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§ E: B4 0K G (truncated hemoglobin)Z —AF A £ T @E ¥ &)tk & . MW FATH
(Bacillus amyloliquefaciens) sk /7 49 842 e 21 % &) Yjbl BALER 5 7] 5 & F A M kR4 Yibl #1227
AT AR FRELE Yibl 4h¢ A 5T, ABFR A KA E (Escherichia coli) BL21(DE3)# 48 £,
']T yibl 2B 7 7 B AT HhAL G 53 B Z A HAR pET-28a(+) L, mPp#fT KL, Z/Eidid His F A4
B AT RN 5 4L 69 Yjbl. KA SDS-PAGE. B — & Xigntr. wir 465N T ARt b 5
uﬂi#f&ﬁ%%ﬁéﬁaékﬁmélﬁézJTT/\#fr RIEFZEE A 26 h, 2% 5-BA TBEAR
(5-aminolevulinic acid, ALA)R A2 6954 T = 2R &, Yjbl&A 2 W 122.02 mg/L & £ 133.19 mg/L.

— & KN, AlphaFold3 £ # T 547 & I, Yibli@ it &K a- 3Rk 4 My JFar & b st F 4442
b, RAMBRAENRORZBME., 22RKAMF L R-AGEETHIFE]), He ALA 715
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Abstract: Truncated hemoglobin is a type of hemoglobin found in bacteria. The amino acid
sequence of the truncated hemoglobin Yjbl derived from Bacillus amyloliquefaciens differs
from those of higher organisms and has garnered significant interest due to its distinctive
structural configuration and functional characteristics. In this study, Escherichia coli
BL21(DE3) was used as the host for heterologous expression of yjbl with optimized codon and
connected to the expression vector pET-28a(+). High-purity Yjbl was obtained after purification
with the His affinity tag. The purified truncated hemoglobin was analyzed by SDS-PAGE and
circular dichroism assay, and its heme-binding rate and oxygen-binding capacity were
determined. After optimization, the highest yield was achieved at the expression time of 26 h
and 2% 5-aminolevulinic acid (ALA) addition, and the expression level of Yjbl increased from
122.02 mg/L to 133.19 mg/L. Circular dichroism and AlphaFold3 structure prediction results
showed that Yjbl formed a-helical structures and folds to generate the heme-binding site,
ultimately assembling the complete three-dimensional conformation of the protein. The results
from full wavelength scanning and calculation based on the Beer-Lambert law showed that the
heme-binding rate of Yjbl increased from 13.18% to 22.78% after the addition of ALA. The
oxygen-binding capacity was determined by the redox method, which indicated that Yjbl had a
high oxygen affinity. This study successfully achieved heterologous expression of truncated
hemoglobin in E. coli, systematically analyzed its structural and functional characteristics, and
provided a theoretical and technical basis for the application of microbial hemoglobin.
Keywords: Escherichia coli; truncated hemoglobin; protein structure; heme
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WM 255 3%, FEHE IR EE(Pichia pastoris)Hh
AT EIEE M & A . Xue R S
5 2 K M R R M1 R A R AR R O i
Pk 37 1% £ (Saccharomyces cerevisiae), 50 =%k
FHT 2R M2 AL . Wang S5
AL . R TR BokiEE DS
A B 2 5 R R S ik, ARG T
Ak & 2 ® # IR # W (Corynebacterium
glutamicum) LA 52 BUAE ) 1 2128 1 1Y A] RREL sy
I WA ) & A 77 . Shao 5515 5 5 [
Al ML R A G BGER NS, FIH
P. pastoris SZEL T &R WAL 77 D RE M R B2 0ML
21 % [ (leghemoglobin) , UL AT, 495
JERIB PR FEH T RIEE T & EEY R M
CLER M, JF H & B[R 3 ) 553 A ) >k i 21
EAM BRI E S 25 . HACTAY
RV B ML 2T 8K 1 B AF Y Sy 375 BH B I 21
1 (VHb)7E $& 5 5 08 15 32 781 0 S 21 81 1 ™ i
R i DL R A ot T R DR AR ) A A R = AR
R T N I ZE RO, I 21 AR A
S5 5O Re R R i > . I, A
XEUA Wy R U5 A I 21 8 A T A5 4  3Rak 4
R HT -

