wiekstdo. A
A 27 #F FEE 107 cel/mL ©] HES 250 mL 4z 239 40 mL

Hde] -z HEF3sle] 30T 200 rpmoll A 3L 7F A8 wfFstsict. o
o]l Eub kS 1008 3 A sta spectrophotometerE o] 8-3ted 600nmoil A
ODE =43t WWE F3dtt 5000 rpmell A 5837F A& ®Estx, o714
AT TAE HF A7 A 5% glucoseE FFIHE e 50 mM
MOPS bufferg 3 wet weight 100 mg & 1 mL % #H7}8t9] 100 mL 42
Z2Fo] 30T 200 rpmol A 30E-7F preincubationdt(th. 28] dl g 30% 9]
A N gas® degasing® 5% glucose® 3tz I+ 50 mM MOPS bufferol
FSE 50 mMeo] HEZE =21t} Cell %, FS %% w987t wig} 3H dbE

stof Agatch 1en o) E FA Yol I FFL 44 FYFEAR 24
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A5 1709 @ A (Sprague-Dawley) #Z FY&] 2F 7 8utElE v
T, AF 4F5E 8F/HA 4F e PSR AT EFIF = 30 mg
Fe/kg diet(normal diet, Harlen, Madison, USA)E& FF3stg o, A1 2F
7+ A AfRAHY AE(2 mg Fekg, AIN-76, Harlen, Madison, USA)E &5 %
oe g U] o 5 A 19@ wEl/e)e 2 29 dHe] ARE AE S
Fx, A 28L& 712 A5 Gl Fe(NHu)(SOs: (30 mg Fe/Kg)E H7bsHH.
A 38L& 712 Af QYo horse spleen FN (30 mg/kg diet)S H7FstR i A 4
ge ofAlY W #F YGTE /e AlRE FF3dth A 582 Axd Az
H-chain FNS AA8tE &% TF YGH2 V-2¢ Woz HS FFAA 71&
28 447 A 25 FFET 283 A 68 718 2 dYl H-FNE
AAEHE A2 T2 583 593 E%)9 ascorbate(0.9 g/Kg)E T 2F
+ FEIIAY Aoz A TEE H AP d ol Fe(NHy)a(SOs):z (50 mg
Fe/Kg)& #H7bste] FFstgoh 28la 159 HEez 35730 RYZFE Y
AH sl hematocrit 3¢ hemoglobin $E(BHZE g/L)E Beard 59 WH

got 2FSQTh A T 45A(28Q)0] He 2 AS FAAA 7, wF, A,

o
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Az TR 9olA oxidative

fir

(6) 217+ H- ¥ L-chain FN& A4st
stressoll gk g3k
6)-1. 4¥ s

Ago] AHEE TFE YGT, YGHZ % YGLlelth &5 A% #jA 2= uracil
A9 H vl A (YNB(0.67%), casamino acid(0.5%), adenine(0.03g/L), tryptophan
(0.03g/L), dextrose(2%)9+ YEPH}A(yeast extract(19), bacto-pepton(2%),
galactose(2%) & AF&3tg T HoOxx= IME  3A )M AME-319 3, menadione
sodium bisulfite(Sigma)& AF&stAth #A1< #lF HE (5)-2004 7l&g b

s 2o,

6)-2. A=F A E°] Hx0:9 menadioneo] thst T4

A wrle)l #A Wi AZT AR FFE2 YEPQ% Gal £3) 5 mlel 3t}
9] colongy%+g AHZ3ste shaking incubator(30TC, 200 rpm)ol Al 24A13F vl X
(ODgpo=3.0) YAEF] &) ax FFE& ¥239 washing¥ ODew = 0.
(3X10°cells/mDo] H =% PBSE H7lstdvh. g @ H0: TEF Aeste] 143t
& A3s] FAste] YEP(2%Gal) plateo] 10 x1% spotting3te] incubator(30C)
il 3 A7 witatdch £ thY3 X9 menadioneo] F7FE YEP(2% Gal)
plated] PBSel 3X10°cells/ml2 34® ZX HMEEE 10 x«1¥ spotting3dto]
incubator(30C)ell A 347k vl Fat .

A z719 #A MY A2 AR FFE wuracl 23 HA ¥iR(2% Glu
Z3) 5mlell dvbel colony®He HZ3te] shaking incubator (30°C, 200 rpm)el A
1247 8l kFE 2% galactose’t £3E YEP 40 mlel 1/1002 &4 3}o] shaking
incubator(30°C, 200 rpm)oliA 8AIZF I
ODsw=0.3) YAEZe] & &% TF&E w2std washing¥F ODsw = 01
(3X10%ells/ml)o] == PBSE H7Mstdith B%d w59 H0.2 HEshed 10
B EE 1 A7 22E 02 YEP(2% Gal) plate] 10 p1% spotting3dte] 343+ 30T
incubatorel A 71 9th. E3 %3t %9 menadione(superoxide A/ <1A})o]
2718 YEP(2% Gal) plateo] 3X10%cells/mlE 3A € EE ATLEL 10 x1¥
spotting 3t incubator (30C)olA 3¥ 7t ¥l &3l vH(Jackwon Lee et al., 1999).

(exponential growth culture,

o
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o 43 2%
(1) A& o] 83 Azt FN ol ZJFA A 2 8= 47
(D-1. 29 A=

WHE 4Zd pfLe R Zol 443 bicistronic &3 Al2¥lg o] §so ths’Jr
WL E5E §49 #FFuedA ZAANAG. AN WH-KLS  HL-KH

F A W E Ak 2 thE, e fAxE
coplasmid && A]A®lS ol&3te] YHY 4 & plasmidE Fo| subcloningst

A},

(D-2. HFTFANM 2] FN H-9 L-subunit®] 2d

WHS KLY 3 2E plasmidE 7HA & AEXES 28 FEsdth AX 34
ES 15% SDS-PAGE®} Western blotting2. 2 #2439 (Fig. 6). SDS-PAGE
geld] A1 HFHS} HFLZ inductiondt A X oA ¢ #%E 2 densitometrye] &3] &
Mg Ax, HFHY Z% AA $44 v#@Hza  F 2% AIFse=
H-subunit(21kDa)2] W& Btk HFLY A$E dA 84 99E F 5%
| Fsle L-subunit(19kDa)E B9t §% 23HAZ AEdA #AZE bandES

1_4

d W3 AYANHE A, 2L intensityE B AT oJAozE #dH FN H-%
L-subunit7} oF2 3 ZHE=(Fig. 6A; lane 4 and 6)xH g A= A
S BAE o3t AE uigoR By FES AE vluse 488 T
= od goM @ "H g s FEHoz HAG sampleES AHEIIAT.
Aol ool AArE A=ZF tadpole FNo| native FNA# dol HA st

T EI R dulA ol 3 MALS tac promoterE ARt Aol
< B g 2@ " FN H-9 L-subunitE< native human liver FNol| o
gd-gA] e glojr Mz A2 FHo] Western blottingo] €3] 1A
(Fig. 6B).

rr
P

ol

Bicistronic &3 Al2€(H-L)EEE Y AX 34 ES SDS-PAGELZ #43}
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A (Fig. 7). % LA NTEZRHY FEELS 7 /MY subunit®¥ major
bandE$ 2Egch =3 HdE @29 major bandE-> Western blotting 2. & &
&t A ohH(Fig. 7B).

Ab FN H-¢} L-subunitd] @8 $&& transformantoll A ¥ 28+ tH(Fig. 8).
bicistronic ¥& Al2®e] B¢ L-subuinty 23d 452 H-subunitd] @& &
B} ¢k 3u) ¥ E=th(Fig. 8 lanes 2 and 3). ¥ 709l subunit®] coding region®
FA 9] W3l o|Eo] wHo AYgE A FA FUrh olfFE BWEIA FAT
HLHFA2 ZA) 9] translational efficiencyoll #AIE A Zth HAHE £W, codon
A& index7} ALY WeiAE 028011 AHE 0179tk B5°] subunit 742
plasmid copy numberd] ] #W3}e} &7 coplasmid 2d A|2HE AL8-& WA
A} (Fig 8; lane 4 and 5). ¥ 709l subunite] L& FF& 138 &4 o &2 A
olZ BTt A O E coplasmid T A 2" 43| bicistronic & A 2F
ANX Bt} subunitol A thgd B3E ped o £3FQAY. 7 subunitsd
F S Northern blotting®] €13} transcriptional levelol A A2 AZLEL FAst
AtH(data not shown). $-21¢] Z3}= Ruckerst 2 5o o3 BHud AFL o
2} gkt

(B)

Fig. 6. 156% SDS-polyacrylamide gel electrophoresis (A) and Western blotting (B)
of human H- and L-ferritin expressed in E. coli. The lanes are! M, size marker;
(1) horse spleen ferritin; (2) JM109; (3) HFH; (4) heat-treated HFH; (5) HFL; (6)
heat-treated HFL.
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(B}

Fig. 7. 15% SDS-polyacrylamide gel electrophoresis (A) and Western blot analysis
(B) of ferritin heteropolymer expressed in the H-L (E. coli cells transformed with
the plasmid pVHFH-L). The lanes are: (1) JM109; (2) no induction; (3) induction
with 0.1 mM IPTG; (4) heat-treated sample of the transformed cells being induced.

Hcoontent{%)100 25 22 43 7 0

Fig. 8 129% SDS-PAGE of ferritin heteropolymer expressed using both a
bicistronic and a coplasmid expression systems. Subunit contents were
estimated by densitometric analysis. Strain names are given in Materials and
Methods. The lanes are: (1) HFH; (2) H-L; 3) L-H; (4) H/L; (B5) L/H; (6)
HFL.

