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Abstract

Hemoglobin-inorganic hybrid nanoflowers:

synthesis and applications for carbene reactions

As a kind of non-toxic and environmentally friendly biocatalysts, enzymes have
been widely used in organic synthesis because of their high catalytic performance,
mild reaction conditions and strong specificity. Because free enzymes are difficult to
recover and reuse, strict requirements on reaction conditions, easy inactivation and
other inherent limitations, the practical application in industrial production of
enzymes is limited. The immobilization of enzyme molecules in the carrier matrix can
overcome the limitations of enzyme effectively through appropriate immobilization
carrier and immobilization method, so as to promote the wider application of enzyme
catalysis in industrial production field.

The discovery that enzymes can catalyze many unnatural reactions, a
phenomenon known as enzyme catalytic promiscuity, has greatly expanded the use of
enzymes in organic synthesis. Hemoproteins are a class of proteins containing iron
porphyrins (hemoglobin, myoglobin, cytochrome, peroxidase and so on) that have the
ability to catalyze a variety of unnatural reactions, such as oxidation, carbene transfer,
and carbene X-H insertion. These studies opened up a new world of types of organic
reactions catalyzed by heme proteins. Our research group has previously reported that
hemoglobin (Hb) can efficiently catalyze the synthesis of quinoxaline compounds by
carbene reaction, but free Hb is difficult to recycle and has poor protein stability. To
solve the above problems, we prepared hemoglobin-copper phosphate hybrid
nanoflowers (Hb-Cuz(POs), HNFs) by co-incubating bovine hemoglobin with copper
ions and used it to catalyze carbene reaction to synthesize quinoxalines. The results
show that Hb-Cu3(PO4), HNFs show excellent catalytic performance in this reaction,
and Hb-Cu3(PO4)2 HNFs can still get up to 85% yield after repeated 10 times,
showing excellent reuse performance.

In addition, many studies have proved that hemoproteins can catalyze carbene N-

1



H insertion reaction to construct C-N bond, which provides a simple way for the
synthesis of a-amino acid derivatives, a-amino ketone and nitrogen heterocyclic rings.
Carbene N-H insertion with aniline and ethyl diazoacetate (EDA) as substrates is a
model for evaluating the activity of carbene insertion catalyzed by hemoproteins, but
the carbene N-H insertion catalyzed by hemoglobin has not been explored. In this
paper, Hb-Cu3(PO4) HNFs were used to catalyze carbene N-H insertion reaction
between aniline and ethyl diazoacetate, to explore the catalytic performance and
reusability of the immobilized enzyme. In this study, we optimized the reaction
conditions from three aspects of reaction time, reaction temperature and catalyst
dosage by controlling single factor variables. Under optimal conditions, aniline (1
mmol), ethyl diazoacetate (1 mmol), deionized water (10 mL), Hb-Cu3(PO4), HNFs
(protein content: 15 mg), sodium hydrosulfite (25 mg), 25°C, 12 h, Hb-Cuz(POa)
HNF catalyzed carbene N-H insertion reaction yields up to 87%, and free Hb yields
up to 74%. Furthermore, after 15 repetitions, the yield of Hb-Cu3(PO4), HNF was still
up to 75% of the initial yield, indicating that the immobilized Hb-Cu3(PO4), HNF had
excellent reusability performance. The work in this paper broadens the application of

unnatural reactions catalyzed by hemoglobin.

Key words:

Hemoprotein, Hemoglobin, Non-natural reaction, Immobilized enzyme, Carbene

N-H insertion reaction, Hb-Cuz(PO4), HNF
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(HFEREREMER 2)RENERK G)AREFR"
Fig 1.6 The formation mechanism of organic-inorganic hybrid nanoflowers
(1) nucleation and formation of primary crystals (2) crystal growth
(3) nanoflowers formation
), KT BRI A SRR, X B, B (EAD
FEBLEAREHE LNBEERS&RE T (Cu?) HITHRMEREEY.
XL SVINYIAE AR e it 7T — M B R AR B, EARS T
R AR AT R S AR TG L. BRERARR T ) 504> Cu? 7 U 1 W IR s A 2
K, TEHAYIRCE. Eix)E » AR AR FEGERTE A0 B ek
ik ERNMERERET, EERESEEERESIRBIZ, TERRAENR T SCEE
IR “BOK” ER, BAEIERSE .

1.4.2 GeKIEA R 932

“HOL-TNRACPURM B, A% B G B LA 7 5 A
IR RS G AE it . HGURTERIPE R B A HLAL A LA AR AL T A2 Ak
EE MR OFHRAE -FMEAFENAEIAPMENA D (ERET)
M EAE B ARAE . @4 m R s Fh UL _E 3 1R DA HLZE 70 A JEHLZH 73

CelRE 1) MEAEMERK9KIE .

