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1. Introduction

During the CREST period we have mainly concentrated on developing TRAP protein as a
tool for bionanotechnological applications. This is fundamental research which will act as a
good basis for future advanced research. We have also carried out a small amount of structural
studies on proteins other than TRAP, specifically the nickel-binding protein NikA. This
summary will highlight the following three areas:
e  Structural studies of NikA
o Biochemical Studies of TRAP
¢ Engineering of TRAP for bionanotechnology

2. Structural Studies of NikA

NikA is a periplasmic protein found in E. coli. It is the initial nickel receptor and
mediator of the chemotactic response away from nickel. We were able to clone, purify and
solve the crystal structure of NikA in the presence and absence of nickel (Figure 1).

Our studies of nickel binding to NikA by ITC showed the affinity to be unexpectedly
weak, with a Kd of about 10 u M and the binding site was also unexpected with the ligand
making no direct bonds to the protein. Subsequent work confirmed this result suggesting that
the nickel binds to NikA via chelator the identity of which is yet unknown. Our own subsequent
work identified a second, non-specific binding site for nickel which does not require chelator.
Our results were the first to show the crystal structure of the protein and helped to clarify

conflicting reports of the affinity of nickel-binding n the literature.

3. Biochemical Studies of TRAP
TRAP (trp RNA attenuation protein) is a protein found in species of Bacillus where it
is involved in regulation of the synthesis of tryptophan. The functional protein is a ring shaped
homomultimer made up of 11 copies of the 8.4 kDa TRAP monomer. The diameter of the
TRAP ring is approximately 8 nm and the height is approximately 3.5 nm. The diameter of the
central hole is around 2 nm (Figure 2). TRAP is of interest as a potential component of
nanodevices (see next section). To function in nanodevices, TRAP must be engineered and its
properties therefore need to be well understood before such engineering work is undertaken. To
this end we carried out biochemical studies of TRAP looking at its stability and
tryptophan-binding characteristics.
We used two highly similar TRAP proteins from two species of Bacillus; B.
stearothermophilus and B. subtilis. We discovered that the thermodynamics of tryptophan
binding to these two proteins was different; binding to B. stearothermophilus TRAP (TRAPst)



is not cooperative but binding to B. subtilis TRAP (TRAPsb) is cooperative and shows a
characteristic “exothermic trough” when measured with isothermal titration calorimetry (ITC;
Figure 3). This suggests that filling the initial tryptophan-binding sites in TRAPsb has an effect
on binding of tryptophan to subsequent sites on the ring. Next we investigated which residues
were responsible for the characteristic binding trace of TRAPsb. Because the amino acid
sequences of the two TRAP proteins are similar we were able to swap domain between the two
proteins to make chimera proteins and measure the effect on tryptophan binding. In this way,
together with a point-mutational analysis, we were able to define residue Leud44 in TRAPsb as
the major cause of the “trough” (this residue is Ile in TRAPst). We were able to offer a model
explaining why this may be so. In our model Ile44 is able to sense the stabilization of
neighboring protein subunits upon initial tryptophan binding. It can then transmit this change to

neighboring sites. Leud4 is more flexible and absorbs rather than transmits the change.

3.0 Engineering of TRAP for bionanotechnology

The majority of our CREST work has been carried out in this area. TRAP is suitable
for bionano applications because of its ring shape and central cavity which could be used as a
vessel for biomineralization of conducting and semiconducting materials; for forming
nanoparticles; as a way of placing these nanoparticles specifically on a surface and as a means
to link with other self assembled components in order to form complex nanocircuitry. We have
succeeded in “symmetry engineering” of TRAP to produce a 12-membered rather than the
naturally occurring 11-membered form and we have also produced a TRAP capable of binding
gold nanodots, constraining them to a surface and integrating them into an electronic device.
Recently we have also been able to produce TRAP mutants that self assemble into tubes.
3.1 Symmetry engineering of TRAP: We have engineered TRAP by producing a new gene
that fuses together three wild-type TRAP genes. The protein product is the equivalent of three
linked TRAP monomers. These new proteins are unable to form 11-membere rings and are
forced to assemble into 12-membered rather than 11-membered rings. We characterized the
properties of these rings and solved the crystal structure, proving that it was a 12-membered
ring (Figure 4). We hope to be able to exploit the favorable symmetry of the 12mer to produce
crystalline 2-dimensional arrays of TRAP. Additional characterization of the 12mer form of
TRAP has shown that lengthening the linker between the protein subunits increases the stability
of the protein. Further crystallographic studies have allowed us to locate the linker in the central
TRAP cavity.
3.2 Using TRAP to Capture Gold Nanodots on a Surface and Integrating into a MOS
Capacitor: To make a TRAP ring capable of binding gold nanodots in its central cavity, we
mutated residue 66, which points into the cavity, changing it from arginine to cysteine. This is

able to form a thioaurate bond upon addition of gold thus capturing gold nanodots. The

10



gold-TRAP complexes were attached in a specific orientation to a titanium surface by the

addition of titanium binding protein to the C-terminal face of the protein. This protein was

applied to a titanium surface and treated with gold nanodots as shown in Figure 5. Gold

nanodots arranged in this way could be incorporated into the silicon oxide layer of a MOS

capacitor. Comparison of the capacitance-voltage characteristics of the capacitor showed

hysteresis indicating electron charging and discharging of the gold nanodots in the (Figure 5).