»rAdor AAY FNES PAGEY o3 E4sdvhFig. 9. 2dd H-%
L-subunite] holoprotein®.2 Z#= oA EH o] bandE non-denaturing gelol A
horse spleen ferritin® vl &} 3k olF S B9HFig. 9). T3 FN
oligomer® o7 AE= minor bandE% X ¥th Control celldlxE @¥dz 2
staining gel EFolA FN# u23d XA |3 band® #FHA &Y

bacterioferritin®] ©F3F band: heat denaturation ¥ WEFUYA] gkkth A2
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w1 2 3 4 5 6 7 8

Fig. 9. Native PAGE analysis of ferritin heteropolymers. Cells were grown in
the LB medium without additional iron. The crude cell extracts were heated at
75C for 10 min. A, stained for protein with Coomassie blue; B, stained for
iron with Prussian blue. The lanes are: (1) horse spleen ferritin; (2) JM109;
(3) HFH; (4) H-1; (5) L-H; (6) H/L; (7) L/H; (8) HFL.

H-FN& Az L-FNET ot o @] o]&lr. A=d AFY H-FN band=
Aol thaf] FAANSolu A=xd L-FN2 Holl o3 dA4" bandE £ 5 ATH
olAL BHAH H-FN2 in vivoold SASA & cored BAsA® L-FN& 2
212 23S AR HFig. 9 lane 8). ¥ Ade WAL L2REH AAY A=
& L-ferritino] E5f9¢ Z24& Holz 3 d4E A9 XA g& 9z
t}. bicistronic 2 & (Fig. 9; lanes 4 and 5) &
coplasmid 2&d A 2" ([Fig. 9 lane 6 and 7oA AXE A=F FN
heteropolymersoll 1 H-subunit contentdl]l ZAHAA & @iz o]Fd| ok7he)

i

9,

o
fru
1=
s
e
i
rr
ponh
i)
e
ro

o

ol & Btk oA " 7% H-subunit content® X
L-FN 2t =24 o]5#t} Aol Ruckers} I FEEL e olddA 44
heteropolymer”t AW subunit population®] ¢lsf FZ A A|HAA & final

33l FN heteropolymers

subunit 7+A4¢ AtiF 2% homogeneous protein® 2 assemblyEth. AZ2F FN
homo—%} heteropolymerE AAtst= MEEo] & HIF glo] ¥ HUAE o,
H-FN& E2 %3 FN heteropolymers 159 coredll & Z AZst. oA

& H-FN# heteropolymer”} natural tissue FNA#H A3 HATHE AE AAIg
. =53] 7% H-subunit® 93% L-subunit® TFA(F 2 H-subunit®} 22
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L-subunit)® FN heteropolymers iron core® < & 4 AvH(Fig. 9; lane 7). ©]
AAEL in vivedME DAEAZE #1842 L-FNoj z oAM=
H-subunit® 23ty #& ARt 21& FAAAFT o] AL H-subunit2]
ferroxidase activityl <jsf AbstEE ol in vitrodlM #Zd AxE FN
heteropolymerel A &FFHo| A= AL AATFHLevi et al, 1992
Santambrogio et al, 1996). A 3E A L-FNeo| &34 7|5& o}z 43A &
o} 23y H-FN9 #92dL transfectant HeLa A EA AES 44& ZAa
A FA S (Cozzi et al., 2000)

X

(1)-3. Ax7 Az d AP dld =l

ol A ddE" 97k FNY in vivolA el E&4& Yol 98 2 m
Fe-NTAZ ¥&3 sjxolA wjddt Az 2 23 a¥wds EAsdnh. o
T HFH, HFL, H-L, HL zZg3 L/HE I dAZHIT §F 454S
Sephacryl S-300 & AZwE1#H(26x100cm)E |43t Fig. 1044 H 2
At A3dE 4 AE BT F2 3 2% ¥V ENS idte Ao ‘rgr—’;‘—
=e AR deEgt dze JMI09 AEeA Fe 2 23 peake FNI
A}l elution volumeol A BB, o] AL bacteroferritin® < FN A T Ao
7108 Aol#: FFAHAbdul-Tehrani 1999). HFHelAM &= AA 2 T
90%¢°] °]EZ¥ iron peak’} U EHon olAL Aty H-FNo| thaid WA 7]
"oz Aol &g A IHFig. 10B). HFLE| elution profile th&T
JM109¢}t ®}£=3lv HFHSME A33 2olE B AtHFig. 10C). ©] ZF+= native
PAGE°lA AAH oz L-FNo] Yelh}x e ZHoZ Hol in vivodlA HET
iron core® JAAA E3te= A2 AAHHFig. 9B).

H-L €42 98do] ¥ giF 7oA F iron peake FNo2 {F 5=
XA delgton, o]HF P42 L-HolA coredlel Ho] FF o] Ho| A=
FAF AR CH(Fig. 10D). H/L(43% H-subunit®} 57% L-subunit)®] coplasmid
A" A= FN peak’t 8 H A& gwdo]g] ou(Fig. 10E), =% FN peak
T L/H(7% H-subunit®} 93% L-subuniolAME 2 94X elx 2745 A oH(Fig.
10F). °o|AL diddolA AidE FN o|ldJ&A7E 7158z Ao i

)
PAGEY iron stainingol <&} $% & AAY 259 cored & AZE F A&

o



ZWdck(Fig. 9). FN ol@gAs A2y 24ES nusty] s @93

2ol Ad #Ho & H subunit §FFEFI dinste] 24§ ZA#(Fig. 11, H
subunit®] FeFell vl @ st in vivool A AZ3 FNI Azte] Aol F7+sHA T

o

8
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.
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Fig. 10. Chromatography on Sephacryl S-300 of the sonic extract of the
transformed cells which were cultured in the medium containing 2 mM
Fe-NTA. (), Optical density at 280 nm; (), Fe concentration (mg/L). (A) JM
109; (B) HFH; (C) HFL; (D) H-L; (E) H/L; (F) L/H.

9 7tgE 7)1&7 2 ZUheteE AL o4 £ oy oy d4e AUtEu d4E
Hol: RoZM MHE U FNo| 3 &4 F subunitd] BEd 93 F&2&
AAFTE T o] A in vitroolA] FN oA TA AFAAe= 2 F579 £7]

S &% 7} H-chaing 3aFo| 0-35%7HA & F718ta 35-100% € d& F71st

i)

A 9= Ao 2 1ol(Santambrogio et al, 1993), FN¢] 2 &< 7)Ho] o5 ©
2 JgEE A gotd o 2 Jdo] wi$ EREge & 5 v 28X
Z

o} <
A e A2"e FNY ZF subunit® 7153 in vivodl A 2 &5 7)
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Fig. 11. Biological activity of ferritin heteropolymers. Ferritin heteropolymers
were analyzed by both gel filtration chromatography and atomic absorption
spectrometry. Fe amounts bound to the ferritin molecule were obtained by
adding up the iron contents of the ferritin peak area in Fig. 10.

(2) A= a5 o] g3 A7t H- ¥ L-chain FNO 4k 2 A= H- 2
L-FN9 54 d+
(2)-1. FN 28 A =3 plasmid®] +=

B AFdE aFA Alg FN H- 2 L-chain F+3#E ¢dAI7]= HHE
AZ37] Y& FEA promoterd] GAL1 promoter$d A4 promoter$l  GPD
¥ ADHI promoterE A #ste} A2 plasmidE FEF3ARTE. 1A, A
FN H-chain®] o3& $3% pYG-H, pYGP-H % pVD-H plasmid¢} At FN
L-chain 2&d& 9% pYG-L, pYGP-L ¥ pVD-L plasmid¥ Fig. 29} Z°] 7%
stgth. olE& Z+Z GALL, GPD ®3¥ ADHI promoter dt#ol FN A&
A3 plasmide]™ GAL1 promoter®t GPD promoterd] 7ol GAL7 terminator
£, ADHI promoter®] ZA-$ol&= ADH3' terminator® FN -F#Ax} stFo] AZst
4. Promoter$} terminatorE A3 YA d7] FE(2-2m origin, URAS,
Amp)2 FAZ sourcest WHFAAAN EF FL3H(Fig. 2).