1.4.2.1 BEABAYKE



H—% A

Wu 55 DABBENA LAy, Cut ONTENLAL Y, il o ] B i (0 A AL 4R AE
TR H A T A& SR WS BN, S A T A b, [ B B AN
KICMATE IR 1 22 A . koAb, SRR aeE SRR T CGHMTak
AEE B TR EE ) FITER P AR ED, AoRAE R B LIS PRGN 1 180%. &5
REFRH], EEEMEN 1005, EEAESRIERE 1 93.2% W6k 71, [H
ENBEERE T B RA I R ER AN, pH RE EMMARENE, A2
o 1 i R B S R PR

B 1.7 RESRMUAKRIEEILERET R

Fig 1.7 Synthesis of Viniferin catalyzed by laccase-incorporated nanoflowers

Jiang <537 LAREWT B (PPL) NAHLA D , Cu ENTNA 7y, 1S T
BIENIBE (PPL) HIZRALAIRAE . LGN KAE RT LU DIy (A 3oF i 22 2 o IR T 1) P
FIKMRINE, UESE T 5 [ 380 I i Bk L 0 g 07 16 B R 5 1R 07 O 1k ARG E 1
I HLIE A R B B A K TE AL SR P 2 7 AR5, AR R IE 21 95%
L b o I HAEIZSE56 TP Z B B AL AR AEAE 2 B I R (R 0 Y I 2 BB
AEE, R BT, AL ARIE S i E A TR b, BE R
B I EATE I AR e I DL mT EE R, LA By s (AL B T R A K Rl

E[]

AN
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Sunflower oil

Biomimetic
mineralization
| —

PPL@Nanoflower

Biodiesel

& 1.8 PPL@Nanoflower fE ¢ 3= L1 M & A A HI4EH
Fig 1.8 Synthesis of biodiesel from sunflower oil by PPL@Nanoflower

Bh4h, Zhang 25 LAHRIE T —Fh L M2 1 N TEHLAL 53 ] £ (19 Mins(PO4)2 2540
KAL) F A 5 A= P A IS F T3 0e 2 B2 (RAC) RGN . SR E 225154 i
T Mn3(POs)—H AR IR E SR, K iRiEA G (IgG)  A-IMLik
2 A (BSA)FIZE w2 L ik (RACant) & A FMEANFEHLALY, Hl%T =
P K E AR, B Mna(PO4) 5 1gG K E A MK (Mn3(POs):@IgG)
RACanti  (Mns(POs)@RACanti) 1 BSA 5 Au 4§ Kk B ki
(Mn3(PO4)@BSA@AUNPs). LA 2T Mna(PO4), 5G4 KAE FIA R A= 4% 18 o
IRk, S50, X e Mny(PO4) FEGNK AL H AT 8 B AL 208 TR AT R 14 F
WeateRe, JF HIXRGUKRE SARHG & W 8. DIRebiEEm . Y raa s
R AVREENES, WA T B SB IR, 5HAMITEALE, AL S
BAAPGHE. R, RS,

V.. “4‘-— w1 Hartopamine | .
fg0, RAC_,, ur HSA i f";"g ' ‘J{i.r —= i e
3 ]
i £
E-Lv-w—t
r‘ - . Racnene ‘

1.9 Mn3(POu)2 4HRTEAE A —FhFTBLER (L F A 445 B3R B TN 52 %2 BB AR Y
BRRIRIEE, B3E() Mn3(PO4):@IgG, (ii) Mn3(PO4)2@ RACanti,
F(iii) Mn3(PO4)>@BSA@AuNPs £lK £

k)
L

Fig 1.9 Fabrication schematic diagram of Mn3(POs),—based nanoflower as a novel
electrochemical biosensors for RAC detection, including (i) Mn3(PO4)@IgG, (ii)

Mn3(POs)2@RACanti, and (ii1) Mn3(PO4)2@BSA@AuNPs nanoflowers
11
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=
Ll

1.4.2.2 ZEABAYKE

KAl 4 H—Fh LR 2 P LB (Gox) AAIEWTEE (PPL) XUBGAA LA
5y, Cu? ALy, & s X AL g ALl gk ie, ke
WA EAL L o SRR AR R, ARRCT U7 2 1 3 %) B AL g (Gox) AR i
g (PPL) KU, XUEGHURICHEALYEREE =, HINEEIEA 10 K5, 7784

m‘%ji 82%[14710
Glucum‘(og e,
- _Ethyl acectate
e : 3R Ty J \

b

\
1
Peracetic acid
O\
A

PEEAE I'n situ epoxidation
<P GOx Lipase Lo CLI;(PO_;):' 3H20

1.10 WEGLAARIEN SHREREI R AR

Fig 1.10 The process of epoxidation of alkenes mediated by dual-enzyme nanoflower

Sun % A\ DURI &) B AL (GOx) FIBRAR I A 4L ¥l (HRP) WU 1E A
HLALS;, Cus(POa)2:3H0 NTCHLAL 53, il 4 XU 3L A0 BT HL-TE WL A AL 4K A%
( GOx&HRP-Cus(PO4)2-3H20 nanoflowers) , 44K 1t 1) 4] %) ¥ E AL B (GOx)
Ao AL AR AR O AR (H202) , HaOo F 5 40K 76 _E M AR I 3R i 44k
Yl (HRP) 414> %4k 5Oy 3,3',5,5- V0 BRI I (TMB), AT 7= 2E B 4
MR . BT AERANGRIET, PIFBEL > M BE B AR, I B AL 28
RRIRD T HoOo I BRI 53 i, AT DR DR B v 1 481 2 ks U 1) RARE . DAL,
T3 21 2 B 3L A0 38T HL-JE W% A 9 oKAE T DAAE A6 ] BREAST I 17 v R BORE LL
g
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B WE

