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Human ferritin H- and L-chain genes (hfH and hfL) were cloned into the yeast shuttle vector YEp352 containing the GAL1
(galactokinase) and GAL10 (epimerase) divergent promoters and the vectors constructed were used to transform
Saccharomyces cerevisiae 2805. SDS-PAGE displayed expression of the introduced hfH and hfL in both recombinant strains
of YIH10L and Y1L10H. The ferritin subunits, that represented ca. 22% and 15% of the soluble proteins in Y1H10L and
Y1L10H, were spontaneously assembled into active ferritin heteropolymers. The H subunit content of the purified recombinant
human ferritin heteropolymers was proven to reflect the relative expression yield of the subunits. When the cells of 2d
culture were incubated with 14.3 mM Fe(ll), the cellular iron concentration of Y1H10L and Y1L10H was 1.7 and 2.0 times,
respectively, that of the control strain. It is assumed that increase in the iron uptake of the recombinant yeasts is closely

related to ferritin expression and H subunit content.
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holoprotein®. 2 ZFHo Atk H-feriting Aiksle AZF
e 3 49 E4& B v, Lferriting AJAbehe
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WfH & WDHE TYL AFWolA HAAZ. a2)std A
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Fetzvle Y 2 U FE2E A% 5FEE E coli
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B &3 MIEZE S cerevisiage 2805 (MATa pep4::HIS3
prbl Acanl GAL2 his3 ura3-52)8 AF&3I3th. 4R A=
3} ZolAu|= yeast shuttle vector?l YEp352E& AL&3}%
om, A ferritin H- 2 L-chain S8R (WH & HL)E =
sl DNA ©HE o559 ax ¥y WEel pYGH29
pYGLIC. 2 HE Z}7Z AR (7). AbH ferritin H- 2 L-chain
W e o8 TelAus pYIHIOLT pYILIOHZ A =
A7l EX TF+ YIHIOL® YILIOHE Z+z} wHH ety
= pYGTE A Agd Q=3

CE T T

AR %7 A} AzF 52 P AF L WA
zZ Bg °é°ok B x]9] YEPD (1% yeast extract, 2% Bacto-
peptone, 2% dextrose)E AME-5}al, EX 9 ¥F AFIANE
AEely] Y A8 AR uracil 49 H4 A 0.67%
yeast nitrogen base without amino acids, 0.5% casamino acid,
2% glucose, 0.03 g/L adenine and tryptophan)E ARE-31$ 0™,
B f= diA e feritin AR THE Y3 glucoset) Aol
2%9] galactoseE H7}3FA . Glucose/galactose Fxo] W&
A FA3 ferritin HHEEFS EA37] A5t WA wracil
27 H2uA A A wFe gAL 1.0 x 107 cells/mL
2 3AM3ae 2% galactose, 1% glucose/1% galactose, 1%
glucose/ 2% galactose7} 22t H71E YEP A (1% yeast
extract, 2% Bacto-peptone) 3}°| 30T, 200 rpmol|A] 547t
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(10-100vhE 3] A3} UV/Vis spectrophotometer (Ultrospec
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228 Lee 59 PUANS FRTh BT W BNA e
Bio-Rad protein assayol] &3] &3} t}(14).

Ferritin &3l xf=g ZclAn|l= 1=

2, BrdMe feritin L-chain ¥3 W& pYGLIS
Xba 13} Shp 12 AEE &, Klenow fragment® 33}
GAL7 terminatorS 2= AL DNA @¥& Ao 28x
GALI-GAL10 promoterd] ¢J3] WH=HE HEZE A %37
Y&t pYGH2 E&~u|=¢] GALI- GALIO promoter 5-
2& EcoR 122 HAHdlo] bluntingdt & AL-tGALT-S A<
39t 2 A3} ferritin heteropolymerE WAAIZ F A&
tGAL7-AfL-pGAL10-pGALI1-AfH-tGAL72] f+3AA A E& 7t
= Z#2An= pYIHIOLS T&39ch. X3, feritin
subunit®] f+AAFS} X7F A E vbE pYILIOH Fh2w|=
2 32317] 93] pYGH2 TAu|=2 Xba 17 Shp 12 A
@&t blunting X 2)8te] GAL7 terminatorE Zr= hfH DNA
43S Aot a8l pYGLI E8k2m =9 GALI-GALIO
promoter®] FHEE-S EcoR 125 Axhsla] bluntingdt %
WHAGALTS AYstdct. 22 A3 (GAL7-mH-pGAL10-
pGALI-HLAGAL7S]  §HA AMEE Ze Eg2v=
pYILIOHZ T23}¢chFig. 1).
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*Mutation site
Figure 1. 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.
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20003t B 4% FHuAd =T F AF 100749
colonyZ uracil 2% WA E toothpicking® The P4
# colony 9 ¥l ()2 FAHFHAT
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Azg Eoesizdl o wAe BAd) 99
SDS-PAGE:= Lammlio] ®(16)s we} Stk AA)
584 99 F fortng) BEFL 2F37| Sla Az
§R79 %&E2 SDS sample loading buffers} 1 : 1 (vvE
o] 100T, 1087 €xgd & 12% SDS-PAGEE 33}
¢ 31, densitometry (Molecular Dynamics PC-120, USA)E ©]-&
st BA3tgct 2elm W3 E ferritin H ¥ L subunito]
M2 @A feritin )FHJHAE P=A, 2 &
g o] A3} in virod| M W3R 7] A
HNE 2Z5S | mM ferrous ammonium sulfate®} BH-S-A]Z]
Z udAg AL o)gsle A7|9EE ST £ A
2% ferritin o] F A YA 7} in vivool A YEP (2% galactose &+
5 WAl FHE S SFseA A M A F
25 & heat denaturation A)Z] ¥, Sephacryl S-300 (2.6 x 100
cm)g o] &3 A FZ2EIYIE FPste 2 ohE
A A o]8dte A79ES FYIFFY. wd 9
S A ME 025% Coomassie brilliant blue R-250-2 A}-8-3}
A3, Fe(DE G387 Hixe 2% KiFe(CN)s2t 2% HCI
faL 1 12 EFF3S upE AR A THT).