GAL1 promoter= glucoseo] 28] A A= galactose o 93 =
= promoter®]th. Galactosed] 93] FEFH+= H¥Hol= non-repressing, non-
inducing sugardl A AZFA1Z1 F galactosed] ol&] ¥ K=& W= A e W,

glucose?t A7FR WA A FZN F A4 RE Sl A3 glucoseE AATL
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galactose E{A A 7]+ W (o] WHE 3-5A7k9tY] lag phasedl o]&t}),
glucose®} galactose’} E0idE A dA 7] 9= WP o2 o] % glucose”’} &
A3 Av" oS galactose’} ol BT A F WS small-scaledl A ALE
HE WH O R large-scaledl A= ARgol E7bssith. B APAME o T AW
A WS o] &3to] galactose?}t glucose FE7F FN& 2&o| vl
Attt Uracll 28 HamAoA A s BFde 1.0x107 /mL=2 345
o 29 galactose, 1% glucose/1% galactose =, 1% glucose/ 2% galactose”}
ZH7F8 YEP ®iA(1% yeast extract, 2% Bacto—peptone)oll A ¥l F3tdch izt
o2 uracile 2 Ha wjH A wFH A wjFAL 1.0x10" /mLE 34 s
o] 2% glucose tl4alell 2% galactose’t #H7FHa uracile 2F FHA&w)A ol A uf gt
Fo. 2R o5& MdstE F wA 3, A oA & 3 A oA
% Z¥E"E FNY & SAHSAY. o5 YG-HY A%, dH 4] g 347t
A AAHoRE Frtsttrt vk 3d Aol HuXol @A™ uracil 2R HA
A4 Bt} YEP wix]e] A% A o] F7stdth(Fig. 12a). 53], YEP i
Aol 1% glucose/ 2% galactose® H7Fe Ao doAM #A A3 FHdof 73
St ok AR L-FN& A2ksteE 75 YG-L9 A= Y
AFeHAl UElbti(data not shown). A Wel & wuld ks B ZA, A
Sld ko] A Aol wldEste] v 4Y47tA] FHAA R FUMEow w g
49 o) Fo FASA FastAchFig. 12b). A A et w72 YEP Hf
AM BFAZ A7t uracil 2F HAwAAA Ho F gHd go] wdkch
TF YG-LY Agole & 9y o] i 39 Ao Huxd =233, 1
A3 ZrastAT. AL 8l 3-4G A& stationary AEHIEZA A EZ U] A3

A How §3hrh

Wil

s

o) e
FEFE x

A

<
s
lo
o,
o
)
o

ox

At
=
X,
Mr o
S
ko
k>
2
lo
:?L_',
g
rlo
R
=
it
iy
o
A
ol

AA F84 @0 F FN 2SS S48 A8 AxH a5 FE2ES
SDS sample loading buffer®} 1:1{(v/v)E o] 100C, 1087 €x#83 3 12%
SDS-polyacrylamide & <33te] Fig. 13o] Yeuiddg. z2l3, of A&
densitometry & °©]&3te] ¥4 AF, YG-HE YG-LY F #F EF F
band7} uracil 28 Haw|RA AA 84 9MFd F 4 61%% 132%=
E2 2ddS Byt a8y uracil 28 FHAwR oA

7F A7l g2 AR LA YolAE F FHFE BT 2% galactosed A 7]

2
Lo

712 A= cell mass
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Fig. 12. Effect of the concentration of galactose and glucose on cell growth(a)
and amount of total soluble protein(b) in YG-H. @, YEP medium containing
2% galactose; M, YEP medium containing 1% glucose and 2% galactose; A,
YEP medium containing 1% glucose and 1% galactose; <, uracil deficient
selective medium.

& FANNY N =yth 1859, GAL promoterE o] &3 YG-H® YG-L

FE AT FNE 2317 A8 2% galactose?t H7F2 YEP iAol A w5}
Aem YG-LY A4 3Y olF FA3 wulde] §3j7p dojvpr] wiel YG-H
sb 22 2N AKA77] Asl 343 vkt

(2)-3. #A T4 plasmid A¢AHA

GA2 el AAAEL plasmid ¢HARA, AZRFT FRe viY=7, promoter

o
£ o]&3t9 plasmid HEAAT wiFxz 2 AA45EE GALL GPD ¥
ADHI promoter ¥ 2 Hlmwstgct Z Az ZRE B2 A (YEPD =&,
GAL promoter® 7IAXE AxE &£29 A% 2% galactose’t H7FE YEP #iA
ALY} uracil 28 A 2w A (glucose DAY 29% galactose?t H7tE)el M Zp7d
32 djkste] gRAMAEY #A Z2(0Dew) plasmid ¢FHEA S Table 29 YE
WAtk 5 #F RF o6 LA 7oA T2l AAHoR FTUMeReH,
YG-H %% B 9% wiAx HF o4 =7 43-44 ODenol =238
YG-L9 A4 44-48 ODexol =23ttt Uracil 28 H2ujX|olAM 718 i

o #FAle B 9% iR AARY ¥ dA SAE HolH 3-4¥94 HA

=~
EE A 2 o)FdE gade AFE EYvh Plasmid A leiM =
Y

r-{m

é



A A KA=HAY.  GPDY ADH1 promoter® 7HAE AX¥ ZE EF
(YGP-H, YVD-H, YGP-L ¥ YVD-L) &3 4% six|x = GAL1 promoter®]
Hls) o 70%9] ¥& #A FA& Bolu uracil 2 HALuA AT Aol Eo
A ¢kskth(data not shown). Plasmid ¢F3A ol gleiA = GPDY ADHI promoter

7} GAL1 promoterel| ®]3] <7t =2 <kHA S FX 3 H(Table 2).

M12 34567829

113kDa .,
92 -

52

35
298

21

6.1 40 37 32132 98 6.4 81
FN%/ total soluble protien

Fig. 13. 12% SDS-polyacrylamide gel electrophoresis of human ferritin H- and
L-chain expressed in yeasts grown in media containing different concentration of
carbon source. The lanes are: M, size marker; 1, cell extract of the host cell; 2,
6, cell extract of the transformant YG-H(lane 2) or YG-L(lane 6) grown in
uracil deficient selective medium containing 2% galactose; 3, 7 YG-H(lane 3) or
YG-L(ane 7) grown in YEP medium containing 2% galactose; 4, 8, YG-H(lane
4) or YG-L(lane 8) grown in YEP medium containing 1% glucose and 2%
galactose; 5, 9, YG-H(lane 5) or YG-L(lane 9) grown in YEP medium containing
196 glucose and 19 galactose.

(2)-4. £ 4 FN H- % L-chain® 2@

WHS Lol 28 & 3eldlr] 98] 12% SDS-polyacrylamide &3 Western
blotting € F3 A (Fig. 14). A7l dF5 Ao AF}E HYH &% ¥F YG-HE
galactoseE LERFEE AL W HA7] oI5 Ao AP FN H-chain 9 &AF2(21
kDa)el 3@ == XA ZddE @9z =g g, of s i

Al BYGH(Fig. 14, lane 1). &5

ok

oA A" AxF HFHS §AF

Fo & F84 993 F HFHY A &L densitometerE o83t £43 2

o



4 45% o AT AE FEELE BCAAM 10 £ 2 Z(heat
denaturation) 2] ¥ A7|9E & 3T A7, o] WEE native protein I wh3t

MEERER R LY

O

Fig. 14, lane 4) Western blottinge <33 Z 3,

om(
HFHS @0 #AHT &% #F YG-LE F¥ste] AL 2582 9 v
& A7195e +9% A%, A FN Lchain® 2A%(19 kDa)ol sidsts
AN 2EE wHd WSE 94 Fastgor, of W=E gFFAN A4

Az HFLZ §AE $131e A B9 ch(Fig. 14, lane 5, 7). o] #50l oA AL
2 98%=M HHET oF 2v] = ol#d A diFTd M=
FARSHA YElg pLe 2 d&o] WHREY EdH(Lee et al, 2002). I

HHS KL codon usage ZHo]E EF3F FAx R W9 84 W& AL
2 FFHArh. Western blottingS 33 A3}, A&d A7 2

L-rich FNe2Xe Ait® Ho|7] wiel @wdaE HFLl thal "W wk&Aol
HFHEY =A &= A cHFig. 14b).

Promoterd] @& AHS} AL Bd %S v|wste] QoF3k Z#E Table 2 v+
ElRet. &= #FFo golA HFHS AAe AAIA promoterd] GPDY ADH1
of Hla) FXA promoter! GALlCl 2sjd &&xez Ait=glon, HFLE A
ArstE Ao = GAL1 promoter’t GPDW ADHI promoterel HI&] © S &% o]
Atk o] AdE FRIAAY inulinase @] GALL promoter’} ©hE promoter
ot g&Ho|dthe oA A} FAlsH
RN 2dd ZZe Al FN H- % L-subunito] 2470% A2 23
native & El 9] holoprotein®. & o] Fo]x&=x] HHA AL o]&3lyq A/FFTE F
3 23 H-FN(Fig. 15a)3 L-FN(Fig. 15b) Z+ZzF¢] holoprotein®] X} &
FEH = Y X(H-FN, 507 kDa; L-FN, 479 kDa)olA 23 oild e g
Ak HEE gwgde g wde® AxE H-FN Ex L-FN(™M3
"3 71 A 2 Prussian blue @A) FAubES B2g. o A aRAA A

B Az FNol in vitrodl | 2 A T 259 ee omeeh

lo
i
e
o

+
A
2
N

)
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Fig. 14. 12% SDS-polyacrylamide gel electrophoresis(a) and Western blot
analysis(b) of human ferritin H-chain and L-chain expressed in yeasts. The
SDS-PAGE gel was stained with Coomassie blue R-250. The lanes are: M,
size marker; 1, partially purified HFH(human ferritin H-chain) expressed in E.
coli; 2, cell extract of the host cell; 3, cell extract of the transformant YG-H;
4, partially purified HFH from the YG-H, 5, partially purified HFL(human
ferritin L-chain) expressed in E. coli; 6, cell extract of the transformant YG-L;
7, partially purified HFL from the YG-L.

Table 2. Comparison of cell growth and human ferritin(FN) expression level by

recombinant yeast cells.

Human Cell Plasmid | FN expression

ferritin Strain Promoter | growth stability |(FN/total protein,
subunit (O.Dew) (%) %)
YG-H GAL1 355 85 4.0
HFH YGP-H GPD 26.4 91 N.D
YVD-H ADHI1 26.6 91 N.D
YG-L GAL1 376 87 9.8
HFL YGP-L GPD 24.3 86 8.3
YVD-L ADHI1 234 90 8.8
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Fig. 15. 7.5% Native-polyacrylamide gel electrophoresis of recombinant human
H-ferritin(a) and human L-ferritin(b). The acrylamide gels were stained for
protein using Coomassie blue R-250 and for iron using Prussian blue. The
lanes are: 1, partially purified E. coli-derived H-ferritin or L-ferritin; 2, cell
extract of the host cell; 3, cell extract of the transformant YG-H(a) or
YG-L(b); 4, partially purified H-ferritin(a) or L—ferritin(b) expressed in yeasts.