Step 1:Glucose+O, &b Gluconic acid+H,0

Step 2: H,O+TMB HRP o H,0,+oxTMB

1.10 (a) FIF GOx&HRP-Cus(PO4)2-3H20 KL T 2 2208 09 2 Bt = 2
(b) GOx&HRP-Cus(PO4)>-3H0 4K 1L 40 M B E HE RV AL TR
Fig 1.10 (a) The glucose cascade reaction was detected by GOx&HRP-
Cus(PO4)>-3H>0 nanoflowers (b) Mechanism of glucose detection by GOx&HRP-
Cus(POx4)2-3H,0 nanoflower
i BRIk, AH-THARGKAET R TR AT R, IFEERE
TREAKIR . I BGKAE R 167 510 G 7 VR AN 22 42 IR ) 2% 2 A ]
FM. MAh, RZYRAE S TR m B AR e, HAEEMEAR. £
e, BB T2 DMV AR AL 5 T A AR ORI S 7T, AT T AR S A -
TENLZAZ KA HRIFE TG R A A AR AR A 4 AR 7 I g Rl A s She i) 3 12 F
AT

1.5 ZR XA ABNEETEANE

ZRN LA B FSCRIR K, ARSCUAR AL AE A A WL 7y, SRR
B i) 26 H M 20 8 (- AR 2 AL R A, T — S8R R HL N A, LA
ARSI R TN A

(1) 2T E - W R A 9 K A ) 2% A4

AR SCHATCA A ML R AAE AN D, 8T LA 7 il & 21
A -BERR R ALK, FFMGREE . B IR AN IR B =07 TR 4R AL A A
AT, B AR T A (SEMD L i ELHZDAMGHE (FT-IR) M
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§—% irE
X SFEATH G (XRD) W H AT RAEF 434, I G4 KAL) # A e 1 A i A7
e AT EEL .

(2) ML B -9 K AEAE AL R 5 BB e kAL 54

FATRBAAESGRT IO T, R T —Fh gt m R e R k2R AL & W i 4
AL, B OOR) B D7 VA AL A RO IE MR AL S, E R R B K (RS 1]
R, BT CAAS SORBRAT BT i) 28 ) I 21 2 (- BR AR 9 K A8 B T A WU A, R
ML 2T E - R A 4N KA A 12 S 8 HH () e A4 e A HL mT 2 S R A

(3) M2 H-BERR AN K ALAE R 56 N-H 4 A\ S S A N H

BATHE A 218 AR IZ R LR £ (EDAD IR N-H #fiA
SNE, FERE 2 B0 ML 20 B - B IR AR 9 R A B Tz e R, R T e AL I 2L
HE ELEZA LN A fhE A 1t R DL A 5] e A4 i %) mT 2 20 R
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F B MAEB-BERFAYKIERF] & KRR
2.1 5|5

R R RO I RN, A AR B SRR e 3s, ik
HA B SERA HEAAREE  IRBE S R S 0 S5 A, BT AR K
2 A LA A = o — 5 LR

[ BB R AR MBS, B F0 N GO TR B 5 A e B A i v b s i P s
Tt 58 T 1o B2 5 AR 2 i [IUSU O 3 2 R T S5 A0 s A T 2 L T A WU 2 i
e o] A T ) T AR R R B B AR T LACRS E 2T R R T G R AN IR
TRA BRI O, AT ORFFEE 2 T RS R . i DU 3353 1) ] e AL 3R 22
KEZ=, JET, CEAHEEATIEANEIAS, SRETEATIAE,
# A N-THIRAAKIE, B AGRIERZ G LT RT3 T2 I B 7 FBH 25
Er R N BTN, SRR A Hl s R R B . Aeas gk A 5 T el
B AL 1) o R E AN B AR e 1 o R HL-TEN LA PR AE TR T RN SIATT
BTN, FOARR T KEMKIBI . ZELL R ER, AL
LA (Hb) fEAFNIAES, CuHE RN, i IR & % M40 R
A -BE R A 24 L9 KAE (Hb-Cus(POs) HNFs) , 3K HAE AT R A TH HLL
FA R . TEH % Hb-Cus(PO4), HNFs I A e, FRATTRI I 41 28 (1 1A 1 3 41
WABERE JKVEAL L E (R TE 77, JEAREE . PR DL K &8 B Tk
= J7 THI#RFT Hb-Cus(POas) HNFs il £ [ iE 26 4F, FIFHH BT R (SEMD |
R AMEE (FT-IR) BLK X BFZEATST (XRD) X Hb-Cus(POs) HNFs 4T
RS HT