TR I 2T 11 Y1 2 — ol 200 T f U 14 it 21
wE, HEREREGE N 132 4, MERTE54
IR R ) I 2T 2 P81 > 20-40 DNEEER, =
LR ¥ 4 e BB 1 o = 2R 45 A0 1) 22 S5 fef HL EL gk
FER R R R e, X PT T S AR il 21 2R
18 AL D 3 PR RN 9 15 5 D g S B AR 45 &
AR AL, R AR PRI A A I i 4 2 I
BRI 5 DR R A E AR R AR
25 3 5 A 0 Ak Y R TR T A DE R 2 LT TR Y
yibl LR P AP G LR FRIR K pET-28a(+)
b, IR ARG I R i T R RS, D
Yjbl £ IRk RN, DAMLEL R AT Tk
FE AR AR IB A, DA m R A i
[FIESF, X6 2 Ak A5 28] 0 46 e il 21 2 11 ) — 454
M= RAE AT TIE 500, WEKRENS
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ML EEE R LIRS G RE T . AR dE—
A EE T A YR IR B0 M £ 8 25 Al o A
DA 0 oA DA I 20 P A R B R A S DR R 0K
AL AR ST

1 MR5r%

1.1 #&
1.1.1 Etk5S R

1% FH K W #T 1 (Escherichia coli) I 2 B #k
BL21(DE3)EN1E F Wbk, T1 Ml #Ek, L
pET-28a(+) N EL K R IB A (K 1) yjbl #R%E I
SR LR B AR VE M SR AAT IR, S RIAATF I
TS LA it . MGG R . 51
oy g S ik (R 2) i R A MERY A R 4
A PR w658 8 o
112 FERFFERE

2xPrimeSTAR Max DNA ¥ & i) H TaKaRa
/NF]; 2xFlash PCR MasterMix(Dye) 3 4 [ 1y
B2 AR A RS Fl 5 ClonExpress®

x1 AMRETANEKRMRAER

Table 1  Strains and plasmids used in this study
Strains and plasmids Sources
Escherichia coli T1 Lab store

E. coli BL21(DE3) Lab store

E. coli BL21(DE3)/pET-28a(+) Lab store

E. coli BL21(DE3)/pET-28a(+)/yjbl This study
pET-28a(+) Lab store
pET-28a(+)/yjbl This study

x2 AMREAASIY

Table 2 Primers used in this study
Primer names

Primer sequence (5'—3")

pET-yjbl-F ATACCATGGGCAGCAGCATGGGAC
AATCGTTTAACGCACC

pET-yjbI-R GTGGTGCTCGAGTCAATATGATCGA
TGATGGTGATGGTGATGA

pET-28a-fp-F  CTCGAGCACCACCACCACCACCAC

pET-28a-fp-R ~ GCTGCTGCCCATGGTATATCTCCTTC
TTAAAGTTAAAC

pET-28a-yz-F  CATCGGTGATGTCGGCGATATA

pET-28a-yz-R  GGTTATGCTAGTTATTGCTCAGCGG

X: cjb@im.ac.cn
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MultiS One Step Cloning {5l & M H b 5T 4 5L
SEMBEARARA A FR#£E . DNA 4
b . Y1 S e AR & W 3 Omega 24
Al RIRER . FHWEE R-250. &l
. IPTG %30 A b R R A RA A

LB #5550 5 o/L BEEER By, 10 g/L ik
FI, 10 g/L A4k,

ALA R : FREL10 g 1) 5-2 0k BN R ER IR
iR (ALA-HCL), fin A L8 1K E S B LR H
100 mL, >R 0.22 pm BEdhUE, —20 °CrkHiff
74

TRER RV . FREL 7.5 ¢ FeSO4, A
BT KERBZLARF 100 mL, R 0.22 pm fii#
Tk, —20 CCUKAEIRAE45

PBS ZZ i : FRELU 8 g NaCl, 0.2 g KCI,
1.42 g Na,HPO,4, 0.27 g KH,PO4, ¥#77 pH &
74, KETFKERELEBIL, KH0.22 um
AU

Lysis Z20P¥: FREX 3.152 g Tris-HCI, 29.22 g
NaCl, 0.154 g i3 Hlif% (dithiothreitol, DTT),
1361 5 ghkms, JHpHE T4, LB TKEREL
AR L, KA 0.22 pm fEHhIE .