2)-5. =¥ H- ¢ L-FNo| E84 54 74
FNe| 7% 9 B2 54& d7ar] AAste] 2-(5)9 43Ul wet A
Z% 8 #F YG-HEZHE H-FN 2 L-FN& ZZ AAS . BAd A=

b/

H- % L-FN¢ UV/Vis §F2HERHS

AFEA YEbskth(data not shown). 22]8te] I AHEHL HFH FN &4

24 280 nmoll A peakE RHola BN DA E HE BEA ZAH FFE

Bt Z H- ¥ L-FN& HPLCE ol&3td 2x%F FH 43L& s

HPLCE °]€% Ax% H-FN % L-FN9 &% 24 HAgolA Z4Z9 FN&

retention time 9.54 ¥3} 9.68 EoA peakE FAsE AL U oA
FEAAN FHANNZ A= H- 2 L-FNo] ZRAs Axks; Fo] dojuA S+
< 9utH, E colidlA 2d" FNZ 5dg #2433 H-FN, 507 kDa; L-FN, 479
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kDa)g 713 Jedh arda #d® A=2% H-FN Sd4 ()< pH 5.3°]
gom E colidx ¥
L-FN¢] A%< pH 5
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Table. 3. Summary of the molecular properties of recombinant human H- and
L-ferritins in S. cerevisiae

host yeast E. coli
protein H-ferritin L-ferritin H-ferritin L-ferritin
M: (507 kDa) (479 kDa) 507kDa 479kDa
retention time | 9.54 min 9.68 min 9.54 min 9.76 rmn
pl pH 53 pH 59 pH 6.8 pH 5.7

(2)-6. Atomic absorption spectrometry

H-FN 3 L-FNE A2ste Axg &8 730 oA ferric citrate?t A7t
H wjRe Ao AE AFH d F5 ASE EA3AHTable 4). H o] o] FF
3t th& EDTAE Ap&ste] H] Hojxo=

|

H-FN¥ L-FN& A2ets &% #5F2 10 mM ferric citrate® 373 v = ol A
1749 pg per gram(dry cell weight)3}
1488 pg per gram(dry cell weight)o]$l3 &5 SFAH X oA HY F

AN
t 494 pg per gram(dry cell weight)o]th. o] sxv sFAEA vlsiA A
A 3o

lo,
ot

B
)
N
N
w
tn
=
L
W
o
=
olN
)
o
gL
o
£
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o
fr
L
o
X
olN
™
it}

0 7153 #de] JEA HE F A& Aotk AXY FFLE ZE dF

RoiA wlAe A gel FAAF W ot Fadts AFS AT o4
4% 44% Y uW, & A8 FAA LEA A HFHS HFLE 4%
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Table 4. Atomic absorption spectrometry for intracellular iron content.

Ferric citrate Iron content
Cell type No. of cells/ml
(mM) (ppm)
0 1.0x10°+£1.7x10° 3.8+05
Recipient strai
8011)(1;3;105)5 e 10 1.1%10°+36x 10° 49.4%102
20 0.9x10°+32x10° 147.0+165
0 1.3%10°+0.9x10° 1.6+0.3
f
Trar(ligrr;nt ! 10 1.210°+ 1.1 X 10° 174972
20 1.2x10°+1.4%x10° 22124379
0 1.5x10°£3.0x10° 33*15
Transformant 2 " 5
YG-1) 10 14%x10°£1.7%x10 148.8+155
20 1.1x10°+14%x10° 2273+27.8
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(3) XA <zt H- L L-chain FN #HolA¢o Ad 2 AxF H- 2
L-FN9] 71% a4+
(3)-1. FN ®ola] %23 plasmid T

FN H- % L-chain9 7]%& 4737 98 24 #3xE pSELECT-19
cloning 3 ¥ ferroxidase &A= THo] A= ofvxt 9 62917 66HE
Table. 19 primerE 7}A 2 site-directed mutagenesis® ©]| &3] Zrzt £+ F
Aol 23ttt FN H-chain®] A% 629 Glug LysZE, 668 HisE G
=, 629 Glugt 658 HisE Lys9 GlyE X3d Az a8 F5F HolA
YGh62K, YGh65G ¥ YGhKGE 9%t FN L-chain® A% 629 LysE GluZ,
66" GlyE His®, 2832 629 Lys®t 66 GlyE Glust HisZ X &3}
YGh62E, YGh65H, ¥ YGhEHE Z}z} dQit}. o]E2 2% GALI1 promoter 3t
of FN §34x& 9238929 terminator2% GAL7 terminatorg 7}FA i Ath

(3)-2. FN H- 9 L-chain ®o]x ¢ 23

Az A% dFEZHE FN H- 2 L-chain WolAle] #dE& #13ty] A3
2% galactose”} H7Fd YEP #iA oA 30CoA 200rpmoZ 393+ viddt & &§
B AFREHEH FZEL FE3SY 12% SDS-polyacrylamide #S F33A
A719% A YGh62K, YGhKG A =23 &8 #F25E ZARAA 2@ FN
H-chain®} 22 XA il Fo] HdPE At o YGIEoHAN A EEAA
BH A7 FN L-chain® 22 $ A A ] 2dge 39 tHFig. 16).
YGh65G, YGI62E 2 YGIEHA M & ¢ 2 zAd e adlidoe] Zd
Aoz BAAT. oldd &Aool FN H-chain® 65% ojvjxit Z71E XFA2
Aol oM E gMdo] BP e FHoy YRR vFEA EHA doFH
(Kim, 1998). 2d=" FN w®WolA]l subunitEo] 247H= ZFEo] native FE]S
holoprotein &2 o] Fo}x|=x] #elsly] st 75CAA 1087 Algste] 2B

A% F uad AL olgdd AVPEL FAsgt 1 A} 24

ol

rf
M
o

12
H

kN

holoprotein ¥ x}2d| 3j=3tE= X (H-ferritin, 507kDa; L-ferritin, 479kDa)el A}

T gd MEs 8A £ ddoew ZF WolA= native FNI vR7bx =
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Fig. 16. 12% SDS-polyacrylamide gel electrophoresis of human ferritin H- and
L-chain variants expressed in yeast. Cell extracts of each strain were lysised
with glass bead. M; size marker, 1; yeast derived FN H-chain, 2; YGh62K, 3;
YGh65G, 4; YGhKG, 5; yeast derived FN L-chain, 6; YGI62E, 7; YGI65H, 8;
YGIEH

Fig. 17. 75% Native-polyacrylamide gel electrophoresis of human ferritin H-
and L-chain variants expressed in yeast. 1, veast derived H-FN, 2; partially
purified variant of H-FN from YGh62K, 3; partially purified variant of H-FN
from YGhKG, 4; yeast derived L-FN, 5; partially purified variant of L-FN
from YGI65H.

(3)-2. FN #ol Ao &3 Fe %3
AxE TEFFEZEE FN HolAE 2tz 28 A S apoferriting WE F
Fe(Il)o]& =2 ulg9o] ENS AT ZRAA HdAZ wild type H-FN %
2 v FN# vwstdoh 28ldte Z apoferritin #2H3 20071 ¢] Fe(Il) o] 23}
z A8 tH(Fig. 18). 62K¢ KG+ ferroxidase 43
, 62K¥= 629 GluE Lys®E X &A1Z1 WolAo]a,
KGE 6291 GluZ LysZ X&g3% FAld 659 HisE Gly2 A&A1Z ®olA 0]
t}. Control> FN w0l gl ABE A1&3t3th il de o3 Feo] 2ol
Jo1A H-FNeo] 2 #]7 FNolu} control Bt} ®gtow F5&ol 7HE o &

2
i
N
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Zolj @@AZ H-FN& H subunite 2% FAEHAA glen, & HF FN&
15% H subunit3} 85% L subunito. FA O it o] A= ojHdd ¥xd
A (Levi et al, 1994)9F FAFeHA Yebd Aolth 62Ket KGO Ao doiMes
H-FNel| "l Z7] #tg&Hzinte] olgr HF H FAHY oAM= 433
A23e Bgen, @ v FNol §A g Jehdldeh o2& H-FNel 3lof
A 62 Glu 27171 6591 His #7180k 3 FH ¢ 2 9%F& 713 e v
H(Fig. 18). o]l Rzmy Az w2y o F FIrE EF A¥ANIL BF
ferroxidase &4o] A3 2EHJLUY iron cores= HAHC Bid ¥ Yok

(Sun et al, 1993).

0 10 20 30 40
Time(min)

Fig. 18. Kinetics of recombinant ferritin variants. a, H-FN expressed in yeast;
b, H-FN variant from YGh62K; ¢, H-FN variant from YGhKG; d, horse spleen
ferritin;, e, control.