2.2 SEIGERSy

2.2.1 SCIO{AS
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BRI\ E Y YPH-E S

S UHBAWR MSEE R
1 JI224BC B #r K7 Bl ERAX AR WA R & 7]
2 BSA223S-CW TR B B RAX AR B AT PRA ]
3 HIEKHR FEI AT KB BRI AR A R A A
4 ERIRGE IR e RV AR B L T B A BR A 7]
5 Nicolet 5700 Z{# BLIH-21 M4 Thermo Fisher Scientific
6  BOT-IA B! =AM bk L ZR — WUk e 4 A R 2 ]
7 BERIRRH I M T St K E S AR
8  BRAEEREE O TR LB AR PR A ]
9 I X JEIE AR SL I = WA A IRA ]
10  KQ-250DE M= miEwes: RIUi@EAE A RA A
11 EEAGTENL PN UK S B AR A PRA ]
12 BT 2 R H A s 7kl it
12 XRD fiThiHX (XRD-6000) BN

2.2.2 SEERG]
A S5 3 ) B SE 7 5K

w2 AEBW ML 2R
1  Bovine hemoglobin AR IR A A
2 CuSO45H0 R
3 AR CRAIRE) L A
4 HEME (30%) M 7 A
5 AR (BCA) L A
6 RALEH 221 A0
7 BEERZEPP/PBS (pH 7.4) ARG A PR A W

2.2.3 Hb-Cus(PO4), HNFs H# % K &4k

2.2.3.1 Hb-Cu3(PO4) HNFs [ &

B 10 mg 4° L4125 (195 T 100 mL PBS (PH 7.4, 0.01M) 1, [t & &k 0.1
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mg/mL (M4 & AER A CuSOs (1200 ulL, 500 mM) ¥k, REHEI)G
B AE 4°CIRENF B E 48 h, £ 6000 rpm | &5:0» 10 min W HES 2 [# 52 1L
MELEE, IFHZEETAK (DD B EE g 2-3 7, ZEREMRRRAR
ZNEI RO IRAR A E

2.2.3.2 145K ABE DN E

FNP) AL R LA N S e R BR SR T, e R ERIREE L, Y
MNEZIRTIEA R, FNTIRAE DML R BRI {EREE O, L%
PRAMIESE, ML A A ATEYE, Al fE Ry — Rt A mg, o] F L
LW MFHE ISR EN, RIH AL REEgRees, T DAAR SCR
F A G AR B LI i 20 2R R SIS /), AEMLALER FAFAE R, HaOa Al
BRIRBY BB IAB T, IFAE 470 nm A B KR, AT DAFRA 138 3o
5 min N 470 nm 3K RO BE IR A0 SR A5 L4128 1 0 i S AL RS . DAy
BN A470 4L 0.01 v 1 /NI EAGBRTE BT (UD o BIARSCEGE 7 547 58
SO 1E25°C pH 7.4 44 F, | mg 8 AR AR CRAIRE) 51K
JEEAMME (U-gmin!) ",

2.2.3.3 Hb-Cu3(PO4); HNFs i & &AL

BAHL-TENLIRA KA A SR AT (1 D530 T B g LA 2 BRAL PR T — 58 5
M, FTUAARSCIRATNIREE, &BET (Cu?) KEE, UKREA (B KE=J
[ A6 Hb-Cus(PO4)2 HNF's [{ i &, TEB— AR AFA N, M€ M40 A -BERR 4R
ARAE I % 1 I S 1

(1 WE

AURAL 97 & IR R A SOR T GORAG I AR KR, T DB AR A AR K
RANFIFLAE,  INTRI R TR IS 0 — 8 M2 o I HL-& sl B I v 45 2 52 1 41
WA SRR, e AR E . ACRATEE A (B§) WK 0.1
mg/mL. CuSOs (500 mM) 21T, F37l7E 4°CHI 25°CIRFESRAF R, HEEAH
T 5 7T il 25 T 43 Hb-Cus(PO4)2 HNFs fBEE 77,  LARFT Hb-Cus(PO4)2 HNFs i
) pd i B 2%

(2) &JEETIRE
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G R BT IR AR A K T T 4 S R Eh ) AE b i (0 B 2 R Ay, TE
AR E K R e B G E L E . BT DAARSCIRATIAE 4°C. EEEIRIZ 0.1
mg/mL 24 F, 433%% 74 10 mM. 50 mM. 100 mM. 200 mM. 300 mM.
400 mM L A 500 mM B A [F] <6 B 5 I o 1 T il 2% BT 43 Hb-Cus(PO4):
HNFs FIEEE 71, AR T Hb-Cus(PO4) HNFs U R 538 4 55 1 i = -

(3) EHWKE

1225 AR G RAEAE A S P o B B (R 2 R oy, TEGRRAE IR 35N KB
B R AEH EEEA, BrUAASCIRATLE 4°C. CuSOs (100 mMD 251 F,
%%%Tﬁommym\ammmmommwmu&QMWMLmﬁﬁﬁﬁ
9K B 45 1F N 1) 4% T 43 Hb-Cus(PO4)2 HNFs B VS 77, LAR %% Hb-Cus(PO4):
HNFs JE S iREEH () A&