This hysteresis was not seen in controls that lacked bound gold or protein.

3.3 Forming a Self-assembled Protein Nanotube from TRAP: Using protein engineering

techniques we have produced a mutant TRAP that is able to self assemble into tubes of variable

length (Figure 6). We hope that this tube may be useful for formation of nanowires for use in

nanoelectronics.

lob-1

Figure 1: Surface representation
of the crystal structure of NikA
(pdb: 1UIU) with bound nickel
(blue sphere). Important residues
of the binding pocket are labeled.
(From Heddle et.al., 2003)

v

8 nm

Figure 2: Structure of TRAP. A) Shows the crystal structure of
TRAP (pdb 1QAW) with the molecular surface showing
semi-transparent grey and each monomer shown in a different
colour as a cartoon representation. B) Shows a diagram of the
TRAP ring showing dimensions.
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Figure 3: ITC traces comparing the tryptophan binding of A) TRAPst and B) TRAPsb. The trough
observed upon initial binding of tryptophan to TRAPsb is highlighted with the red arrow. (From
Heddle et.al., 2007)

Figure 4: Changing TRAP from a 11mer to a 12mer. A). Blue blocks represent single TRAP proteins.
(N and C = N and C-termini respectively). TRAP genes were modified such that the new gene
products were three or four TRAP monomers covalently linked together by a linker peptide (red).
B)-D). Shows the crystal structures of the resulting TRAP rings, which have either 11 monomers in
the case of wild type protein (B); Chen et al., 1999) or four or three mutant monomers consisting of
a fusion of three or four wild type proteins (C) and D) respectively; Heddle et al., 2006). The mutant
proteins are called TRAP4 and TRAP3 for C) and D) respectively and each contain the equivalent of
twelve wild type TRAP monomers.

A Si0 (Gom) ZhetTonC
A /4: min
)

Si 0.01 mig / ml, 50mM NaCl, Au nano-particles solution

12 5mM Tris-HCI, pHB_5 S0mdd NaCl, 12 5mM Tris-HCI, pH&.5

Rinse and Dry Protein elimination Plasma CVD

uvios /
TEOS
Pure water CV measurement

Thickness: ~ 20 nm
Figure 5: Scheme for using TRAP-gold nanodot complexes to a titanium surface and then
incorporating into a MOS capacitor. (From Heddle et.al.,2007).
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Figure 6: TEM images of A) standard TRAP rings and B) TRAP tubes made from self-assembled,
modified TRAP.
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carbons ] .%SNUIIOH

Datractive force when just @
above surface

Ol an®P €=
” attractive force

Carbon film Si-subsiraie

X 3-3-1 H—RoF IMERERAR T FREEM L7 =V TF AL D 7=V TF /], 72l
Fo-HAR EHE AR,
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3-3-2 R T I BRI AT T R EM LT 7 =) F 8D 2 RotEC AL

3-3-3 FHUBMANTFREAEMLTeT 2V TFAZLD SV H BN AT Ti 37—
v o 2 o ARSI E

QYFFERR R DAt RS D N R

AEWFHNT TABIAF 7Y —FR BB 2 Koo FR R ERITEREN I
—FA T =AY DAEY ) —RELTOF /Ry MEFIEL TR TE 5, 205 I
10"%/cm® THYRIERBE L >TOD, L1bT /Ry R —EDORESTHHIEND, 4
Ry h~DOEFHEANDOFEL —E THVEE Th D, ZOFIETERI N /Ry MidF)
X FEIAE T OB AEREZRAUEESE T ORFHE A RRICT 20 EE X B
HiLD, EOMITH | EAEH D&HHT /Ry MeFE RN T —R T ) F a—T 2 mEE
WA R TIERT ZEL ATREE 72D | Y8R T U A& @ TR 2 &b Al REE R D,
2 XIED 2 WotEANERIH T IUXZ L 7' E S DNA OFHIBESIE ES FIREE 725
72 RDTEDISHITIA,
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3.4 T=IFLDLE 3 WITHEDER
(R BERP R R T —)

(1) WFFESEMEPA K OB R

7 2V F U OERFIIAEFR 12 nm NI 7 nm THY, NEBICKE~ & B2 5 A 3852
EMATRETHD (T =V FATHOWTIE3T B, ZO7 =UF oD 3R THEIEEAED | EEA~D
BIEOENEHHAATIRTI = anifiliflz BrE L, T72bb, 2o "7 EOREE
IR LA BT, T /L L CERIGII SN RN G AL CL BT AR E DSy
TR ~DOIEHZE B LTz, AFFRTIE, 7=VF e FEERHIES L, DLRF 2
BT ETUA AILEASRBIOT I REG T 550 T2 EM EERICLVERE
bS8, MEAANCEV AR A ZEATHIETRIE R IR o e A R L7,