(4) %A Q7 FN H- 2 L-chain §3ax9 #2d 75, o]IJFA
M BEEA

(4)-1. FN olg g @& A=F plasmide] 75

2 AFoAE WA aRA A7 FN H- 2 L-chain f3* (WH and HL)
2FEAATE HEE AXE7] A FEA promoterd! GALIE ©]-&3 it
a3 AHS ASdE FF-Ee F3220 GAATTCE TTTAAAZ A &%
I, LS A E AF ZE 989 AGC(Ser)E TCT(Sen)E X 3ate] Ly =

e
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g pYGH2# pYGL1S A=At (Fig. 4). 2831 GAL1-GALIO promoter&
Aagtel ifH 92 KLE 5Y #F oA Z2dANZ & dE AEF plasmid
pYIHIOL¥} pY1L1OHE Fig. 53 #ol #+&39t. o523 77 GALL promoter
¢} GALIO promoterdliFo FN HHAAE gl JAJE plasmidel™ GAL7
terminatorg& FN §dx} 37l 24z 44359 Promoter$}t terminatorg A€
& Uz 97] 8 (2- 4#m origin, URA3, Amp)< F4A sources} ek of A

2% Fdsid,

4)-2. A 2 plasmid ¢AA
FAA e AL plasmid ¢HAA, AZS 59 Wiz & 2T
oy exEd 23 #H$¢=HEZ(Romanos et al. 1992) oA Axd A=

plasmidE & ©1435t9 plasmid A4 MFRA) ME YFEEE ZATACE
%

5 Y HAAMETG e FA FAE Holw 3-49 A0 HzA =3
3 I olFole ZHAstE AFTES Bt &3], YEP wiAo] 1% glucose/ 3%
galactoseE FH7t3F Ao doAA wA AF Aol 7B FUrsidd. oF
YILI0H®] Z-$-ol= YIHIOLY 7%t FAFstA Wbttt Plasmid A4l 2l
4= YIHIOLYW YILIOH #5F 25 wi¢g 3d47bA oF 80%°ld 22 plasmid’}
I TS B e 7 I e 2 s =

AA 84 @¥ld F FNe| 2daFE SAsH] Al AxY E2Y F228
SDS sample loading buffer®} 1:1(v/v)E 4o} 100C, 1087 94483t & 12%
SDS-polyacrylamide 24 +33ts Fig. 193} 200] JeiAth ALd S Ad A
2% ERTAFY A9 2% galactose’t F7ME YEP wjRol A 713 #E Lo &
o O HEFL Fig. 197 Zo| HFHY A$ole YGHZ2F 718 2@ o] =%
om AA +8&4 G¥AZF FN H-chain®] 6%2 @& Bt HFLY 72
+ YGL1°] 21%2 7} ddgo] ke E colidld FN& 2HHAIHE o}
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uk37kA 2 L-FNeo|] H-FNEU o =& 2d8S Bt oA e FN 24
of oA wixle] JgS FAEe] B A #F YIHIOLS A-$ 2% galactose
& EFste wiACdA He L subunit®] & FdFo] 7 A4 HERH. HZE
3 EE A A olE 7k wigA] FEGo] sHF Eokth sty oA RS
E33L= YEP sfAoA o] &3t wjERE W HA &
3 ©l o] oF 20%°] Pt HeF L subunite] & LdEYE EAud. o @) H
subunit®] AhAEQA dHUL 22%2 A5 (Fig. 20).
T YILI0HS ZA$-oe uracil ZFuwiAdA sk AA Zol FNe F
subunits®] A L] 18%E 7HF =R wigdoe] AGFE LAY HLFE

Btk wixo] @& He L subunit®] F 2HFS YIHIOLS 7Bf-olAet 2ol

&Y

Hj X
o o] #F9 A{o= A AAFE uyse] 2% galactoseE L3 YEP Hj
Aol A ol widFE W AA S84 G of 15%d dAFEeE HY L
subunite] & ZE Y-S AAvk o] wWl H subunitd A0 THEFL BKE &

A = T (Fig. 20).

Vield(%) 0 4 4 6 12 21 10

Fig. 19. 12% SDS-polyacrylamide gel electrophoresis of human ferritin H- and
L-chain expressed in yeasts. Expression yields are estimated by densitometric
analysis. The lanes are: M, size marker; 1, cell extract of the host cell SC2805;
2, YGH; 3, YGHI, 4, YGH2; 5, YGL; 6, YGL1; 7, YGLZ.
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Expression
Yield(H+L) 20 15%

Fig. 20. 12% SDS-polyacrylamide gel electrophoresis of human ferritin H- and
L-chain expressed in yeasts grown in media containing 2% galactose. The
SDS-PAGE gel was stained with Coomassie blue R-250. The lanes are: M, size
marker; (-) induction, cell extract of the transformant Y1HIOL without induction;
YI1HIOL, cell extract of the transformant Y1HIOL; Y1L10H, cell extract of the
transformant Y1L10H.

E. coliz¥® 2@ 7] HFHst HFL @9 d 58 mouses} rabbitel A ¥ 747

4 &RolA ZHEE FN H-chain® 43y L-chaind IA3A X3t ™h Anti
L-FN¢ A $ole E coli ® ERAA ZHEH FN L-chain® Ecoli 3 ER)A &
A" FN H-chaing 143l ol&E A}

o} Anti L-FN9 2% E colirth ERoA 2&d= FN H-chaindl He]de] =4
EF s oH(Fig. 21Db).

old] YX cross-reactivity’} &S &1
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Fig. 21. 12%SDS-polyacrylamide gel electrophoresis (A) and Western blot (B)
against anti human H-ferritin (top) and L-ferritin (bottom). The lanes are: M,
size marker; 1, E. coli-derived recombinant human ferritin H~chain; 2, cell
extract of the yeast YGH2, 3, E. coli-derived recombinant human ferritin
L-chain; 4, cell extract of the yeast YGLI.

4 RESE B o] Ade aRAA AdE AxF FN oFJARAZE in vitro
1A W&o 48058 ordFig. 22).
YIHIOL® YI1L10H AjolA AAt" <17k FN subnuit®] &4 B &E& o}
B7] 93 vEAd AL ol &3td W] dFE T F gl o] A S
Z

& SDS-PAGEE & &
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X
)
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ot WEERY BMde FE5e thl WANT



A3, H:L subunite] ZA&ol F #FoA Fdd Fdx BEdad M E A5
z ug 7] 42 8 subunit 2AHEE BAYFig. 23). @M B AT E
Tatel F @A AdE AxF Az FNS He L subunite® Z3E FN ©]
AFALE T3} YA DL subunite] oA TFHFH vlms] B of,
YIHIOL w592 39ols wiAe sxo d#fol H subunitd el 70 %=
vskow YILIOHS A$E wiAe Fxeo vy 717ko niet 24 Ryem H
subunit?] &l 50-70 %R uskth o] Mol wxE Hid w2y Idd
subunit®] FdAHA F AN AT B oA subunite] 24 HE
Fe= AHT BA Jow, wad AzE W9 subunit ZAHHE B

(Rucker et al., 1997).

09‘.,

(a) Protein stain (b) Fe stain

Fig.. 22. 7.5% Native-polyacrylamide gel electrophoresis of recombinant human
ferritin heteropolymers. The acrylamide gels were stained for protein using
Coomassie blue R-250(a) and for iron using Prussian blue(b). The lanes are:
1, cell extract of the transformant YGH2, 2, cell extract of the transformant
YGL1; 3, purified ferritin heteropolymer from the transformant Y1HIOL; 4,
purified ferritin heteropolymer from the transformant Y1L10H.
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Fig. 23. 12% SDS-polyacrylamide gel electrophoresis of human ferritin
heteropolymers produced in the transformants Y1HIOL(a) and Y1L10H(b). M.
molecular marker; C. negative control strain YGT; 1. 1 d culture; 2. 2 d
culture; 3. 3 d culture; 4. 4 d culture.

(4)-5 FN W Fe &<

E coli @ aR=2E AAH H-FN 2 L-FN£ o]&39 iron uptake 28 &
F33t4 v} Fig. 24014 B %o] H-FN& L-FNol| #l8) 2 =7] ¥& =7 @3
o A1 £ 5 min A=A ¥kgo] FEHUT Fe €A 100 7H9h ¥4
AE We o] Bt wgton wrEAZ F 2 minAd vHEe] FZEZHAY FUE
AE E. colidlA Aatd A= H-FN9 H$-ol& 400 7He] 2 Axper gbgAR
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Fig. 24. Absorbance of iron uptake with various numbers of Fe(Il) ions/molecule
of apoferritin. The apoferritin concentration was 0.5 mg/mL in 20 mM imidazole
(pH 7.0). The number of Fe(Il) ions added per molecule of apoferritin was 100, 200
and 400. (a) E. coli-derived recombinant human H-FN; (b) E. coli-derived
recombinant human L-FN; (c) yeast-derived recombinant human H-FN; (d)

yeast—derived recombinant human L-FN;

(4)-6. Atomic absorption spectrometry

FN o380 %AS Aasts Az 22 50 old 2 5 A28 248
AtH(Table. 5 & Fig. 25). &5 FF 2 Fe'd wSAA AT W 2 FHFo
z71atg LS Fo 4 g9t £% FF YIHIOL® YILI0HEZ 143 mM Fe*

F WA AE o AX ] He %= z}ZF 178 umol per gram(wet wt)¥
21.3 uxmol per gram(wet wt)o]Qlil &R SFA|Eo ojre] He Fr+ 120
pmol per gram(wet wi)olith o] BEE &HFA T nisia B FTFo] A%
oF 1.5W1¢} 188} Z7k3 grelth. X ¥ YIHIOLF YILIOHE °lE3F w43

S o o] L ZZt 249pxmol per gram(wet wt)& 282 mol per gram(wet
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wt)ol At o] FEE SFA3
g go =X FNO iz T8 ol & o & o2 F57F IHEE & F
Ao =, AR YILIOHA A9 Heo] F47F YIHIOLAA BT 13-20% F7HsHSA

o oA E H subunit®] izl FAFH #AJE AR FFEoh(Fig. 23).