2.2.4 Hb-Cus(PO4): HNFs KB B MEARE

K BCA VNE g ATk e s ks, HEERMEAET, &
FIR Cu*' it i 9 Cut, Cuts BCA XA &Y, W1 BCAE S —
A Cu'e ZIKIEMEMI L GYITE 562 nm kb BoR & ZIMRErE, AR Hix
AERN AT B, RIA] S AR R R 2L R S &
TAAKAE ) B E A FR T A R

Al-A2
Al
[=[EE (%) , A= MAREASE (mg) , A= EEFEASE (mg)

78 5 38 2% 14 N 1 % Hb-Cus(POs), HNFs. il 4% 58 5 B0 (6000 rpm, 10
min) WEGKIETINE, HZE 7K (DD BEEk 2-3 YA 2R 1 AR [ 5 (1 .
¢ )5 ¥ Hb-Cus(PO4), HNFs HEAT 45 T I FR &
ARG BB E TR AT

I= %100

A1-A2
A3
L =M= (mg/e) , Ai=IMAREASE (mg)
A= BIEFEATE (mg) , As= &340 Hb-Cus(PO4), HNFs ()i & (g)

2.2.5 Hb-Cus(PO4); HNFs )R 1E
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2.2.5.1 HEBETFEME (SEM)

FE B0 38 26 1) 46 HE Hb-Cus(PO4), HNFs J&, B0 AU Hb-Cus(PO4), HNFs
HEyiiE, HHEETK (DD WK 2-3 05, BMAETAETENHh T 12
hJa, BB BRI AR, BUb R RORSTER BT I S o b, JEHBEE
BRIR 3-5 1K, DABR 23R 10 2 RAE A, BEJE A6 20 IR S gt AT BTG A0 B, DAORAIE
TURE S ) RSk, SN)E A s AR, W RS AT R I
IR LRAT

2.2.5.2 [EEMLHLE (FT-IR)

BT E M. B 3-5 g IRALHIRR, TREALE 60°COLlETR, HET
KT, Wt AL B A O TR IR R AR o G B IR R AR BN e P B L
t, REABUSBGEWE . A E TR, BfEEER. RE
BEATHE A2 o ) b SR AIE B e R A R R R N D B A DU i, TR AR T
BAE 60°CHEIR T, BETIKIy, IR B2 Oy TR A o BUE A ok
RN AR, HE A HUS SGENE R, AR5 B AR 28T, TS
HIPSVIRIE SR EAR ) s I

2.2.5.3 X HLRATH P (XRD)

SRR A RS R SR T R K A, USSR IR SO AR TN
Freba), SRR A B TR Fr o ) 9 FH S8 (9 B AR R 3 R P TR S, A8
FF S T T 2 BRI A 2 VS O RERE o SR e KE 1) 4 HORE 38 T3 N ERE R4
e, fETAEHIE N 40 kv, TAEHRCH 50 mA. FESFHEE N 4° min', 20
U FE 2y 5°-8° P 73 M il & B AR AE I A5 2

2.2.6 Hb-Cus(POy), HNFs Fa 7 %22
2.2.6.1 fEfFfaEtE

g (40 R AT ) LB ORAT 25 PF B 2R A 78 2 X il ) 2R R 3 g LA il ) 97 11 3 e
SN, KER MR 2 e, # B AT DLCE AR ORAFI TR],
TIRFUA ST 25 1) Hb-Cus(PO4)2 HNFs K [A]if 47 )5 AL RE 77, FRATTK: Hb-
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Cu3(POs): HNFs B 1E 4 CHIREZRM T, /7 60 K, BERE 10 RIFATHUREIEAT
B JI000 e, ATGa 1) 2% B A AR S R BEVE 718 100%, 1HEAFfiE 60 K5
AH T B 7

2.2.6.2 PfaE:

BT =R R 2 BN R, I v R IR S N B R I = 4R
FONTHEFL RS, AT RN A -BERR A 9 KA TR E I 52 68 71, 341
K ML 21 H 3 — Bl R 0 40 K A R i 29 1L 21 5 F TRCELAE 30°C 40°C. 50°C. 60°C.
70°C. 80°C. 90°C. 100°CF¥¥H 1 h g, lEHAEE. DORBHATHRAAHRER
FTAS (RIS 7728 100%, THEAEA [FIERE S5 A T 40 b 31 5 PR R it (9 AR X
BEE /7 o

2.3 RS

2.3.1 Hb-Cu3(PO4); HNFs # & TEMME R

23.1.1 BE

iR 2.1 Fras, ATATLLE A R EE S B il £ 1 Hb-Cus(PO4)2
HNFs LI HIBEE S A E, BRI 24T, Frifil 4 1) Hb-Cus(PO4), HNFs
W 0 B v TR s i B 2% I 1 BT £ BT 43 Hb-Cus(PO4)2 HNFs, X A fig /2 [
N, TERARMR B ) S A T LT 25 1 R 4 A 5 7 2 A A TR 485 ) 1 T3 A %o
SN, AT IR 1 25 A6 R AE A R T 5 2 9 20 B R DTRRRIA N
I B 58 IR AR L, AEMRIR 4°C 25 1F T 20 2 1 3 A A T R4 I 41 2K
H7r TREM =M R, 45 EGIRITE, 78 4°CHAF T il £ 1) Hb-Cus(POa):
HNFs &I H 56 = BB s 7, B BAAS SCFRAT 14 4°CHE 9 Hb-Cus(PO4)2 HNFs fil %
P pd i B 2%
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Temperature (°C)