72 UF b LT ERZE I B AR EF L TR W TR 7 2 F U R (N-A Y F e’ L7
ZUNT IR -c0-2-TIVIRF LAY T LT 7Y T IR) (poly(NIPAAm-co-CIPAAmM)) /-1
ARIE=/LT (PVAM) D250 EIRORE B L O A K] (EDC) IRIRIRIE R DR
TEMEZ K FEIE T (QCM) DIREIEAE LD E BRNIAENT LT, [ 3-4-1 12 QCM 128D
fiftdfr L7=7 =V F > & poly(NIPAAm-co-CIPAAm) (CIPAAm content; 10, 22, 30 mol%) DF)E
ZEha T, IREVEE L OB S BRI FE R (L& CIPAAM & A EOBNIN L FEE
OB HERINT-, ZOMEFREOE VL, IEASKRFIIFAETDIHLRF T ILED
HIMZLDb D THDHEE 2 BV, ISR T ORENE IR TN R OV IR (pH 3.5 BERERE &
IR CK P CLEThHoT, ZOMBHIEOXSen%2 MR E& BAEL, EDCIERKIZIR
BT HZETHRARATINEE)DBEAZRKAT-, TOME, EDC WIRIZIRIE L= %
BEIX T L BV KEEIR T THLE THHDOIZX L, EDC ¥IRITIRIEL72WIGA T, 74 hY
IKEE IR CHF AR AAEF OfFEIC XD FBEA Bl S Tz, 2 IR AR 4% | EDC
WRIRIIRIE T2V O i 77 a AIC KO 8 IO 22 e Ve EAHER ST,

ZOHEREAEE NI FEE A VN pH 7.0 PBS 1 COD CV fEHTIZED 7 =V F I
HICAAE S DD IRALIE TR BN OV THRETL72RE R BRORILE T B — 7 3Bl 4E
Shc, S, FEEREP O7 =) F o OE A RIS IS LTz, WEEkDORE{bE T —
JEREOENSBIERSNIZ, S5IC7 2V F 8 PVAM EOFEBILZMRaT L=k 5. pH 7R
BT HLTT7=VF OB TRRMNRFHFEM LRI BN RS,
poly(NIPAAm-co-CIPAAm) % & [RIERIC EDCIAKICIRIE T 52 THRAREGOHEALRIBS
Nz, CV ICk0 & @l SN g I O & T 8 & d i L7z ks B, 7=V F o/
poly(NIPAAm-co-CIPAAm) FE/E I TIZ, Bl - JE TITfEo — I BB S L, AT v 7 5D
BN ETEME KT 5012 L, 72V F 2 /PVAm FEEETIL7 =T OFEkE &2
ZNNIHEDL T EOBEMICEDIEF IS,

342 IZENENOMEE ER CHMESNDIE T BE AT =X LD KA R T,
Poly(NIPAAm-co-CIPAAm) % F - FERE B Cld, S tH STk A A2 DIENEI A E S
DINVHRF VI FEAER L, ZO8AA4 L DPAT ==X —LLTERT5ZLT2. 38 H
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’&;57:9%‘/?@)@2%%%@%72/?@“@ ZxL. PVAm & W fEE I Cld, 775N
TERALL TWATE®D, BILSN 7 = F oo S8k A LA AEH T& 3, il
blin s ﬁfﬁé7m)?/@%<75}@&ﬂ:ﬁﬁ: 5T 5L R6N5, ZNEY, M EREA T
T DN RX LNV IEFTNT T AR T 580 IV EENE TOE FBE AT =X A
INEIRDZENRB AL, WIS L E R R IR OB AL PR RRIE A T L~V T4 T RE
ThHHZELPLNIILT,

Flo, ZOE S FEMBEE RN T T2 TF X R E R 3 RGCICEAI T A A I L C.
AT S 27 2 VF o B2 3 F DA ARG AERL72(IX 3-4-3), BT 2 DOHIERK
£L T Titanium(IV) isopropoxide (TPOT)3 L O Titanium(IV)bis(ammonium lacto)
dihydroxide (TALH)Z AW CT7 =V F U Ho R LR HICHEE S, KR IE 7 (QCM) 5
FNUV-VIS AT MU E AR BREJE RO AT 21T > 7L 24, TPOT TIXBUGHEDM#D T
m, 7 VF B RE O IR GuERE EICB W T ERE B LN EWR A BEOBER A
HELD S TeDITA T, R LT TF X R E~DT7 2UF o DR FE EICB W TEH DX A
bz, —F ., TALH TIIKEIKEL TR EIAFAE TEDTEN D, T =UF L Z T E DK
IR EAZ BAZZ BT AR 22 21T LT, X T, TALH &7 = UF o2 R0
EDRNZ T TF A M oy M E IR AW AE ST LR, BEMEDOHL—ER A ZD
TALH— 7 =V F L Z RV E DR HAE IR A ER T A2 LIk Bh LTz,