AN TR K s e B 2% ph i . BRI 1.576 g
Tris-HCI1, 8.766 g NaCl, 0.077 1 g DTT, #J
WeREBRME . JHY pH & 7.4, 2B TKEREL
RFLIL, KA 0.22 um PEAMTE.

1.1.3 EEUEF

PCR R4 {UI4 H Eppendorf Al &
BV R ELOHLIE H FEER R HRBHE A F] s BRIk
R 5 TR W B0 R 380 B A2 o i A BR A
Al B AR B R P R A ZIRE
fiti A TECAN A+ .

1.2 7%
1.2.1 EhEEHKRIIE

W E S YYH yibl FEN, R raifest
M, SRHERN B, #adkm PCR M
pET-28a(+) kL i AR B H Fn Ak B, 4720
fRAb3R, 13BNtk #ik v By, {1 FH T4k s b i
¥ yibl RS SR, M E gLk

http://journals.im.ac.cn/cjben

pET-28a(+)/yjbl o 1| FH #4431 3 41 ok 5 A
E. coli T1 R HRIRZ B ANEH, SRR F#,
L V% PCR IR UEAS 2N BH M T bk, B i 2 E B
JFkifi 4 4 E. coli T1/pET-28a(+)/yjbl, #E—4
FEHUTRI#5 1L % E. coli BL21(DE3)f5 3= [ K
ZAANEH
1.2.2 EHFEMRILEE T

I & 4L B #& E. coli BL21(DE3)/pET-
28a(H)/yjbl AT IR RIS, K EE A TR B e P
AT LB RIS SR IE P T3, He 2%l
B 250 mL FTEE LB B, T 37 °CIEIRIR
Pt gE 12 h BEXEUE K I (ODsn=0.6); ¥
0.5 mmol/L IPTG 55 Hbr R [k, 451
A FeSO, FIRT YT ALA, 16 °CH53% 26 h,
1.2.3 SDS-PAGE ##iHitEMOEH~2

A0 JLAE ih 22 8 000 r/min 250> 10 min Y AETT
VE, FI lysis 28 vh iy B o K R TRORE 7R G
12 min, 12 000 r/min &.0> 15 min J04E FIE .
M Bradford 230 % & 2K e = AT IH —
1k, FIH loading buffer i AE 4 10 min, Hijk
AEE 20 uL, HJKHLE 120V, Bf7HE] 1.5,
222 D sE i R-250 4t 2-3 h J5 R AN
PR B R AT . 2l Image] 1.52v
AT H AR 1 250 27 7 I B R 4 #T o
1.24 BFENIEBNSEWL

A1 B fh 22 8 000 r/min 250> 10 min Y AETT
V€, KM Lysis 20l E R . 12 min B B
LbER, AE 4 °CZ4FF 12 000 r/min B5.0> 15 min
R FiE . R E I Ni-NTA SERZAT
FESEATEE Uik, A AN R R 3 DR e 2% il 52
PR e, Wl BARd s, i 10 kDa
AR VE R St e 47 N2 PBS 2% thi B AL FE, EER
B Rk & Ak IR AE T 20 °C,
1.2.5 S KEZANE

S R yibl Fe PRk A X e E
BL2I(DE3) W A KR By 52 i , ¥ E. coli
BL21(DE3)/pET-28a(+) il E. coli BL21(DE3)/
pET-28a(+)/yjbl B ¥k 7E LB 55 35 5 hid w55 57,
DL 2% A R T LB SRR, S
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RN A 250 mL FEHISEA 50 mL B3R 3k,
37 °CHezm 557, 4P 4 h BUEE, M%E ODeoo,
il A K £

1.2.6 [E—f3}iZ(circular dichroism, CD)
S

difbE 14 PBS &R 2 AW E
100 mg/L, >R 1 mm GAR A7 9 b (8 MLifE AT 25 41
Sk . KRS B EE R 25 °CK
4, AT 190-260 nm £ BLAHE, HE 3K,
1.2.7 MORFEEERME