B 2.1 BEXTF M4 E Q- A KT EEE SIS0
Fig 2.1 Effect of temperature on the activity of Hb-Cus(PO4)> HNFs

23.1.2 BTRE

RPEE 2.2 ATATLAE H, 4 Cu? VKA 10-100 mM B, BEF Cu? IR EM
B IH I, Hb-Cus(PO4), HNFs (B JJ AW I, 2 Cu? WK KT 100 mM,
BigiS 1 2H0 N M. IXATRESE OABEAE Col IR FESE N, il 2% HSR 9K AL DT
WBEZ I, T A S KA P 0 B AR A, N )R B I A
VRO 5T B R AT, R R BRI 2 A OB R I R AL TTE IR,
T3 G TR AR AR, S I AL SIS 2 () 70 o e, T S R S o S ELYE K
RES R RATEI, MM & A RBE R Z il (PBS) H&— &,
IMNFERFER) Co? i, EMEIFEOEN HESEBHAENES, X2
N EEREREN Co R, X2EBERBATRAFHGEAE. XTHY
JEOREBL S Or 40 3R 85 1 B &, BT BLIRATT 6 % 100 mM ) Cu? 3K & E 24 Hb-
Cus(PO4); HNFs & il 1 s Cu? K

=
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35

DO w
(3] (<=}
1

Enzyme activity (U-g™'-min!)

—
%3]
H/

10

]
0 100 200 300 400 500
Cu**concentration (mM)

E 2.2 BFREXNT MR- SR IRAMRKELEE DR
Fig 2.2 Effect of ion concentration on the activity of Hb-Cu3(PO4)2 HNFs

23.1.3 BEAKRE

i 2.3 s, FATHEE 7 AFEE BT Hb-Cus(PO4): HNFs HBEE 77 .
MERERATLUE H, BEE B KRB RZE#T6 I, Hb-Cus(POs), HNFs 1§ /)
AW S, X AT BB AR DR A A i 0 B AR T 4 g W T AR AR B 22 1) A Ar
s BRIT YRR R, (HIREEHR 0.1 mg/mL I, BEE %A RN EA
VR JEE [ 1 I TR A B AR T, X T R B R DN E — 8 = K O LA 4 b s
BIEARS SFEEE SRR E R, KRERE AR TS 8 BER 58
PREE G A ANKAE, & B IR IR 9, ARAEIX L 18, T DLARSCE S 0.1
mg/mL [ 5 [ #1 % Hb-Cus(POs), HNFs, LAH 25K (1) 3045 R IF 98K AE

A
BB

22



%% dir B G -BEER AR R LAY R & AR AT

35

w
(=]
1
\
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Do

ol

L
‘\

Enzyme activity (U-g"'-min")

—
[$2]
1

10 T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Protein concentration (mg/mL)

2.3 BEKEXT ML EB- LR MK TR E RS20
Fig 2.3 Effect of protein concentration on the activity of Hb-Cuz(PO4), HNFs
2z BRIk, BAHIE TAE 4°C. 100 mM CuSOs. 205 A 0.1 mg/mL 4%
71 P 4% (9 Hb-Cus(PO4): HNFs B A fi i (BT 770 T LA SOR BLZ s AR AT
4 Hb-Cus(PO4)2 HNFs (1558 il % 2% 14 .

2.3.2 Hb-Cus(POy): HNFs KB EEZ N E O HE

A SCAE 4°C. M40 A 0.1 mg/mL. 100 mM CuSO4 FJ 4 14 1l % Hb-
Cuz(PO4); HNFs I FEH, MU IMLLLE A 100 mL, BLS IR & H & &
410 mg, @i BCA EME B RAREERE N 0 mg, MWIETHE, 25604 N
% i) Hb-Cus(PO4)2 HNFs [l 5E L E A 100%.

fE 4°C. M4 E 0.1 mg/mL. 100 mM CuSOq 1) 4% 11 7 BT il %% () Hb-
Cu3(PO4)2 HNFs £ H 45 T 15 FR &N 101.7 mg, & iHH A gk B EE N
98.3 mg/g, A, Hb-Cus(POs) HNFs H L4185 H 1 B &= 73508 9.83% CHT
HIFE, ACEEH% R 10%11 5 Hb-Cus(POs), HNFs HEHEE) .