WIC EFETIERILTZ TALH &7 =UF L 2o B DA HAEEIENSA R—FGAF Z =T
WA ER L 72, CNETOT 2V F U X 3B O ZIRTER L O =R ITH IR OHEEE B0
T RAITELWES TN 2510 B CARRM L L7 E RO Q0D ZENG, [T
ATBRARVE IR I IR ICICECAN LT 7 =T 2o X2 TH I RINIE LU BL YA S 248
HELTNDETHEND, 65T, MBUCEY TALH O EAS L ZHEITSEIRI LT # ZA ik
L., "B ORERBREIZIOR 12 nm OMIFLAEZE TETWDHEEZBND, TART =UF
BRI RN TERRCIZR 12 nm DAY R —FRZ2MA ANV L, BbEkT ki1
BN LT 2 VF 2 R OREA TR 12 nm DAY R —FAZEMNITK 7 nm Db
I IR DMEE T HEEE AL COBIT T CThD, ThEDOT X =T i1 & et 45—
SOFEELLT, FHA=THEIC LD 7 =t = A OISR TR DN TRRETL
7o ZIVETIT, BKMALBRZ i L T- b T Z N KD 7 2ot =0 AT D IR ITT G
AT THZENHGITEY, FERIC LR TT R VF o2 _0E| ’J:@1’E§%L7‘:><Vf’~'7
AFZ=T e HNTT7 2t =0 5AF 0 OISR ST SOS DI EIT T 5 Z LSRR S L= D
KU T, 7o UF o Z o ™\ FIZIOERL T2 bk T PR F N B A TN — T AF Z =T % H
725G, 7 =t =0 A A OISR ST OGS BT L 22D o 72 (4 3-4-4), UL EO#E
S'EOED\ Fe bk PR3 F 2 =7 #IENIC 3 ROTICHANELSELS L TWDZEARIZSI,
TARZ 2VF 2 3B I X OREGE LT AV FLIZ I W TH[RIERIZ 3 RoTITHAIIEL WAL
ZAIDHL QWD EHELR SN,

FRETTERILIZ AR —FAFZ =T D) 12 nm O A LN E BUGHE L CE R 3561
LT, BT IR T DB AR I -, A IR—FAF X2 =T A iSRRI IR IEL UV IR %
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1TV UV-VIS ATV ERIELTZEZ A, $RAF L Dz 5o SO L TUER T 2R -1 FH 24
THERONAWILE — 7 INBER ST (X 3-4-5), T, FH=T HENICIEET DA/ H
FLNITERF TR+ R LT85 2 Hid,

e i A i fd— B —
assembly
2000 H
o~
£ 1500 i b
= -
E..
=~ 000
= H]
E
—
300
(4]

0 20 40 {HJ 60 120 0 30 60

Time / min
3-4-1 QCM ([ZE VAT L7277 =V F > & poly(NIPAAm-co-CIPAAm) (CIPAAm
content; 10, 22, 30 mol%) D& JE 55

Reduction

W€ THcoon
Iron release o) inipAAm-co-CIPAAm) | =

ﬂcnfm =
r 4

Paly[vinylamine)
(P¥Am) Mot interact with

Fe fon
Figure 2 Ferritin/PVAm or poly(MIPAAM-co-CIPAAm) W RED
S hiSTFENAS T Lol E

3-4-2 TN N O HERE CHHESN DB B I AN =X LR
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Ferritin { TALH Manoparticles | Titania

R

o g g g o
*0.0'0‘ O' alolololo:
QQ‘O‘O“" -)Ioiolo 0'(

2.0 0 0 _0_ (
?

Cl0 0,0, (¢

Apoferritin | TALH Mesoporous Titania

B s s 5 s

T

— Fe
EtOH, Hi0 &=

Fc* Fc
3-4-4 AVR—FGAFH =T {ifliA =7 =it =0 D A (FCH O Sl ias 7 S
(a) Reduction of ferrocenium ion with nanoparticles in titania films;
(b) Reduction of ferrocenium ion with mesoporous titania films.

0.150
— NS BET
— N R Do
—— NS B30 TE
— NS SH BT
0100 F
bat
=
a2
Z
£
0.050 k
0.000 \

2000 3000 400.0 a00.0 Go0.0 F00.0
Wavelength him!