Fe'# wh-go] 9lolA 0.2 mM ascorbate® A713k 74

<

o]
o
per gram(wet wt)@} 29.1 g mol per gram(wet wt) 224 A FF71 o7t &7}
3tA T Ascorbater AE W ®E OiAl ¥kgo] QoA Fo3 FEFAEA,
o

Hoffman %5 (Hoffman et al. 1991) ascorbateZ} AW ZH o]

AN AxF ZRFFE ul%¥§ F Sephacryl S-300& FHsgoen
fractions YAFFFE=AE o] &5t Y F& FAADG 2 A% FN Fd4
7FE A &S YGTY Zfole AdiEated diie #Ho| A% Ag &<
< ASlem YGH2Y A4

of AZWeA AL Bt Heo] g Asgo] =& 3t YGL1S
9ol L-FN9 8 7)50]

22 29t USE FAssh o8 A A YILI0HS
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Table. 5. Atomic absorption spectrometry for iron uptake and intracellular iron

Fe2+ Ascorbate Yield Fe2+ Culture
Cell type (mM) {(mM) (%) uptakea (day)
YGT 0 0.1 3
14.3 0 8.4%+2.0 12.0+2.9 3
0 10.0+0.4 14.34+0.8 2
0.2 7.8+0.1 11.2+£0.2 3
YGH2 0 0.1 3
14.3 0 11.6+1.0 16.6%1.4 3
0 11.6+0.1 168.54+0.1 2
0.2 12.24+1.0 17.4+1.5 3
YGL1 0] 0.1 3
14.3 0 7.8+2.0 12.5%+2.3 3
0 9.5+1.0 t3.6+1.3 2
0.2 9.6+0.3 13.7%£0.4 3
Y1H10L 0 0.1 3
14.3 0 12.5+0.6 17.8x0.8 3
0 17.4%+0.3 24,9404 2
0.2 19.2+0.5 27.5+£0.7 2
Y1L10OH 0 0.1 3
14.3 0 14.9+0.8 21.3+1.2 3
0 19.7+0.5 28.2+10.3 2
0.2 20.3+£0.2 29.1%£0.8 2
30
-
25 /
EE 20
S8
So s
S,
& B
PLE 10
=
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0
© & D 0 e
TN R
Q *\q,o \54‘6‘:’
N\a s

a The unit is g#mol per gram (wet cell weight).
Values were obtained from three replicates. Values are means T standard deviation.

Fig. 25. Comparison on the amount of iron taken up by S. cerevisiae described as
rmol per gram(wet cell weight).
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Fig. 27. Ultrastructure of purified recombinant human ferritin heteropolymers.

(a)
heteropolymer from YI1L10H,
heteropolymer from YI1HIOL,
heteropolymer from Y1L10H.

(c)
(d)

unstained ferritin  heteropolymer from Y1HIOL,

negatively
negatively
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(5) FN& A4dst= ax dAd oA A F59 AAS L AF0 glojA
2 49 359 a4
G)>-1. A = e 3 F5

R4 Tl doAM AEe] FE(F) Bl YA E7] Y54
27tA A EZ 9] FX(100mg/mé or 200mg/m)ll X He EF4#HS b
#1184 3E  ferrous ammonium sulphate® Ab&3tgon, S Fgete 9
ERAEY AEE H89 5% glucoseE H7Fskath.
buffer(pH6.5)°1 A A #HATh (o] bufferdll Al Fe* AE]7} 2417 Bt 448
S ZAsA). AE A, Andoz 4 #F EFIA 100ng/me] AE E
M 2 o] 200mg/mee] AME Fmrol 26 o) FUlEE S 98 5 9
Rer, 53] YGH2¥ 14.3mM ferrous ammonium sulphateo] A &< Ho] %ol
16.720.7 pg/glwet wt)2 LA} o] YGTY 11.1%£0.1 pg/g(wet wt), YGL1¢]
121209 ug/g(wet wt)B o} ¢F 158) Z7}38F gholth(Fig. 28).

AE FEo Fe''oe] w8g 188 o, AE ¥% 200 ng/molN F
o] <ol EA3 AstEE o=
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H-chain FNo| &R el AdH oz 7j5g d3stes 2oz R4z YGL19

BEe BE QoM AAHoR F TdHHE A Fdelsgou, B Fo] Fb

A e AL Hol ANHo R HE FI e EAY H AR Ho| ¢
= Aes gudn

AT SR THFig 29). A A7HRY He ¥ vAIAS 9 A
2l A

o] 7} wg buffer Yol Wl Y= Ao FE Fahd
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Figure. 28. Iron uptake using ferrous ammonium sulphate at different cell

concentration (a)100mg/m¢ and (b)200mg/ml. Detailed reaction condition are
described in the text.

Figure. 29. Iron within the yeast cells and buffer solution after reaction to Fe™,
Reacted Fe” concentrations were 4.5mM and 8.3mM. These were calculated as
yield(26) that indicated iron concentration in cells and buffer soln. to initially
treated iron concentration.

(5)-2. 4 & WE FH ol FF

ER Y29 A o]FFHANA B u Fe' 7} F' Bl F5€0 R £& Ao
2 gHA 9o was 2 o2 ER WEe EFLE A 3EEe 2R ui
T 9gEe vz Roz Az, o A= Fe¥ HFYEZ ferrous

ammonium sulphate(FAS)$} ferrous sulphate(FS)E Abg-dtdow, Fe =
Z = ferric citrate® AMEEAT. 2 A Fe¥' 5¢E9 FS9 FASYF Fe¥ 33HE

¢l ferric citrateo] ®B]3te] ZRNM 2 FFgo] 15 WAL F71E RAE &Rls

32
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H(Fig 30). YGH2 B %oE #4 % 100 mg/mol A ferrous sulphate =71 &
Zbgrel wek EEe A = FUbebAW, YGTS YGLIE 2 s&E7F AR
FAHE AL 299 53], YGH29 2% 143 mM FAS 7t & &€ 2
FEE 167 pg/gel A%, 143 mM FSolMd &= 178 pg/g= 2t =4 vewd. o
2] & oF7ke] o] FASS ammoniumo] W AsHAl He F5d 4FE

o2 fFHch (Fig 28, 30). olst FASHAl YGTOIA+ 111 pg/g¥ 129
YGL1 %o 121 ug/g¥ 124 pg/gs 234 =4 Yede 43S 24t &9
Ao et vkA7AAZ YGH22! H-chain FN2 A4 &< 7]5S 3 AL
AxH, YGL19 A+ 18x ¢ Aoz AZHn. Hold & FASE 9
3t} 200 mg/mle] ME sXoA FH ol22 FFAIIE HAFoA YGH27E YGT
of ¥lated 271 yield7} 5% AA Yo BFAHE Holed, o] ZFE YGH27T
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S AAE 9 AX R &0 7 EdtHBesevler. et. al, 2001). o] FA

g7t Z748 ) wel 2 753 AR B FF EFA yield7b
FE3] AATE B 5 ok oRe AP AR H = HAldl 3lolA ER
29 H FF Wwgo] 4 £TBrhE kinetic rated] 9EFTS ovdH. &
He 4g wus B u, YGTE 83 mM7ZFAE 125 umil/g wet wt o|Av+7}
115 mMe & o] %+ 105 pmd/g wet wtE #A2 HAx, thA] 143 mM
dqre FTAY FHZ AEHE AL & 5 Avh YGH2Y Aee Agd ¥ ¥
Tofl vt 254 FFHE Ho dol S5t 143 mMAAE YGTO H 38t
of 9 <ol 158 ZF7FalAth YGL1Y AS-ol& YGTe H&ted 11.5 mM7HA &
He] FF %o ATt 143 mMAlAE YGTS H&=d 22 38 F58€ &
et
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Figure. 30. Iron uptake from (a) ferrous sulphate and (b) ferric citrate at the
cell concentration 100 mg/ml. The experiments were carried out at 3 days
culture-2h reaction, with agitating to 200rpm, 30C in the darkness.

Table. 6. The iron content of S. cerevisiae in relation to Fe concentration.
Detailed reaction conditions are described in the text.

