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Fig.1 A schematic representation of the experimental setup

(a) Illustration of purified hemoglobin exposed to geomagnetic field, and a pair of nonmagnetic aluminum alloys was used as control (Sham).

(b) Hlustration of purified hemoglobin exposed to 0.3 T external magnetic field provided by a pair of permanent magnets.
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Fig. 2 Expression and purification of human and yak hemoglobin

(a) Schematic representation of the pET28a expression vector for human hemoglobin, containing a cassette of tandemly arrayed a- and S-globin genes

with a Shine-Dalgarno ribosomal binding site as a spacer DNA. The cleavage sites of restriction enzymes are labeled. (b) Schematic representation of

the pET32a expression vector for yak hemoglobin, containing a cassette of tandemly arrayed a- and S-globin genes with a Shine-Dalgarno ribosomal

binding site as a spacer DNA. The cleavage sites of restriction enzymes are labeled. (c) Gel filtration chromatography of purified human hemoglobin,

and SDS-PAGE verification of purified human hemoglobin was shown as inset. (d) Gel filtration chromatography of purified yak hemoglobin, and

SDS-PAGE verification of purified yak hemoglobin was shown as inset.
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Fig.3 UV-Vis spectra and EPR of hemoglobin
(a) UV-Vis spectra of human oxyhemoglobin (OxyHHb, red), deoxyhemoglobin (DeoHHb, blue) and methemoglobin (MetHHDb, green). (b) UV-Vis
spectra of yak oxyhemoglobin (OxyYHb, red), deoxyhemoglobin (DeoYHb, blue) and methemoglobin (MetYHb, green). (c) X-band electron

paramagnetic resonance (EPR) spectra of human hemoglobin with different states, showing the heme signal of methemoglobin at g=6 and the signal

of free radical at g=2. Spectra were recorded at 10 K. (d) X-band electron paramagnetic resonance (EPR) spectra of yak hemoglobin with different

states, showing the heme signal of methemoglobin at g=6 and the signal of free radical at g=2. Spectra were recorded at 10 K.
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Fig. 4 External magnetic field facilitates human hemoglobin oxygenation

(a, b) The human hemoglobin oxygenation process recorded by UV-Vis spectra every 10 min under geomagnetic field (Sham) or 0.3 T external

magnetic field. (c) The concentration changes of human oxyhemoglobin (oxyHHB) during oxygenation process. (d) The concentration changes of

human deoxyhemoglobin (deoHHB) during oxygenation process. (¢) The concentration changes of human methemoglobin (metHHB) during

oxygenation process. n=3.



2216+ EMUEEEYIEER

Prog. Biochem. Biophys. 2024; 51 (9

DK A TG 06l B 1 1l 2028 1 B AR
DA T I H 2R e, S nT LIARYE 21 8
R IR AU 0 & B 2 TN
R A b A X — e R A LT R LA A s Ak
B, FRAMRE M2 8 IR A R T AR A A
MR AMAER . AL & A AR &
MIIMET 2, XA JorEds T A i T
B (Kldc~e) . MBRBEAEZSIPE, WAL
FHAHEARE MR, B2 H
T RWPEARWIEAL, TEINMRESA AT, A
218 I AR (B 4d) o FEIng 2 et
HRZrp, A LT A R IMLT Rk AR (&
4e). BT EERINLLLEE (FIMLT BT I, FEHEA
NIRRT, IR0 HR A O R Ak B
(JFl4e) . TEHNTEZH A Sham 2H 22 6] B REAS 22 8] 4 Lt
XA R A B, AR PR FHE R 4lifk
2T 88 FURE S 22 B LU AR, i 21 8 PR v 3 ]
O3 AN [ Y
2.5 EHHE4MAEBS AR

FA T A FHAEAL R FE2F 121 36 A i T TRV RE Al

(a)
0.40 - .
Sham —:0 min
——:10 min
———:20 min
0.35 ——:30 min
~———:40 min
:50 min
0.30 - :60 min
=
.S
2025
2
=)
<
0.20 -

540 560 580

A/nm

() G

=

R, NEETGA ., EETEs AR, FEA AT
IR A BORAEA R 450 T = T AL &
Mo AT A ML 75 2 K2 120 min A HE5E WK
AAERN (K4a, b), MEFMOEHNAARK
Z97F 60 min NEP AT 58 AL (Kl 5a, b). X —2E5%
W T R AR A TR R AR BE I AR 3
TEREAEAR ML A AR, g (1A
5b) [ UV-Vis ik ARk X HR2H (& 5a) B
o £ 30 min J5, ARG AT UV-vis Y1k tH 8L T B
R (E5b), i B 7E 50 min f5 41212
PG (El5a) . [AIRE, (R4 MM 2L & IR & T
BT RAEHE S AR A A R . DA R
PRI e A L 2T 6 A 2T R B, AR 5 s Rk
20~30 min Z [i], JN@EALAFEA- A A INLLLER VR
WELT WA BT, X AL ARG R e
(5c). Sib—3k, hnmidlpse i Eun s & e
(R A TE 20~30 min 2Z [], HYEE T &35 00 T R
P, TR R R R R AR X g A 2 (]
Sd) o NRELLAY Bk I 2T 2K 1t e R 2R (&
Se). AEEMIE, FEAA A IMLLE A A 21