3-4-5 AVR—FGAFZ =T N2/ T DERA A O il s oo i (0 45
10 537, 30 4314, 1 K[l 1% ) (25D UV-VIS A7 MLl
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3.5 —RThlHIDIEH
CREIERAEINA RS 7 v—7)

(1) BFFEIEMEN S S OV

FRA (EFRY N ZNEALIET 2T 00 1% 3 IR0, 2 IRTICEEE T2 FIEICN A,
1 RITIZELHN T HZELEE THD, (VT U0DONTUE 3T 2 T /Ry M TOE 5
BORBRL, BT SAASDISHOWENIEND, ZZ TR TRy MNELET =T
Z 1 ol _RDBF A EAT o T, BRRIIZIR, BB+ T/ A—MVOIRE T /T =
— 7 ORNEZERNCT =V F 2 TDIA T 1 RTINS LR Z B 2072, IRE T /T
2—T7 DI ARE, JREOHFCH RGN CTHA ORESEZERTHIENTEDLN, 4
[F1lX. 1 mg @ N-(11-cis-octadecenoyl)-B-D-glucopyranosylamine % 20 ml DOffi/K H1C
100 °C T 2 FFEo@ESt, TO%BRGL. 1 BEEL TEONRE )/ Fa—T7 %
Weo B 3-5-1 13T/ F a—T 2L RE L, TEHNSTNFE T/ Fa—T7 OFilnE
FHEMETE THD, 7T U EATILEREE nm NEHZEMIZHB B EZE 50nm OELE
DHLDOEFIHLT,

BB/ F2—T713E % BAE I THo I KR L N8B KBSk 2 76421
BRELIZ, BbEEDaT 2607 = F ATA LI Smg/mL DOIRE D HEAKE L T
RABEL, 207 2V F AR IR T ) F 2—T 058 U2, Z D%, BT 2V F IR
ZEOBRON T, B E TSI TRl 21T o7, X 3-5-2 1ZZ DR RERL TS,
JEE T/ F 2—T 1300 B A TRY, TOHLERy DR ZEERIZ BT /Ry hASEHES
NTRESNTWADRDND, ZOH 7LD EDX 4 Clk, 7=)F L ONEICHS
BRALEkT 7RISR T8O BRO LTz, (LB yh) T2V F DX I8k
DERSIITE B E MBS T LT 52 RN, ZNEDFERITT =) F 8
NEE T /T 2— 7 ICHIAENEARR TS T b DO LTS D,

3-5-3 1EXEBICEROFE IR E T BMBEEE T, WAIXZOH S TEDRE D FIH
BNRBHLNEHAELBBLEN20% ThHHERFEL O, BUK CIE, HEAENMEST =Y
F U RN ML TS — RT3 nEBbng, (K 3-5-3 Wit ES M) L
L BRI O TIZ T /Ry L . VT EL T L& o550 i
bNb, SHIEE T /T 2—T WO EMILEEEIEHIET, JVERREENEILT
ZHER DI, 2K 7 2V F o B —IRITIZEEAIS D AT REE DS R S LTz,

H. Yui, et.al., Chemistry Letters 34 (2), (2005) 232-233
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Crlli Tk
! Fellz )\ .

1 um [ERETIE LT 200 nm
Errgy (KW

% 3-5-1 HEEMK%E&&&HL%%%%{%;~7“ X 3-5-2 7=UFLEAF ) Fa—T

N R

........

3-5-3 fEE S/ F a—TICNAENT=T = UF L OF TR+ DYE K %8 1 B EE 5
BEF a—T W COT =) F o DAy Ea RO TR X
QMF TR R DAt RS D Zh 3

BE T/ TFa—TEHW =T R (B Ry OSSR Taikat 3528
ERIEE 72 LTS TGN A~DF SR - DOEEE DRI DI EN A REL 72D EHE 2 B
60

3.6  7xUFrOLEMFEMN
(BBEARRFEIN R RS U7 v —7)

(1) WFFEFERNES K ORR

F IR ARICHAT 57 2V F 0% 24 OV 7 2=y b3S AEA TH CEA L
B TS CHVEDOREME M T HILITEE CTHD, FrI, 7=V F [ TAF
IXTVE =T a I T R 2GR T D56 ERELL UEE RSk L7 D AT RENE
WD, DI ZOMG T DRFEMEHIEL , NAFIRXTVE—Ta OPEREMG
RAT 4= I FTHZENEETHD,

7= UF AL 24DV T 2=y FRFEIAREE T H S LRGSR E 2 TR L T
Do FAT=HLOINETOME TIE N Kifk N7 =V F o 24 BRO R EMHIZE G LTS
ZERHBLMNITIR TG, T, N KinfkH R A AR = F8 o0 fif e OV 24 SR B
MR FEBRAATHOZ LT H CARRALICEE 27 = M AA/ERZ G LT,