W4 100 uL ¥ h 1 mg/mL Ak i 41 5
5 100 pL %9 1 [40% (RFLHOMERE . 0.2 mol/L
NaOH F1 500 pmol/L ZRFALMRITE 96 FLI i
FEMRHIR G . I Z YRR O Z IR G Wit
1T 500-600 nm 2= U K F4, PRI EALIE FOGTE
K. B, H 2 pL %W 11 (FF 0.5 mol/L NaOH
Y 0.5 mol/L 3% — V&% R 80U in 2 S Ak I A
an Y, PR AR OB E o 38 1 R -
BIMA B AT AR, e mE- I 21 AT O R AR
4.3 L/(mmol-cm). it /R -BAMA E B A Y
B EE (C), ML RLEGRFRN . ML E

JBE R U JEE /3R A 1B R R < 100% 242 357
MmN,
AA=¢-c-| (1)

K A FOREEWRTHCHIIILE (absorbance) ;
e JEEIRIHIEREL, o B vk B RS B AR
KT ICRERE s ¢ RIE R RIRIE; | 2
TR EE, RIS ARV W A% 47 1 B8 Gl o
1 cm),
1.2.8 SHEEERNNERBRGE
100 pL ¥R/ 1 mg/mL WM& . 5
10 pL ¥R 10 mg/mL Y% —Hi R #1 (sodium
dithionate, SDT)EWIR S TE 96 LI i 1% A
i, 334 526 nm 1 557 nm B AR RIWOEEE,
BERA 1 min £33 1K AREA R Q)ITHE A F B
Al LA AIE (S, ,), PUER I HrimL & A
ML A RETT, DI 58 BN I 21 8 11 356 S 244
AL AT A B B[] 8 4 A 61

Z&: 010-64807509

KHb — A557 , KHbOZ — A557 , Kx — A557
A526t:0 A526t:oo A526t:t
1.0, :MXmO% 2)
KHb - KHbO2

A Ky 2Bt LR FEOEE 5 Ko, A
AR MELLE RO ; K NFRATIRE t=x
FF X6 07 B4 R O B FUAE . A ] 22 ) i el s S 0 U
105 Assy Fl Asze IR EAE

2 ERE540

21 MIAFEBWRIEKEAL

AR H KGR FRIE RGN T
BL21(DE3)/pET-28a(+)/yjbl & 41 i ¥k, 3 7
IPTG 1755 T 52 Yjbl /R34 3R15 . SDS-PAGE 43
Fris(El 1), 7595 MR ZERTE 14.8 kDa kb
I H R, 5 Yjbl B4y 15 (14.8 kDa)
SERWG, MARE SIS, UL Yjbl 78
ZARG RIS

kba 1 2 3 4 5 6  kDa

180 — w— — 180
130 — p— - — 130
too—! = B w—— 100
0. - 70
40—_ — 55
35 — w— _;1(5)
25— - - —— D5
15 —m— i . -5

.

Cx

1 Yjbl #£ XA E BL21(DE3) AU 3R & K 4
LR UKIE 1.6 T marker; JKIE 2 xR
PR AR M A 4 00 Y TRIR; DKOE 3 M 3RIE Yjbl
PRI R ) 20 L e B .00 Y E Y VKO 4 R alidb)E
f Yjbl; JKiE 5 HREE G EH

Figure 1 Expression and purification results of
Yjbl in E. coli BL21(DE3). Lane 1 and 6 are the
protein markers; Lane 2 is the supernatant from cell
crushing and centrifugation of the control strain;
Lane 3 is the supernatant from cell crushing and
centrifugation of the Yjbl expressing strain; Lane 4

is the purified Yjbl; Lane 5 is the supernatant that is
not bound to the resin.
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YE—23E ik Ni-NTA 25 U2 M8 AR X 24
WP R H e E A Al ditkid md, A
300 mmol/L WKMEPE MM DM, L3R4S T —
EEKAT, 444 SDS-PAGE Kl B R,
HFR AT ME 14.8 kDa AR F &%, HAliER
W, B Ni-NTA 2P R A 3005 B 121 85
1, o His bR%s 5 8H: 08 5 AR IE T 4l fk
ROR, HIkEE BRI A 1), &tk kg
B RAAT S A B AR -