2.3.3 Hb-Cus(POy); HNFs [IFR4E
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2331 BB TFEME (SEM)

B 2.4 5052 (A) AN Hb [ Cus(POs) F1 (B) L Hb 1 A HLLH 4> i1
# 1) Hb-Cus(PO4)2 HNFs H) 4 L 1 R s R . INEI T 3RATAT LA 3] — 3% #6
HA R IIRE, KA —, PURTEIEME AR 2 B, RoR it 1748
KA ER AR G AR B Z KA o XS BREE I FI T /N9 T IRPTHE
T AN AT 78 0 4k, HLAEWRIN Hb 015, 9PKAETEAR AR K AEH BoCE, Ui
Hb A FE A2 5LEPKIETE S SR AL, XA PRER R ERA
15-20 pm.

24 B FEMIEE (A) ¥R (B) ML ER-#HERIEMNKE (HNFs)
Fig 2.4 Scanning electron microscopy (SEM) images of (a) Cu3(POa4)2
(b) Hb- Cu3(PO4)2 HNFs

2.3.3.2 [EMHLEE (FT-IR)

AT 53 AIE Hb-Cus(POs)2 HNFs IR, AR M-Z04METE (FT-IR) XHiE 2
Hb. Cus(POs)2 1 Hb-Cus(POs)> HNFs FEATRAEF 7341 45 Rl 2.5 Frox, 1E
4l Hb f) FT-IR Jtitk ph 22 B th, 78 1654 e A W08 B BE IR 1 AR IER i, i
UEIER] B A P R C=0 4R IR B . 1531 em ! AL IR & B N-H 2
fil1/C-N hifi (% 1D M-COO-AXSFRALAIL FEVEFTE AL . £E 1390 cm™ 4bHY
W IRCHE F-COO- XS FRFEAH A 950 E Cus(PO4) GG B £R Bl rp, FRATTWT LA 2
J& T BRI [ (W R AE s, E 1145 em ! AbJ& T P=0 XU IR 45 IR S0 . 1048
cm ™! 4b 2y P-O BEAXIFRBLAF . 990 em™! Sy P-O BRI M4EIREN . 628 cm™! iy P-
O S 12 4R BNA 560 cm™ ERR £h 25 1T A 25 R B AT 51 S R AR AR R AU
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54 Hb 1 Cus(PO4)2 #H L, FRATTHH & BT 15 1 Hb-Cus(PO4)2 HNFs [ FT-IR Jt itk
¥ B Hb A1 Cus(POs)2 BIRFAEMR WG o« 3X1IE B Hb 8 i Dy ] 5 211k B2 2 49 K 16
AR BbAh, B TANEE R IRAE R ISOR T A AE R ] Hb 7E Hb-Cus(PO4):
HNFs R T L E = S I B AR o

Cuy(PO,),

—— Hb
—— Hb—Cu,(PO,), HNFs

1990 cmy
1048 cm 1

1654 cm™L

2000 1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm’')

2.5 HEREMLIINEE (a) BRI (b) HEMAEH
(c) MAT & B-BER R AL AR TE
Fig 2.5 FT-IR spectra. (a) Cu3(PO4)2 (b) Free Hb (c) Hb-Cus(PO4): HNFs

2.3.3.3 X HELRATH 28T (XRD)

AT %} 1] #% 1) Hb-Cus(POs)> HNFs HEATHE 6 I P0AH 2 b1, FRATTAF k47 T
X F&ATH ot (XRD)Y , M5 R W 2.6 Frzx, Hb-Cus(POs), HNFs Hl
Cus(POq)2 FIFT 406 5 Cus(PO4)2-3H20 K45 i JCPDS 04 A B 4F &R 5] K &
[JCPDS |~ 22-0548] . ilF SZ AT ] 2 W gh K AL R IR i 48 K 16 . JF A
Cu3(POq)2 f1 Hb-Cus(PO4), HNFs P93 1] X fiT A7 B JL-FREF— 2 &
AR AR ), LT E T AN N IR A 0 Cua(PO4)a I di Y S5 44 3 B R
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— Cuy(POy),
—— Hb-Cu,(PO,), HNFs

Intensity (a.u.)

Two-theta

2.6 X BHR1T5TE (a) BEERTR (b) M4 2R B-BEER A 2L 4K TE
Fig 2.6 XRD patten of (a) Cu3(PO4)2 (b) Hb-Cu3(POs)> HNFs

2.3.4 Hb-Cus(PO4), HNFs Fa & 1% 52

2.3.4.1 Hb-Cus(PO4): HNFs & 125 & 1

WK 2.7 fios, R T AE 4°CRIRE A4 T, Ui# % Hb A1 Hb-Cus(PO4), HNFs
it fAfe e th . BEE &I ) A3 I, %% Hb LAz Hb-Cus(PO4)2 HNFs 4L
WP R B, HAPE B Hb Bk T 50% MGG BETE M, 1 Hb-Cus(PO4):
HNFs {8 7 38530 80% I MAEEE /7, %45 2 W [ 52 1k Hb ARXF T3 %5 Hb A
A BRI AR E M, X T REAE R 9K AG 25 1 BR BT (0 R 1 241 B 1 1 — 4
MG, AEFHAEMEAT 60 R J5 K IH DR = (v 1
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Fig 2.7 Storage stability
2.3.4.2 Hb-Cu3(POs); HNFs #fa e