F9 L-7xUF 2 (Fer0) D N Kb 7/ Wea A% L, 8FRIEE KPS -)ar e hrxl
F> (Ferd, Fer8) Z{ERL7-, (X 3-6-1) RIZZNEZ LI HCl T RSH, 7 LAl
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T L7 a~w 7 T7 4— Native-PAGE |2t L7 2= D3 fif &40 E LTz, Fi-fk
PEGAETO2RMEE DL EME IR DT=8 CD JEEIToT2, K 3-6-2 137 VAT L7
0~ T7 4 —ORER R THD, pH2 OFIESTIX Fer8 135227 2=y N5y
fRSITZDITHT L, Fer0,Ferd TIXAISHEIN 24 BAREL TIFEAEL TWAI LN REND, 20D
ZEVEDE X CD JIE THHEZRSAL, Fer0,Ferd b Fer8 TlI 2k E DAL ENEMN
Rz, ZODREMED T, X BREEMRITICE2 KBRS ORETHLIRII,
4T Fer0,4,8 DA IGEA LI T DL N RimFE A R KT I > TR ZDMEE DT
BT 2=y MNE R O 7 2=y MNOKFREE DA L TEY, I Fer8 TlE#~7 =vh
NE O 7 2=y Ml L DOFE G O R BB L TNDEE X BILD, ZIHDOREIED D
7= PRI EE R D EBRFE L — 2075, Fer0,Ferd L LLfE L T Fer8 TIL =05 E&H-
L. N Rk R ORI LD KFEE G OB T =) F 501 OfiEs B ALk L AE
(ZRBR RIF L CNDEB 2 B, 24 B AHEELE EME~DOBEE 25 AR B,

E
% FerD
®
8
]
5
2
< 4
E
& | Ferd
&
(b) ®
&) :
re gl
& {  long helix (*,B,C,0) 2 i
/& i short helix (£) < i
f 1 long BC loop
I\ .f" % non-helical N-terminus £
\eg S | Fers
vl &
Apoferritin monomeric L-subunit E
(24mer) c
g
(c) 3
Ferd —> 5-5-Q-I-R-Q-N-Y-§-- - -
Ferd —> M--R-Q-N-Y-S==++
5 [ 7 ] 9 10 "
hetts =2 M5 2ne Elution velume {mL)
3-6-1 N Rz KRLIZTZ=UF D 3-6-2 TINAWMIT LA T
B[ T7 4 —DYERER,
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H- bonds of
inter subunits

H- bonds of
intra subunits

WS ans ~

S 4 P
2Ty )y
(11) (10) (4)
3-6-3 X BEISEMEATICEVIAL N o2 7 =y b 7 2=y "N DO K FEfE A OFE

XX,

QWFFERR DA BRIFFS DR

T VF I FOY T 2=y MEK B R B DN DL E M RIE TSN,
PNAFIFTI B =L a BT DR AR RE NI L R B RICIE I TE5E5 A0
N5,
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3.7 7xVF LB REERR LR ARXDF SR O/ERL
(Z2 BB B R I N7 v—)

(1) WFFEFERENES K ORI

7 VF ANTEY FAILLAFIEL RN O BRI FE 2 FHH T 28R 74 RIE T,
3-7-1 IZZ O Z /R T, 1RORIRTFRERPTVE FSTTELH T 2=y b3, I
HREAT24 HEED, 58K 46 TOERBARZ L _IBEHEL Td, ORI, S+
PEX 12 nm, WK 7 nm ThHD, #2737 BRI IR LN 22 B A S A D ER OB
IKETF v RADBFLEL , Z2BAFT L BEBONTRTIT ONAFIXTIE—a LDk
TS, RIROT7 2VF L Clk, 2ROV 7 2=y B350, LEIEH R H 5, HHITIE
RN O 248 A A R b L T3l T D8RR LIEMEE AL 30 . AR O 2fi #1213
PRI LTGRO TR b ST, 28RN CERR L4 (ferrihydrite) D=7 Z TR 5, L B>
cVFATRE D2 T, SRTEAE AV ERL T 52 &N MBI TS, Ly H liBIEH 12, NI
FEAL Bk DRSS AL G AR E SNADEML AR D | NEBIZAMB LV FRENIR T v v L MK
WERFELBIL, IEOAA U ERDIAZLLT <o TD,

b= VR 2R3 ET LALE H B OY 7 2=y bR kb e b7 =5
ZVERLZOBE EMZ | RAERRE CHELIZEZA, K 3-7-3 (TR T L7kt R e
ST, —RIZHEATTRE R ~ i~ =V T CTldk, ZDOZEMEN 50-60 FEFIDIAEDZ LM
RSN, T, BARR D7 2V F N LAEH YT 2=y hO~Tasy 1 CThbhHih L5
DI, T IR B RO GMRBERE IR AETHDLHENZ D, — 7, L B H BIpn2i)
AV e T U7 2V FALE LS BT 2V F U K0 ETHHN, H BT = VF o Tl
70-75 FECEMEDRIEELDIZKIL LT 2VF o (22T, 7RG 4 721X 8 7/
RKRLUTEH D) DEZEVED RN ENRENTZ, £ T, KR TIZ, VANVREATE L Bl
T 2=y NNBTETORD L a7 2V F o EELU TR A28 E LT,

ARWFFE Tl TR B B BOGBARRRIZ 2 L R G L) TR DIt &I A4 v DV %
MELT, 20®KET LV Ry M kEd BiE LTz, ZhETIZ, Bk ki L&Y
RO T KL B RITEIL T,