Cell conc. FS : In cellsﬂ
Cell type Yield Fe™ uptake
(mg/m)  (mM) (%) /e wet, wi)
YGT 100 0 0 01
45 27.8 12.5
83 144 12.0
115 9.1 105
14.3 9.0 129
YGH2 0 0 01
45 30.7 138
8.3 16.7 139
115 143 165
14.3 125 178
YGL1 0 0 01
4.5 21.5 9.7
8.3 13.1 109
115 7.8 9.0
14.3 7 12.4

FS ferrous sulfate
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(5)-3. ¥h-& At mE H o] 29 FF
AR H o2& FFde AAL wiFd Hel ZFE AHAAMY FFHAAA
high-affinity system¥ #e] o] #& AU low-affinity system2 =2 vdt},
Bt A FFe AZY @ TRTTY A dHC Oeia dA=%
ES

A @& ez AZdEY watA 143 mMe FSE

s
—E
nllo

7HA = ¢ 1.3~15 W2 ALH o= FUHAE Roltrt vkg 120 ¥ olF o=
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tHDonmez, 2001). YGH2¢] 7% YGTW YGLIO) H8e] o= wh-&-AJ7hol A
A §Fe Holul, Azho] 3

o ot YGH24AM 9 2 AF A27F dE(vacuole)d| A &
¥ H-chain FNZOo 2 o|E3E Aoz §E5AqEd, YGH27 Al
FeAA 2g SHA7E FHo] YGTe 5LFL #gohd, Fig. 31904 HA
Ao g% Aolst Aol Aol w AXE AFE BT AE W F oL
thste] AE HrhE FNeO| affinity’t o the 2& 9mgtH(Seo et al, 2003).
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Fig. 31. Fe* uptake by the veasts with 14.3mM Fe(SO4): in relation to the
reaction time. YGT([]); YGH2(I); YGL1(A)
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(5)-4. Ascorbate?] A7t WE A o) &9 FS
Ascorbate: YA ZH Fed'E Fe'

A7, Hol 5 EY FUMAIE 98-S @tk AAZ FNo| Ax=dd gl

o]-2 9] bioavailabilityE <7}

it
2
et
@,
il

=
29 H FdL Z7HAH o Lee et al, 2001), AZF

ge ¥ oz d3Hon. o AFAAE 22 2

=

2y ascorbate= WA
g 2R YgNE 22
2 FN §3A7 A8 258 347 wiggd § 2 o] Hrkeh &4 200 ¢« M
ascorbate”} A gl o] Hlal #4353t}

YEP(Gal ) #lA] WellA &8 759 sidds 2d7 3¢9 ¥ =3
A BEERE W, YGH2E 2¢ oy 3¢ BEF u|&3d
YGTY YGL19 ZA$+ AZE #HY Fo] 3¢+ A

L2
39 F wi¥F § ascobateE HESIH, YGT= Ao Fakol ozt zrasisiAl

/2 £

7, YGH2Y YGL1Y A& "vlaA 78S ¢ & 3
FN ¢to @ Eo|7b7] 98 Al= cytosol Wl Fe*'z ®

Hatel B W, AR WX H olge dREol F¥ AHE HFATFLEZH
ascorbate’} & &L %] £33 Aoz FFHY doF =& FE ascorbate

g Astel 1 %L FAdLA B,

- N
(3] o
T

Fe2+ uptake
(pmol/g wet w
>

(o)

Culture(d)

Fig. 32. Effect of ascorbate on the iron uptake by the yeasts.
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v d A9 4972 mg Fe/Kg)oll &3] 3 3922 Fe(NH(SO0w2(FAS,
EF BE TF Y99 horse spleen FNHSF), 183 AZ3 At# FN H-chaing
E(YGH2)E A48 tH(Table 7-9). @ A A@xo slojx 237

ZF Z¢t R FEN9 %9 hematocrit $A7F & 2E vl& oF 40%71F A

o=
>
ol
e
rir
‘:o[i

oz oy g, Hol FHE AIFTFEY HEFEW FE9 hematocrit T

5
& AT 2 2435 o $9% ZHE 1Ak ol FH H 24

4 o] 3%
A9ee vdem Al 7HA 9 3 FFUFAS, HSF, YGH2)ol 3 Ay 52
of 71 WHETHTable 7). WZ Tl AoIAE o 5 gol B AW AeH

o 2Zx o] AL ascorbate?] < dFo] W v ES Bl

Table 7. Recovery of rats from dietary iron deficiency anemia with iron from
purified ferritin(horse spleen, HSF) or recombinant yeast(YGH2).

Dietary Hemoglobin (g/L) Hematocrit (volume fraction)
Group

(mg/kg)| 14d 21d 28d 14d 21d 28d
Control 30 |102+40° 113£8* 124+16%|0.49=£0.03" 0.3+0.01* 0.44+0.08"

Iron deficient 2 6919 69+31° 67115 |0.36=0.04" 0.25+0.02° 0.26%0.10°
Fe(NH4)2(SO4)2 30 | 73%£28° 99+19° 121+810.37£0.05" 0.36:0.06" 0.37+0.06

HSF 35 62195 70+£3° 142+11%[0.37+0.08" 0.47£0.07* 0.46=0.04°
YGT 2 568 59+10° 63+10° |0.41+0.04° 0.30£0.05° 0.26%0.05°
YGH2 35 | 97+27° 112+27* 132+13%0.44+0.02° 0.41£0.09° 0.48%+0.03

YGH2+ascorbate] 35 60+2°  70+3° 111+5%1042+0.06° 0.44+0.12* 0.42+0.03°
Fe(NH4)2(SO4)2 50 74+20° 87+28° 124+10%0.35+0.05° 0.23+0.01° 0.45=0.02°

Values are means = SD, n=8
Significantly different at P<0.05 during experimental periods in the same diet group

abc values indicate significantly different among the groups in the same period
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Table 8. Body weight gain of rats during experimental periods

Body weight (g) X .

Group — - Body weight gain (g)

initial final

Control 1025£205 | 255.0£288 152.5+19.8"
Iron deficient | 100.0£245 | 216.0148.3 116.0£28.0°
Fe(NH)2(SO4g)2| 960£89 | 2280+84 132.0%14.8
HSF 95.0£13.1 | 241.3%£39.8 146.3+£31.6
YGT 94.1x76 2286177 1345+15.7°
YGH2 106.7£15.1 | 253.3%250 1467175
YGH2+ascorbate] 103.3£21.6 | 173.31:27.3 70.0£14.1°
Fe(NH)2(SOs)z | 929£160 | 2186%27.3 1257+12.7°

Values are means = SD, n=8

Aol 22 U] HEo]l FNoju Az &R W Ho oMz BIsEd
& & JtH(Table 9). & E°] HSFE M7t AMSe HY b3 wjge] 2 3
Fe FFFo st EF ARt =Tt =3 AxY TE(YGH2)O <3|
ol 58 AY A 77 w|ate] H ko] H AP FHuol HlaE) 2v) Fho]
Eou FAS/I 58 I Ade FTI2FY & 80% slidstes ¢hs BA
ooole =4 e 2 ARE A% E 3FLe=E HSFU YGH27} FASRG
E3tA 29 = &g 7Y FREAE E2 9 ascorbateE FA FHFE
BAEdde A7 doAMe H s2E EEIEFT FARIE Y 3t v Aol glof
Mol 2 srxe EFE2Fd 2R vXA EJoh o] ZIE ascorbate’t F2

ARz e 2 A o8|y EstA AEFe BolH |32 ascorbate?}
-
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Table 9. Efficacy of ferritinthorse spleen, HSF) and recombinant yeast(YGHZ2) in
establishing tissue iron stores after induced iron deficiency in rats(28 d of test

diets)
Dietary Iron concentration ( #mol/g)
Group
(mg/kg) Liver Spleen Kidney
Control 30 1.03£0.08" 3.56%£0.26% 1.48+0.11°
Iron deficient 2 0.56+0.03° 1.95+0.21° 0.97+0.08°
Fe(NH.)2(S04)2 30 0.84+0.10° 3.03£0.50° 1.49+0.06"
HSF 35 1.10£0.33% 3.66+0.21° 1.39+0.09°
YGT 2 0.50£0.02° 2.02+£0.25° 1.00£0.03°
YGH?2 35 1.13+0.12% 3.51£0.40° 1.56+0.07°
YGHZ+ascorbate 35 0.62+0.10° 277£0.29° 1.27+0.06*
Fe(NH4)2(SO4)2 50 0.86£0.08° 3.31+0.14° 1.37£0.16%

% SD, n=8
Values not sharing a superscritp are significantly different(P<0.05)

Values are means

ab values indicate significantly different among the group in the same period

(6) 997 H- 2 L-chain FN& AAs= AFZYF a5 dolA oxidative

stressoll g JI&

6)-1. F&71oA AZxF 29 HyOpol thdt 1A
‘474271 (ODs0 = 37HA Bl FAIZ] oF8

YGH2, YGL1el| lojA H:0ol

Z7le] RE dFE

A5 H0:9]

Asgom 20 mM H0lME HEge] A g
atdth YGLIG QojdE @22 559 HOoldE A4S Roli}, 20 mM
H:Oz0l olZ23i X &= YGH29 A9 §AsHAl AFEEo] gttt

A4271(0Dswo = 0.3)7FA] #l¥A| A HoOz0 th3k 9174 S ZAE T
I FFERINNAN BE F g BT B GHO0001 H
(Fig. 34). 53] YGH2¢] A$ol: olF we
=3 sarat Atk YGTS YGL19) 74

J-{o

Z = O
FE& A
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A9 AobdA Rt ol ARE B A 2UI7EA wEAR ZEEC 2o
A HeOpoll tie Aol Srtete 2S¢ F vk o2 vAdzEc] oF &

Ed 2o tid o] 71d EE o

L
r 2
(e
i

12
it
i
o
o
o2

Z
A T B S cerevisice DA AAH L7l HoOo Wi AFAEE ZeEd
t X3 (Jamieson, 1992)¢} UX 3t Adeldh. FH|EE HL AX f AR
gA4o] 9 H-FNE Aibsts YGH2 1ol A HoOqol i wizhAdol 3 A%
o] ¢l L-FNS AAstE YGLIEG 953 =3t 2 7 ol fF2A4
YGH2o] glold 28" A2 H-FN2 & o2& A#AsE 758 Hold, o

Hol o= ARz PFPoEM 4d8 B oled i Wyl e AaF

(reactive oxygen species, ROS)8 #A& Zwjstxz, A& FAFgE FAA A

XE Eole AR FFPH(Aust, 1989).