Y1HIOL} YILIOH FA|olA A4tg ferritin o] B3 ]
9] subunit®] 24 W& 2zt FFA Y subunit THF
BAE N8 4 74 FEEEHE FEd femitn
olFAFAEZ HIWA AL ol&d HIAFTE FHH
b ferritin THAe] WA o] sfPsts WEE Model
422 Electro-Eluter (Bio-Rad)& o] &3t F &t o] &
8L ] WAAZl o8 SDS-PAGEE F3} 8%,
densitometry 2 subunit®] AthZ <l FFL H A5 HH.

H ol s+ ¥ X EF =

Az vlAEA ol F F5E F=37] 93 uracil
A H2uA A Aujekst A2 E YEP (2% galactose g
) WA A 30T, o] Bt vkt &, ¥4l B (5,000 x g,
5 mindtd AEESE F£HY ©F 20 mM  MOPS
[3-(N-morpholino)propanesulfonic acid] buffer (pH 6.5)Z 2w
AFslgtk &2 AEE (100 mg/mL)yS 5% (wjv) glucoseE
h3 9o SFEAdM 3087 vEEAIZ] o, 143 mM
ferrous sulfate® 78l Wol BaalA] e F7] FoA
247 wrEAZT O F, 44 BEdld AEE £8% o
2 ZFR$= 23 AFsEt 3 o2y #¥ B4E 9%
AXg FAaF (5 : 2, volvol) §Ad A 250T, 8A1ZF HEE
120 o5, 92 §% FTA (SpectrAA-880, Varian)E AR§
to] d9 7EE F459T
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2 (WH & WLE A AL = e HMEHE AR
93] fEAdojn ek promoter?] GAL1-GALIO promoter
£ Apgstgdet. A2olA feritn 2HE FFAZ pYGH29
pYGLL(7) S&An)=28€] Al ferritin H- @ L-chain (WfH
MLy SARE ARSI 18]l GAL1-GALIO promoter
Adste i 4 HLE TY T3 Ul ZEAZ & 3
Az8 ZglAv]= pYIHIOLF pYILIOHE Fig 13 2
FE&3l9ch o]5& 47t GAL1 promoter$} GAL10
promoter &}5°] ferritin FAAE w2 AZAT Zehiv=
o]™ GAL7 terminators ferritin 24 5ol ztzt |43}
9t} Promoter$}t terminatorE A 23 UM A7} FE (2-u
origin, URA3, Amp)< &4} sourced} WA BF F

Y 3tehFig. 1).
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Figure 2. Effect of the concentration of galactose and glucose on the
cell growth in YIH10L(A) and YILIOH(B). @, YEP medium
containing 2% galactose; A, YEP medium containing 1% glucose and
1% galactose; M, YEP medium containing 1% glucose and 2%
galactose; O, uracil deficient selective medium.
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o B AgdAE femitin o]HIFAE A= AZH
3 YIHIOL® YIL1OHY) SlolM glucose9t galactosed] &
of W2 F2l&%e) ferritin HHEFS ZABIAT

o5 YIHIOLY 7S, 5% A4F WA Wi @774
T F2 (ODso)o] HRHHoZ F7iste] Wik 295 A9
HuAo| =eslon HE A FE7F 30-33 ODeoll =
23lAthFig. 2). Uracilo] Zg® A wiAlA 718 A
e BF 4 AR oo R e 74 F4E B
ol 497 HulAo] =E3HTh YILIOH #5-9] -9
T YIHIOLS A9 §A13 4 F2 33 25 oA 5
TE Bt E3|, & #F E5F 1% glucose/2% galactose”}
718 YEP wjAd] oA thd B 74 F4L Btk
Zgiane Qb A oA YIHIOLY YILIOH 73 X
5 vl 37RO 82% oloR Fetxwlzrt wima <t
AsHA A= $lthdata not shown).