2.2 Yjbl IREAMNEHREKE K LB
FHIE R 2

R T 5 e 2 R R A i 21 2 S R A X T
A K& B, M€ T E. coli BL21(DE3)/
pET-28a(+)/yjbl EAF#R(BL21-YjbI)Fl E. coli
BL21(DE3)X H8 & Rk (BL21) 1 A K15 15 I 2 4l
R, S5 2 R, 785 h ZH7, 24
PR RR A AR KR DL | TR AR AR — B, xR
FRAE 15 h BPR G K, 15 h Z 5k ARG E W
MEAHETE 5 h 25 W AR B A S 2 i K
fH, 10 h JadE ARSE W F 4 PR AR 109 TR 1A 2% 1%
HH AT T X B DA R A TR R %, X TR T
i FH 22 % D1 J0RE 2638 1M 21 26 11 5 S 20 i 7 28
WM EIR AR R A = T S E A, WinT
R H, 5 3500 A AR K B S

1.8 -

1.6 -
1.4 +
—~ 12t
-
< 10}
ga&
0.6+
—a— BL21-YjbI
Ll —— BL21
0.2
0 5 10 15 20 25 30
Time (h)

B2 KBHHELABEEMIERNE KL
Figure 2 Growth curves of truncated hemoglobin
by E. coli fermentation.
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2.3 BFEEMAEBMSEHSH

MLLAE A RH 1 RBRE A ZRREER 1 A1
ST R LG A i ot B FLURR S 1 I 21 28 (127
R T 2R Y bL SR, AR R
e H g2y, it CD 6T Yjbl #EfT
190-260 nm P [FE N A, IER R sC
2 43 M1 W ¥l (https://dichroweb.cryst.bbk.ac.uk/,
Dichroweb) 52|25 (F 3A), 7E 208 nm 1222 nm
A ) G TE B FE S5 R o IR ELE A o
FIFHAEL 2K AF AlphaFold3 Tl Yibl i) = 2% 4544
MR, 153] Yjbl B9 =45 EI(E 3B), FEM
NCBI H1 3R B S 1 21 8 [ (leghemoglobin) FE L
21 % [ (porcine myoglobin) i) 24 3L R 1741, [
FERIFHTEL 85 AlphaFold3 #EAT45 TR, 15
B 50 2T 2 A (B 3C)FE LA 2 1 (/] 3D) =4
gEIE, BE—AE U0 3 Fh 20 (A SE )
UL o8B L BRI, H54h 2 Kk
) 3/3 fold FMRIAN[R], ARG M L1 8K M ZFFIR Y
2/2 fold FHY, 33X 1] BE I X T # 45 F4 TR B 4 4
g, MIE 3B Wl LA H, B ML E
W) =S5 AT 4 A F BN o I8, STk
EAFBHB, E. G HIEBHEXS RN, X4 a-
IRBESE A HES B 2 SO ATIRBEXT ZH AL a-
YRE A (B/E Fil G/H) . WRTHE 25 #4500t 1 AN [F) Ao i
WE ML RGE AT NES, BTHAHAAmR
FRIL 5 M 2T R P R ECAL A, e M Er B p
5% Thra5 . Lys48 Fll Tyr63 i ol S —2
BERR T I 21 3R 45 A PR AR E
24 HIEMOERLBEEHRL

KT YOI R RIE R, Ll Y A )
], 78 A [7) s [] 35 0 BORE IF A Al , e 2ok
SDS-PAGE 153 %l & F1 LUK K (B 4A), ¥
Image] 1355 Yjbl By RAEL(E 4B). 7E
26 hHij Yjbl FEthEsEK, 75 26 h Bl & i
L, P TRR, AR, 7E 10 h it
ARER, AR ARMRE AR R, mTE
PR ™= P A B T iad AR KRB, 3%
i H A ARk . UL RT AL, FE R B A
26 h B Yjbl Fik s .
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A 10, B
0"'-??""i[‘i"“““'\ TR ‘
e i\ : L Thi-=
%D —-10 N Exerlmcntal data — H‘i %MS Ly, !48
E 99 \ Reconstructed data — / p / T3
| Difference (exp-rccon)f’{/ b //ﬁiy— -
:§ =30 \ i .,//\\,
& —40 \ /
[} L\ P
= =50 \Npe— z
a —60 s s P K I;Il? 76
=70