OmM 1mhd 2mmM 3mhd 4AmM

YGT
YGH
YGL

15 3.7 LAtIsaly

5mhd 10mM 15mM 20mM

Figure 33. Susceptibility to H:0: stress of the cells grown until
stationary-phase. Cells in stationary phase(ODsw=3) were harvested and
resuspended in PBS at a density of ODgyp of 0.1(3X10%ells/ml) and then treated
with various concentrations of H202 for 1 h. For each strain, 10ul of cells

diluted to 15, 3.7, or 1.8X10°cells(from left to right) were spotted on YEP(2%
Gal) plates.
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Figure 34. Susceptibility to HxO, stress of the cells grown until
exponential-phase. Cells in exponential phase(ODswp=0.3) were harvested and
resuspended in PBS at a density of ODsw of 0.1(3X10°ells/ml) and then treated
with various concentrations of H>O». for 1 h. For each strain, 10ul of cells
diluted to 15, 3.7, or 1.8X10°cells(from left to right) were spotted on YEP(2%
Gal) plates.

6)-2. A= BE AN Ho0:9 WH&AIZH whE W74

oY AR TF 9 AZF TE9 HO0 tid 9 e wkgA o] ujet
AT o AP A 279 RE FF9 HESO] H2 5
el AzbEE @R 2 23 YGH2Y A%, YGTS YGLI B} wE £x2
A Zkell HlElEte] A&
TAHE AEEo] 30-408 Alolol FASA "olzth o #YE 520 mM
H:0:9) F=A XM= H=3sA e oh(Fig. 35). o] A3 YGH29 7 $-ol HO:
gho] WkZAZEe B2 HAEE B 5ol JAME 3023 /A H
| ool 7ol el nZHIYLE L ¢AFTHNgo, EO, 1994). YGL19 7
YGTe fFAFeHA detstEdl, ol A2 H-FN& A4sts YGH2e loiMe 9z
ol & W, YGL19 Z% L-FN& Aisioate o Azxg wido] A=
oM d A3 FoF Aoz Hol FNe 2do] g wgigol ol o g
Ao A W 715 & AX W 2 A% 7153 HOol o3 9ol 23e &
dol & AR fFFHATh

[o
_EL
3
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10min 20min 30min

40min 50min 60min

Figure 35. Susceptibility to H:0: stress of the cells grown until
exponential-phase. Cells in exponential phase(ODgo=0.3) were harvested and
resuspended in PBS at a density of ODgwo of 0.1(3X10°ells/ml) and then treated
with various concentrations of HzOs. For each strain, 10ul of cells diluted to 15,
3.7, or 1.8X10%ells(from left to right) were spotted on YEP(2% Gal) plates.

(6)-3. A&7 A2 222 menadioneo] o3 UHA
5] 3 menadione?] FTFE olE M FF EF A LN Eu 4%
27194 AELO) O Egth AR L)X A FFE 10 ¢ M2 menadione”t
2 2L AE2LL FASFAT 20 ¢ M menadionedl 4 AELo] FHASFA Fa2A
A%+ YGTS YGL1dl H3ld o 91E$e B A thFig. 36).

olg} Tt A AAE7AANE A FF EF 20 M menadione7tA] AE o] =%

—o

t}H(Fig. 37). ©ol#3d dA2 menadione (2-methyl-1,4-naphthoquinone, vitamin

K3)dl Z3"E  quinoned 3oz AZrH o)Xl Quinoned LAA Y

¢

)

(one-electron reduction) & o] Wz} &9 (two-electron reduction)oll ¥ 3}A
= 24 Yol semiquinone radicalES BA st AbAet &olstA vEE
gozm ROSE IHAsA =HEo(Nutter et al, 1992), oAz A=
Semiquinone free radical intermediates®] ¥4 §lo] DT-diaphorase(NAD(P)H:
quinone oxidoreductase)ol]l 28] F=3} 7] A4S AXA ¥ H(Radjendirane et al,
1998). Wty TE #FF7} AFEI|AMRY A 27l AEL] L olF

_75_



A% 270 2249 Ax ALAY 8% o2 U3 DT-diaphorase®) &4 =7}
S7FtAl F°] menadione®] F537F dojute AR FFEU dow o FE
< DT-diaphorasett glutathione S-transferase?] d4=E FHHTo=Z
menadione A &4 & et dvh 4 €A YGH27F & F 5o H]
3t menadioned] © WZFE o], menadioneo] YHA e 2ol AAHH
ROS7} H-chain FNO.2HE] H o)L & ojx AR WEIEF FE3] gEA
Aoz Bze oz,

10uM

YGT
YGH2 |

YGL1

15 & 1.2 #wal

Figure 36. Susceptibility to menadione stress of the cells grown until
stationary-phase. Cells in stationary phase(ODgpw=2) were harvested and
resuspended in PBS at a density of ODsw of 0.1(3X10°%ells/ml). For each strain,
10ul of cells diluted to 15, 3.7, or 1.8X10°cells(from left to right) were spotted
on YEP(2% Gal) plates containing various concentration of menadione.

OuM 10uM 15uM 20uM

YGT

YGH2

YGL1

15 3 1421 $salx

Figure 37. Susceptibility to menadione stress of the cells until
exponential-phase. Cells in exponential phase(ODgo=0.3) were harvested and
resuspended in PBS at a density of ODew of 0.1(3X10°%ells/ml). For each strain,
10ul of cells diluted to 15, 3.7, or 1.8X10%ells(from left to right) were spotted
on YEP(29% Gal) plates containing various concentration of menadione.
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20003 2o 98 yeast genome project®] A ;
~ Saccharomyces cerevisae nuclear genome 16719 chromosome2.2 4
Hol A+
- Nuclear genomee A 1.3X1077] oo @712 o]FoA.
- Nuclear genome 99| P|E&Z=g] o} genomes 7}3.
- MIPS (Munich Information center for Protein Sequences)ell A #21% ol
2 W nuclear genomel. EX-E 6275712 vl A& 33lE ORF7F &< %
olZ 87719l ORF& ¢ 13 kDakt} A& AL 7HY.
- U EZ=g o} genomee 32719 ORFE 7FA=d 15 47019 ORF+
°F 13 kDa® ot A& Ex%F& 713

!

- S, cerevisae genome data ¥4 A} ferritin®]lYt ceruloplasmin <,
bacterioferritin® ORFE ¢& oz ZAME, H2 Austs5S d#e =&
A AANA ferritin 2 B& FHA71=H ceruloplasmine] Bt W

& e

o

H
ER QoM E o] F2 AP 7B A (vacuole)olw HIXEe] H
AAo] #HHP FHARE ol 7K AR vl gl&(Raguzzi et al., 1988).
Z P2 FHe zdr)zte] v
3 FAFgEo] LAY o] FARE S Aol AAHEE #H$) Friedreich's ataxia
(FRDA)Z z#3te fAAs} oo Agste AR FAA YFHI 7t %3 A A
Zo] 910l FRDAES =#st= $AX7F &= oA oM (Campuzano et al., 1996),
o] &AQl frataxin® 210709 ofmiito Z o] Fojx low 7T dEAA &
ot olet HAME wlAo]l  Caenorhabditis  elegans(49%9]  dEd)ek
cerevisiae(31%) =28 e H At} Frataxind viEF ot 753 BT &
o] Jd&eol RuHATH AP, MEFF, EF @A L BT UEIZEZolRY AT
AFGE 7R Al frataxin® PIEZ=golrl Be A 2 TEIZ 2
tt. © Yo}yl YFH1# FRDA 99 dE ofell & Frh(Babeock
et al, 1997). YFH] 3427 249 &% AEE 249 35 8(02 consumption) =

o

__, o
M

flo
i
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s
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B ow(Babcock et al, 1997) AE 7ol F£43] FuE =Y o|AL MEZE=E
o} DNA <43 23 ##Ho] v} Frataxin® 2 tiA} 712k zte] 440 AA
de 4 FHAQL yhl oA gloiM vEIZ=goprl opAAF I vlmsjA 104
olAe] AH o2& Z=ATo] P o EN HEH A (Babcock et al., 1997; Foury
and Cazzalini, 1997). o] 23+ v|EZ=gol ] 3 £4o] FRDAY ®HALE &
A8l o] AL DNA £40] & o]&9] Zujd 93t oxidative damage] Z3=Z 4
o]\ &8 om3lth Frataxinol FIEEZ=dote] H tiAl 71 Ho w3 &L st
A ZEs] wEx=] @t nEIZ=gote A FFd ()2EAEA FEsA
U H w2 (HREXREN FEeE Ao E FFFHUA0. Frataxin® W EZEo}
AN A heme AFAE L Fe-S cluster Aol & o]j2o] FREHEE 3= 7|5% U
& Ae® FFHAT HIZ EZ=oldlA £89 frataxino] 2 A7 @A
dol ExHA o FN #Fof dAAg et A7t AT o]t (Gakh et al, 2002;
Park et al.,, 2003).
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1. Ad7E5% 92 J&
B A7 gAY T3 EHE gRAAM Azt H A A ferritin(FN)

H-chain ¥ L-chain #3x, 283 HolA FAAE TAAZSH A AE oA FN
o 29 A ZH(accumulation) ¥ FNOoZFE <] A& -E(remobilization) 7}12+& 8 3k
AZ W 7159 24 7118 dstazl o ) ol& st & dTdAE 2 A=
ol el EN9 A2l A 715 AFF22Z4 FNY F subunit®] AlZW 7]5S olsfst
I °o]¥ H-chain %% L-chain FN& # Z¥A 243 NEX a0 Z83& 9 24
BETGHQ ol & 715A & Aotk z¥lxm o FH Y FN &, H-chain?} L-chain®
kol AR thE FNE A2sty, o859 AZd 75S Btz Hugdezx Ax i
e 7ol MR olEA ZEHEA oldlstazl vt FNE A4ehA] ¢he ZRA 9
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