WK 2.8 fiion, R T2 Hb Al Hb-Cus(PO4), HNFs {4 E M. 246 BF
fICT 40°CHS, i 25 Hb Al Hb-Cus(PO4) HNFs ¥ LR B 1 90%LA_E M 4EBEE /7 5
WE 5 R IR T =, A R 1 AN B RIS, (BB Hb 32 520 B 2 = T Hb-
Cus(PO4)2 HNFs, 7E 50°CHF & 1h J&, il 25 Hb Bl /)G 4] 46 8% 711 50% /e
47, 1M Hb-Cus(PO4), HNFs i& BE LR B 80% /e 47 I 4H IS /7. il FEIA F] 70°C
i), U2 Hb BEE SRV LGRS 7116 15% /447, Hb-Cus(PO4) HNFs £ 60%
KA IWIGEBES 7. IR IR R] 100°C, A MHE 138 0, XalRedH TEiE T,
BE T2 MM IER, SRR, FTUALE EATIA, Hb-Cus(POs), HNFs
AR T06 25 Hb BB B m i A e RE,  RETEAH R IR B 2 MRS ). X
A fE 2 TR E I, Hb A1 Cu?* fl PO 45 & Ja NI I 58, A4 7 3
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Fig 2.8 Thermal stability

2.4 KE/NG

GORAE R H R T AR SR LG 10 2 AR S5 4G, 39 KT B AT R ) I 2 T AR
M3 T B AT 1, GORAEAEIE 2 A ER 2 B8, AR TN FIRY
BEN SR HEAT 78 0 Hefid,  IF HARKAL & v B2 4x, 5 T IR USCE S A
SRR SR T BEAE A LG A R T2 LA

fEARE S, AT LA E AE A AT, Cu? ENTEHLH >, Al
TANTCHL Sy AL 9T B 7 F0 PR 85 750 e F T B 2E 2 i o] %t A7 i L 20 2 T
R KL, I BN IR B T IR UL (IR = T e T
Hb-Cus(PO4): HNFs 4 K i 261 . RIFE 4°C. 100 mM CuSO4. 4L H 0.1
mg/mL [ 2 AF T il I AR IR I = (B S 7. AT @E i H 4 i
SEE (SEMD . EEM-LI/MERE (FT-IR) LUK X SHRATHH(XRD) X [ & 14 B
IS LA R G5 i EAT RAE, IEMIMALE A A ) 5 8RS &, JF%% T Hb-
Cus(POs4); HNFs ) #4208 T A7 A e M, 7E 4°CHiE 17 60 K J5, Hb-Cus(POs):
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HNFs 175 B8 1% 55 m s V146 B 1 PE K 80%, JFHAEANEEE Fi¥E 1h)5, Hb-
Cus(POs4), HNFs A% F-37 25 Hb ELA & i Ak re, sE/EMRIRE TREEE L
(R E 17
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ENR IR 2 BB S Ay, A SR EEE, WP, bl
TR PURE PUR ARG 2is MRS B4k, MENR A4 2 H]
THE AP BEIG . RBHRERM . BOCA BSR4
SR BN R . M CafG 2k, UTH L2- "L ay
5 12-“ A SR AE & 1,2-BlE 597 7 1,2- R RIE -4 . IR
MR n-SE AR S, AR S P B R e E 5 1,2- R RS . SRS
55 05-1,2- ZREABIR DL e Q8 2K — % 5 B A ZEUHR 22 A5 IR AL S5 A8 A8 FH R T e g
IR e SRIM, REETERZ A7 B ot HA FI e R AR SRk
R TRRPCRAEAE L TR RN SRR AR A T A i)
MR e SERR A BT Z B e BTUON TI8E “axtafls:” MR
WU AR S v 28 it 2, RN S ATT i o — A 2 Bk, A A
Yolg & R P EA S o — TIURAT 2 I AT IR SRR A, A2 SEILSR A S I i
ORI R —. Bk, WP RT3 & E B A AE R IR S BRI 1 Bk bk
REPE, FFRIE V22 R F1X— L NIHT 7T, g Wiy B A i 20 8 e #AE A 1%
. FET UL ROk, AR RT C 2Tt 1 — R B s - 1
LR AN, W iR A 13- A Y. RIS R A
1,2- % = 4155 [ BLR B G VR R SRAL S (3- R NR IR-2 FR IR D o
FEHE T B I 2 AL S B, PPL SRR 2 N R ML RE 1. M8
b FAh I 21 3K 5 B B A S s AL PR RE AT RESR T AL E 1 DY SR Y P [
TERS o JF BAZ SN I 3R 85 A 0 R R K AT 9 A HLEF & A, fEK
AR R VRS TR IR BRI T AEYIBEET R, fdr AR, Pril
TARRACEREAT TR, FrOCASCAE 2 22 BRS8N AR A b, @A 3k
ITFT 1 2% F 1 7€ 46 B Hb-Cus(PO4)2 HNFs AR i & Hb BEAT MR IR AL S 1) &
i RFCEAEIZAR R IR 2 N P AL IR e DL R rT LR PR RE S, Seda L EE dn
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