190 200 210 220 230 240
Wavelength (nm)

3 BNmMAZEAZWSMEIE A SEMLEARE OSSR, B: ML E A hins
RIEEGALE ;s Co BUHIMLLE A = 4E 45 R B D: EMLLE N S5 E R E: BILLEN
“YEsER R B

Figure 3 Structural characterization and comparative modeling of truncated hemoglobin. A: Truncated
hemoglobin circular dichroism data knot; B: Truncation of heme binding sites in hemoglobin; C: Truncated
hemoglobin 3D structure schematic; D: Leghemoglobin 3D structure schematic; E: Porcine myoglobin 3D
structure schematic.

4 TELZBEEERMABTAZENTN A AR H F BT S0 FIER. kB 1, 2, 3, 4,
5. 64rHIXIN 2, 8, 14, 20, 26, 32h; Jkil 7 AE1 marker. B: AR#fE Image) THAMFIMLI B 1% 5.
Figure 4 Variation in truncated hemoglobin content with fermentation time. A: Supernatant of recombinant
strains were crushed at different times. Lane 1, 2, 3, 4, 5, and 6 correspond to 2, 8, 14, 20, 26, and 32 h,
respectively; Lane 7 is the protein marker. B: Calculation of truncated hemoglobin content according to
Imagel.

Z&: 010-64807509 . cjb@im.ac.cn
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ALA RMEY G RN RHGME—RAY 25 BENIEZAPHRER-MIRSE
JES, @RI EIRE ALA, IRAMARAS S

AR JEMRTE Yjbl FKikH, it SDS- MAT R ML AR, M2 AR
PAGE 15322 [THIKIEI(E 5A), 4% Image) 115 FHEMLI RS 5P, Yibl (52 8as k2 1 4

193] Yjbl iy S8 (E 5B). I 1%M12% ALA BRI ZBREER 1 AN IMLT S AHESs SR,

XMRB AN, il 2%UemMilEAR A THERMORES SERE AL A Yibl, i
ik, HARERIN 2% ALA (s Yibl Fbk i . R JERIARARRE i 2 8] 04 22 SO ke o 2L 32
IS Yibl =i A 122.02 mg/L #2715 133.19 mg/L, mEARREA . KM A 6)

A B
1 2 3 4 5 6 7 8 9  kDa 160
- —130 0
=130 5 120(
100 EooffH
70 S gol|
55 &
40 ;-:’ 60|
35 2 40f|
Yibl B & gl
148 kDa e L0 B S s - |5 N KR R
e — 10 1 2 3 4 S5 6

ALA concentration (%)

5 AEALAREHEMIAEASENTH A BINARWE ALA 19 HFEEBEES 1 F R -
VKIE 1. 2. 3. 4. 5. 6 IR AN 1%, 2%. 3%. 4%. 5%. 6%UWJEM) ALA; JKiE 7. 8 NZSiR*f
HE . JKE 9 M marker, B: H34E Imagel 718 AU M1 & % & .

Figure 5 Variation in truncated hemoglobin content with ALA concentration. A: Supernatants after crushing
of recombinant strains with different concentrations of ALA addition. Lane 1, 2, 3, 4, 5 and 6 correspond to
the 1%, 2%, 3%, 4%, 5% and 6% concentrations of ALA, respectively; Lane 7 and 8 are empty controls;
Lane 9 is the protein marker. B: Calculation of truncated hemoglobin content according to Imagel.

A B

0.100 0.100

— Restored Yjbl —— Restored Yjbl

- — Oxidized Yjbl o — Oxidized Yjbl
5 2 557 nm
< <
3 0.075 g -
% 557 am E 0.075
@ g 526 nm
2 526 nm o
< <

0.050 0.050 |

500 550 600 500 550 600
OD (nm) OD (nm)

6 HEFEIMLEH 500-600 nm £FKFAWWMAEE  A: FIAE RS Yjbl; B: KEEILILE£E Yjbl.
Figure 6 Absorbance of truncated hemoglobin 500-600 nm full wavelength scan. A: The original bacteria
expressed Yjbl; B: Fermentation optimized to express Yjbl.
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Figure 7 Oxygen saturation curves of truncated
hemoglobin before and after addition of ALA.
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