FT 2 IVNBIER) T R A DA IRTIE— T a Nl OWCEERT5 [0.5mg/ml V=2
EFURT AR T 2UF o43mM iR T =7 573Uk (11 +100mM HEPS pHS8.3+37.5mM
Wile N N OEIRE BT 5, ZOWRE A —7—CHREELARDD, Rk F 4 ok
IRE 1.5mM X %, ED% 20 /3 FRERHR L=, 50 £ T*Hﬁaﬁ&%?é W, XD
a7 By Lm0 (D IZEY, OB 76852 TOAN, BRLKFERPMZ LD E,
IR P O AR 2 AR BSIENEAICET D, ELC B BRI, B A0 L
& EIZD TR E S OWEIRE 2> TD, 20 BB A % 1% B B
(TEM) THEIZE 9 DL 3-72 (TR T IR LD T SR -3 7 VT L D HIT A RS
IVTCWDIENER TED, ZOBITIEGLATRELICH DT, b=/ VL O3 /LR D,
B ORERIE Xt 0T (XPS) IZEDHESIL, 2/ VIV EENTODZED MDD BT,
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ESITXAREHRYT L0 Z DRSS Co304 THHZENRESI,

TR 2VF a2 EERO R — S OWIE T, WK a0 ZE L RIRFIZE D BT AEL
— Mk E % T, BB AT EAEI CIEBICZ BEO R AOLEBNERSILD, XU OHE
DOJFRRIL, AERSNIZBIba SV IR T 70— ar L, ROE R IV KREL o772 Th
D, —BRELE TIX, SOICEHEDNHEA T, TR TOBLa VIR Lo To B 2 B,
Thebb, TRTZ 2V F AT SV IA A ZEIA I Co304 F /B ZNERTH K
L CWAIZENRENT,

PLEDREAZ LD 7 2V F T Co304 T 7KL F A MEEIZ TEL LTI o7y, FI2T
KA BT 2V F o OREITIZR BN K-> TV, ZAUREIEAICTE T 2R3, 27
B L7 2V F o B E AT, EBEOaT KT =V F L ORIERE R TS HRE
ThbH, 7 xVF RN T IR B B OB ZINHI L TODZEIE RSBV TV,
ZDAN=ZALT, o _VEOR) L 7haI A ML THZIZh Wb T, 22T, &
DILZOREAR m O D102, S FEm AR =F L7 Va—/L (PEG) TESARL , ISk To
VN DA RR L BEE ORR T A iR LT,

3-7-4 (RTINS, TARTZ =V F o OARETITE L THhDHI o7 I BT Rk
FERLT- PEG 27 IR AT /LS A CREIELTZ, PEG 23 1L LTI, 0 F &2 #7005 3 FlfA
@ PEG #H (43 &4 300, 2000, 5000) 7, 7=VF 5 F D PEG EHfIX,
MALDI-TOF/MS (ZE0FER LT, (X 3-7-4) ZOFERINSAH T 2=y 1 2L 2 ffD
PEG 4 A #5 G CHEESNIZZEDMERENIZ, Z0 PEG i 7 AR 7 =VF &2 HN T,
FeDa VVNE ARSI T, 2 VVNREETZ 2-9mM I8 bSE Tkt
LA R EBRZ AT e T2, EOFEFE, PEG5000, 2000 312, T H D= VR0
BBV, PEG5000 BE0ZEDBhRIIKE)N -T2, T2, W PEG CTI3imflgh i<, £7-
PEG2000 ZWINL72721F CHRICIHINRIT T o7z, 7= F U CEESNI2 K PEG
TR R AR o7, FARMICEHL TODIPL DT ITAF ¥ — U R Th D
ZenREnTz, (K 3-7-5,1% 3-7-6)

UL EDFERTD 2SN 2R A T = F o DENRZ R SGE T 52 88
L7z, SBIZ, ZNHDH AND, SV MEADHIIA =X LEL T, LU F DX L0 H#E
TESIZ, WK FEERINT D2 LKV ER LT T TATF v — D% O L MEIRAY,
VA FAF =V h T 2 UF L DNREITEED, PEG $EBHLH L. 2Dz L
{KIX PEG $HOH CIRFEFE LD, £ DT | BRI T AR L TR & SO A e 2 LA 41
Hl T HHENTEHEE ZDINLD,

WIALE D EIRD T VR - A RIC DWW TRl 3%, Z3VETIZ, ZnS, ZnSe, CdSe, CdS,
CuS. Aw2S 728 DT/ FiBEA UL TETAY, £ CdSe T/ ki F-DERUT OV TIAT 2,
KA TIX Cd A4 & Se AAANTRIRITSUGL T CdSe Z1ERIT 5, 2 CZORISEHIHIL
DOTRTZ2UF U NTO CdSe & kizH#HERET %S Slow-chemical-reaction system (SCRY) &
Two-step-synthesis protocol (TSSP) #7543 C CdSe D7 = F L N ANAAIXTEB—a a2 7o
72o £3° SCRY &L T CAd AFNNIT - E=T ZBNSHE T tetraaminecadmium ZAFDZEE( AT