(b)
Magnetic field (0.3 T)
/_—\ :50 min

X :60 min
\yz/ \

040 ——:0 min

——:10 min
——:20 min
———:30 min
——:40 min

035

0.30 -

0.25

Absorption

0.20

Il Il Il 1
540 560 580 600
A/nm

|
520

L e—e :Sham
—4:03T

30
= 220
) ks
g E
= =
z z 0
o) a
_5 Il Il Il Il Il Il | _10 1
0 10 20 30 40 50 60 0
t/min

10 20 30 40 50 60 0

O Il Il Il Il Il Il Il
10 20 30 40 50 60
t/min #/min

Fig. 5 External magnetic field facilitates yak hemoglobin oxygenation
(a, b) The yak hemoglobin oxygenation process recorded by UV-Vis spectra every 10 min under geomagnetic field (Sham) or 0.3 T external magnetic
field. (c) The concentration changes of yak oxyhemoglobin (oxyYHB) during oxygenation process. (d) The concentration changes of yak
deoxyhemoglobin (deoYHB) during oxygenation process. (e) The concentration changes of yak methemoglobin (metYHB) during oxygenation

process. n=3.
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Graphical abstract

External static magnetic field facilitates hemoglobin oxygenation
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Abstract Objective Hemoglobin is the iron-containing protein in the red blood cells of many animals. The
primary function of hemoglobin is to transport oxygen from lung to tissues. It is composed of two identical
a-globin subunits and two identical B-globin subunits. Hemoglobin has unique magnetic properties. The
paramagnetism of deoxyhemoglobin, and the diamagnetism of oxyhemoglobin and carboxyhaemoglobin have
been reported previously. Studies have also shown that external magnetic field affected blood flow rate, but
whether magnetic field may affect the oxygenation rate of hemoglobin remains unknown. Here in this study, we

are aiming to address this question with recombinant hemoglobin. Human hemoglobin and yak hemoglobin were
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selected as the research objects, and a recombinant protein expression and purification system was established to
explore the magnetic field effects on the oxygenation rate of hemoglobin, as well as the differences in the
oxygenation rate between human hemoglobin and yak hemoglobin under external magnetic field. Methods The
recombinant expression and purification system of human and yak hemoglobin was established. The recombinant
hemoglobin expression was further optimized and appropriated inducing temperature and IPTG concentration
were screened. Recombinant human hemoglobin and yak hemoglobin were purified to homogeneity by affinity
chromatography and further by size-exclusion chromatography. SDS-PAGE was used to validate the purification,
and UV-Vis spectrum and EPR were used to characterize the biochemical properties of recombinant hemoglobin.
Deoxyhemoglobin of human and yak were placed under 0.3 T external magnetic field to test the magnetic field
effects on oxygenation rate, and geomagnetic field condition was used as a sham control. The UV-Vis spectrum
data were measured every 10 min, and the concentration and proportion of oxygenated hemoglobin,
deoxyhemoglobin and methemoglobin were calculated to analyze the effects of magnetic field on the oxygenation
rate of hemoglobin. The magnetic properties of human oxygenated hemoglobin and human deoxygenated
hemoglobin have been measured by SQUID, a superconducting quantum interference magnetic measurement
system. Three biological replications were performed for each experiment. The possible mechanism of the effect
of magnetic field on the oxygenation rate of hemoglobin has been investigated and discussed. Results Human
and yak hemoglobin were successfully expressed and purified by E. coli prokaryotic expression system. The
optimal expression temperature was 30°C, and the most suitable IPTG concentration was 1 mmol/L. EPR results
suggested that trace amount of methemoglobin existed both in the purified human hemoglobin and yak
hemoglobin proteins. The oxygenation rate of yak hemoglobin appeared to be faster than that of human
hemoglobin, and the additional magnetic field treatment significantly increased the oxygenation rate of both
human and yak hemoglobin, and yak hemoglobin was more sensitive to magnetic field than human hemoglobin.
The paramagnetism of deoxyhemoglobin was verified by SQUID measurement. However, the diamagnetism of
oxygenated hemoglobin remains uncertain, probably due to the presence of trace amount of methemoglobin in the
sample of oxygenated hemoglobin, which was consistent with EPR results. Conclusion In this study, human and
yak hemoglobin were successfully expressed and purified. The purified hemoglobin proteins have similar function
and conformational states as native protein. External static magnetic field facilitates hemoglobin oxygenation, and
yak hemoglobin seems more sensitive to magnetic field compared with human hemoglobin. These findings
provide theoretical basis for the potential applications of applying magnetic field to improve hypoxia symptoms in

clinical practice in the future.
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