AZF BEE FFES WYste 3¢ AA oud 5 wd
9 ferritin®] S ZAEHTh Ferritin & oA w2l
Q3re ZAS A, @F YIHIOLE YILIOH 2% 2%
galactose® E 8= HiA|A ©]ET wYPE @ HY L
subunit®} & W3 gko] 22%9t 15%2 JMF A e
(Fig. 3). ©] Wl ¥3F YIHIOLY] 3104 H$} L subunit®] %4
WA dHke 1 288 EAHUT Ferritin & o] 3
ojde Wikl Wt zo] (14-22%)F HE A0} subunit®]
At TEHge A9 dAIA FAHJTh @5 YILIOH
9] Afole olE7 WYL W Hel L subunite] Azl
WEke 1 : 2322 BEXNETh o] Ao ferritin UH
Foll M ik AEAEH G AASHo U H
subunit®] Ao THYL Zvlshe AES BRIt x4,
T FFohA subunit] A LBELS ME vws] BHE
nfH<] L&) GALIO promoter”} GAL1 promoterB T} At
oz Y%L HPon Hferrtin FFJEAL Ak 9l
o]A% GALIO promoterE o]&3& o wado] o F7Hd
< 1 ¢ Hpersonal communication).

Ml ol

SD0A] MAEE A2 ferritin H 2! L subunite] x§t

Az S uistd HEg AL )83 H71FEFE
S99 s, aweld WAY A7) A forritn H P L
subunico] A2 ZFE} o FHGHA FAZ 0|77 feritn
Bud =S FAeGcHFig. 9. 24 FANA Hoferitin &
& Lferitngl SHY3A9) 0g 992 B=x 8954
Qstrt. o] AL ferritin ) FAFA ] o) T subunito
2 749 BTN F4ug dedston sUde o
A} o) Ao A9 wE AA 2o Aold s
ferritino] He} L subunito] X2 ZFE ferritin 0] &A1
R g 1 7153 olfE AW 5 g Aoltkl). L
H AL in vivo D in vitro A8o|A EF Prussian blue
Ao FF vHES Btk o] AF}E AEAA AgE A
z2§ ferritin o] FAFA 7L 53], in vivooll Al HE AHIAIA
WEol 2431982 dnlate ACZH AEF feritino] &
2 AZeA FAsIE A dojuhA] AU e, F
Z& Hhgo AkE FA $E LR AFHOE dolWH
& F53A gk ol femitin )FAFAE Ak o
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Aol YQME in vivo ABNA E 7 Ao gl B
1EHYKE). ATolE AFY ferritin H-chain %42 Pichia
pastoriso| X HEAA AE AZF feriting] 2 FA}

o FA7F AAEHATHLI).

M 1 2 3 4 5
A

kDa

97.4
66.2

45

31

14.4

H content (%) 24 26 26 27 26
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M 1 2 3 4 5
B kDa
97.4 —~ ___ tooio s
s masos
31 S
‘ H
215 L
14.4
H content (%) 33 30 32 34 36
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Figure 3. 12% SDS-polyacrylamide gel electrophoresis of human ferritin
H- and L-chains expressed in yeasts YIHIOL(A) and YILIOH(B) that
grown in media containing 2% galactose. The SDS-PAGE gel was
stained with Coomassic blue R-250. Expression yields and relative H
subunit contents are estimated by densitometric analysis. The lanes are:
M, size marker; 1-5, each number indicates culture days.

A B
1 2 3 4 3 4

Protein »
stain — oo Gttt || St

Fe stain

Figure 4. Electrophoresis on 7.5% polyacrylamide gel of the recombinant
human ferritin heteropolymers that reacted with Fe(I) in vitro(A) and in
vivo(B). The acrylamide gels were stained for protein using Coomassie
blue R-250 and for iron using Prussian blue. The lanes are: 1, H-chain
ferritin; 2, L-chain ferritin; 3, ferritin heteropolymer from YIHIOL; 4,
ferritin heteropolymer from Y1L10H.
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o)57r wjk® YIHIOL® YILIOH FA=RH AZH
ferritin 0] ¥ A3A o] Ak E A4 B3 & SDS-PAGEE
Z35ted H subunite] Z2A&S B4 A7, 424 26%9
30% Y-S BRIEHATHFIg. 5). o|32 Fig. 3oXAH F A
o4 WA@Y subunitd] 24 B&L Jehd A} dAste
Aoz FdE subunit BF7F o]FIPFANZE 2FHASE
23t} o]Ad] Rucker 5(20)2 Aol A AAHE ferritin
o|FAFAE A WA WollAe] subunit 2HHE 7HIT
1 Bsgch