25



ofz, FDh Se AA L OMGE . BV /UL T EFHLF T, L /UL TR CldE
OO TPHLVELRELT Se A4 ZMET 5, Z00 Cd A AL D& EfbeL /oL T ORHICE
DRI CdSe DARITELIFINBEL H DA —4 — T o< VT e IHIZHIEITE D, FRED
FOSEIRELTIE, [0.5mg/mL D L H7R7 2VF o+ 1mMOFHEH RID A+40mMOFFET >
F=UNEIERETIEL ., pHET =T KT 8.0 ([ZiHIE %, T L TRBITRICIEE S MM E7R D
TNV LT EINZ D, TREITD O EFHENEE GO EICELL, —BuikE% . a0k
e BBADGHND, 20 FEAZTEM TRIEE T 5L 3-7-9 1T~ 3 557 CdSe T R 1-&%
NERDE ANE L TR OEIMFOND, T T X TOT R 2V F AT SRR ERSH
TWDTED DN D, BT D ERD B/ NN EG RSN, (13-7-8)8ZATHEIZ Se A
A ANNDE, LLEDIH 72T 7R AT B0, ZAUXIEEDIZ Cd A4 v RnT7 )T
DOWNEIZNY , v AT AEM A FF ONRIEEMACE ESNAZEN LI THHI 2R TND, Z
N5 3-7-5 \RSND It JRL B EGBFE S HES =, T7eb b T3 Cd A4 DBk
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(LB HEAR CdS F R 1 DERBAIRZ L BN TOA R TIE, Likod CdSe A CTT
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EABBLED T R Tl LB A AL LT ATV T HRAESEDHZET, AuS OF SR 1%
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VB DR ERIRGAHRIRZEY ZnS, ZnSe 728 OF ki F-OVERUZH RHIL CTD, AL TE
AL OILEWFIETITHER, 12T D728 DERAEHERSS | = 7 U LE DT 7R 11ER
AIREE/R S TETUNA,
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o 2
Tem
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i i
i) ] =0 L1 ] & TO =i S0 (] [ L1 ] 120

Temperature § “C

3-7-3 RBERAEFHILD, U~ g7 =T LB VT (ferd & fer8) B8LUVH

BT = UF o DEEE TE MO ERE R
\ C-apo-fer
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‘ " Fer-PEG2000
H,E:P
Hahi- =MHy 4 ‘1 #o G oHoHig tochonto on,
Gﬁ,ﬁ% o 4]

MeQ-PEG-NHS 18000 20000 25000 30000 35000
Mass [ miz)

3-7-4 7 UF 43 FD PEG B FHWTALR RSO & PEG E£fits D
MALDI-TOF/MS I & # 5
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BT = VTF 2 WG E 0T IR etk BTV TFraRHWizGa o) ka7

D BN FEST-H R TE DO E

a,
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9nm TWEHKI 4.5nm DUATVT 7 VT % VLA -8R CdS T R 1D B4 i & i
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(1) WFZEFERNE B OV R

TR A RIS T TR EREEILTER Y, o /L7l RGBT BV T
F IV AXDOEMAEFREE T HEEM T/ VAP RN ETHD, T TFa—TREIE
DHENTEYF AT VA (TMV) ODNERZEMZ AW TEIB T /A Y26 LT-, TMV I, 4+
P49 18 nm, PIEBZETANK 4 nm T, RNA [2X->TRE 300 nm ([ZHIHSHL TS, k-7 /L
J1V - BT EZFED, ZOWNEZEREFRIH L=y 7L 22NV RO F IUAY B, 3 C
Knuz HIZEDRESNTND, EZTREBIITNETEBISNTWRW, e /vA
YOVERL, FRCHMEA @ ThD CoPt, FePt D& A 778572, G HklL. 150 mM NaCl H1o
0.3 mg/mL D TMV HRIZ, 2/ VAU LA LR oAl A ST RS T Chisal
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FTHIENTE, ZOFT /IAY & @y fEne iz E 1 BB CRIE T 58, 23 o)
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3 A S
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Co3mM + Pt 3mM 17 83 © oeos
Co9mM + Pt 3mM 45 55 o
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1500 000 500 0 500 10000 1500
Fe 2mM + Pt 2mM 25 75 Magnetic Field (Qe )
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RAWEEZ T GEIELNDT /I O/ F UL Y OREE R AT A

QFFFERL R DAt HIFFS LD 2N R
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fRBIISHET DD D, TMV A — R E OSLARREE ITREI MR SN TWD T2 TMV
WERZERNCBH L QWA TR L T IATF v — DoV U ke HAHV T~ AT %
FX—VEFFOT NHI TR LB U B R AERR L. B CORUTE R ST Co-Pt
FIUANYDE AR T, FORER WEZEMIZ T TAT ¥ — VAL A RKTlT T/
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A — )L 3—% 50 nm,
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NI " AAIRXTVE—2ar 07 7L — LTI LI, A&La VR eETTAlL A
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