H

H content
(%)

Figure 5. 12% SDS-polyacrylamide gel electrophoresis of recombinant
human ferritin heteropolymers. The proteins were eluted from the main
monomer band of the gels performed in Fig. 4. Relative H subunit
contents are estimated by densitometric analysis. The lanes are: 1,
H-chain ferritin, 2, ferritin heteropolymer from YIHIOL; 3, ferritin
heteropolymer from Y1L10H; 4, L-chain ferritin.

100 26 30 O

H o2 &5 % X 52

Ferrtn o|30GAE a3t AzY £F FFl YolA
2§ AES Yolus] P EE FFE WS Fead
o WA F AZY A FEE vlw 245 }aau} 2 A%,

2= YIHIOLZ} YILIOHEZ o|Ezt ujekst ¥ &, ferritin
goko] Auizts Y ) #AE FF3d 143 mM Fe(l) o}
-e-A)7] AXZ ) Heol ¥E (cellular iron concentration)=
Z¥z} 24.9 pmol per gram (wet wt)Z} 28.2 pmol per gram
(wet wi)oliTh oju] dlZFFo] glojAe] Hel FE 143
umol per gram (wet wt)o]{tHFig. 6). ¢ TEEL Ul=TF
of BlsiAa He o] ztzt F 17w} 2.08) FIIEE ghol
ot @A YILIOHojA9] #Heo| &4+ YIHIOLo|AM KT <
13% Z71l9th o] 55 Hferriting AJAFsl= YGH2
T3 [16.5 umol per gram(wet wi)]Eth Ztzb oF 1.59F 1.74)
Z718 gre|th L-ferriting A4Msle= YGL1I #3F< & §F
o Yol BEFES SARE &S HYTh aelse] ER
ferritin o) ATAE AAFo2H Hferriting Y4tste &
ARG AT Fo ot Z7ME 2RE AUtk Seo ()
e Az AXE A SAHS W 90% ol Hel
ferritino]l A NStk 2} fermitin o) FHIAE
Ao 2 W ZAE feritin GPYo] H FE F7HE %
HetFEA &L subunit 24 ¥IE<] WHEF 2 F= FUT
2 2¥FHEA o AFdME HEA gt TR £
Fan AZY FRAMY F F5FY FUke feritin LE
2ot} subunit®] AuiFel wHEYE WHI #A#e] U& A
o2 §3Hr} o]xd Santambriogio S(21)2 in vitroo]A
ferritin®] H subunit S 0-35% ZA)Zd) wg & %3
o] 27] ¥he &yt WAty B uElgt) Ferritino] 2
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29 27) Be =9 AE2F AR A% B FFI
A2 FUHA B ACE AT, TE AZT UAE
A3 in vivoollH WA F IzolEadaE s
A3} H subunite] ko] Z7)8le] wle} A 2% ferritinel] 2

NlO rlr i

g8 ol o] Z718e HATKG).
= 30
g .
g 25 | o
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°
E BT M=
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Figure 6. Iron content of the yeasts YIHIOL and YILIOH incubated
with 14.3 mM Fe(I) for 2hr. Values are obtained from three replicates.
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26g FEFIgem, Mate X feritn oJFFFA= A

;tﬂ]"ﬂ/‘i A A g4& HAe AL Aok 222
2 o)A ferritin 0] FATA S Ao 2N UEFF

/HH_C} AZU d =7 F718 A3E 4k
2 <%

2 AFdAe fFEAolw 4EdA promoter?] GALIL-
GAL10 promoterd] A}e+ ferritin H- 2 L-chain 5-3A} (WfH
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o o)A ferritin BHAL o3 AlF HiA F 2% galactoseS
ke wWiAgA 7}0 A Uegor ofEzt Wi Al
subunit®) F WEFo] 247t AA 849 DAY oF 22%%}
15%°0 sNFetdet. 2t gFelA 2@E H 3 L subunits2
A AS ALSS A79FY A ALHORE o FHAA
2 2] AR, I A FH9 &4& EAh
Az ferritin o] FAFAES E2lste] HL subunitd] FFS
B3 A7 239 subunite] v LA AXHE &
2 T3 YIHIOL# YILIOHE 143 mM ferrous sulfates’} Ele
SAAL W, AE W Y9 vxE UzAFFe F=d uld
242 179} 2.08) SRS BTk Az 3’_5’_01]/\1«]
H F4%9 Z/te feritin 2 0]14- subunit®] AFthA 1
ok 93 Bl g AL FE A
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