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ABSTRACT
Hemoglobin, defined as heme proteins that bind oxygen reversibly, is widely distributed in

nature, being found in all groups of organisms including prokaryotes, protozoa, fungi, plants and
animals. The first bacterial hemoglobin to be discovered was Vitreoscilla hemoglobin (VHDb).
When the obligate aerobic, gram-negative bacterium Vitreoscilla isin an oxygen-limited environment,
it synthesizes elevated quantities of VHb to adapt itself to the hypoxic condition and grow
continuously. Oxygen limitation is a typical problem in large-scale high-density cultivations of
cells. On the bhasis of the characteristics of VHb, researchers therefore use genetic-engineering
technology to express VHb in various host cells. Examples of the beneficia effects of VHb
technology include increasing the specific growth rate, final cell density, production of proteins and
metabolites, oxidative metabolism, and bioremediation of toxic compounds. In this article, the
characterization, current applications, and mechanisms of VHb will be introduced.
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Vitreoscilla hemoglobin - HA %% ff 5 v & MR €138 o
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BlRESL T HEER P58 leghemoglobin HIERI P51
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A helix---------- >B helix---------- >C helix > D helix>E helix---  ------------- >
1 15 16 30 31 45 46 60 61 75 76 90
F ‘HY
humhbb ------- VHLTPEEK SAVTALWGKVN--VD EVGGEALGRLLVVYP WTQRFFESFGDLSTP DAVMGNPK----VKA HGKKVLGAFSDGLAH 77
humhbg ------- GHFTEEDK ATITSLWFKVN--VE DAGGETLGRLLVVYP WTNRFFDSFGNLSSA SAIMGNPK----VLA HGKKVLTSLGDAIKH 77
humhba -------- VLSPADK TNVKAAWGKVGAHAG EYGAEALERMFLSFP TTKTYFPHF------ DLSHGSAQ- - - -VKG HGKKVADALTNAVAH 72
humhbz -------- SLTKTER TIIVSMWAKISTQAD TIGTETLERLFLSHP QTKTYFPHF------ DLHPGSAQ- ---LRA HGSKVVAAVGDAVKS 72
soyhbn --TTTLERGFSEEQE ALVVKSWNVMKKNSG ELGLKFFLKIFEIAP SAQKLFSFL------ RDSTVPLEQNPKLKP HAVSVFVMTCDSAVQ 82
parhbn MSSSEVNKVFTEEQE ALVVKAWAVMKKNSA ELGLQFFLKIFEIAP SAKNLFSYL------ KDSPVPLEQNPKLKP HATTVFVMTCESAVQ 84
soylbc ------- GAFTEKQE ALVSSSFEAFKANIP QYSVVFYNSILEKAP AAKDLFSFL------ ANGVDPTN- -PKLTG HAEKLFALVRDSAGQ 75
pealbl -------- GFTDKQE ALVNSSSE-FKQNLP GYSILFYTIVLEKAP AAKGLFSFL------ KDTAGVEDS - PKLQA HAEQVFGLVRDSAARQ 74
ytflHb ---=--=--- MLAEKTR SIIKATVPVLEQQGT VITRTFYKNMLTEHT ELLNIFNRT------ NQKVGAQP- - --N-A LATTVLAAAKNIDDL 71
bacfhb -------- MLDNKTI EIIKSTVPVLQQHGE TITGRFYDRMFQDHP ELLNIFNQT------ NQKKKTQR- ---T-A LANAVIAAAANIDQL 71
vitrhb -------- MLDQQTI NIIKATVPVLKEHGV TITTTFYKNLFAKHP EVRPLFDMG------ RQESLEQP- ---K-A LAMTVLAAAQNIENL 71
alcfhb -------- MLTQKTK DIVKATAPVLAEHGY DIIKCFYQRMFEAHP ELKNVFNMA------ HQEQGQQQ- ---0Q-A LARAVYAYAENIEDP 71
ascehb ----- SANKTRELCM KSLEHAKVDTSNEAR QDGIDLYKHMFENYP PLRKYFKNR----- E EYTAEDVQNDPFFAK QGQKILLACHVLCAT 80
ptnohb --AIASASKTRELCM KSLEHAKVGTSKEAK QDGIDLYKHMFEHYP AMKKYFKHR----- E NYTPADVQKDPFFIK QGQONILLACHVLCAT 83
caehbl ----- NRQEISDLCV KSLEGRMVGTEAQNI ENGNAFYRYFFTNFP DLRVYFKGA----- E KYTADDVKKSERFDK QGQRILLACHLLANV 80
tetrhb ---------- MNKPQ TIYEKLGG---ENAM KAAVPLFYKKVLADE RVKHFFKNT------ -- DMDHQT------ K QQTDFLTMLLGGPNH 63
chl637 ---------- RKCPS SLFAKLGG---REAV EAAVDKFYNKIVADP TVSTYFSNT------ -- DMKVQR--=---- S KQFAFLAYALGGASE 63
nosthb ------------- MS TLYDNIGG---QPAI EQVVDELHKRIATDS LLAPIFAGT------ -- DMAKQR------ N HLVAFLGQIFEGPKQ 60
humcyc -------------- M GDVEKGKKIFIMKCS QCHTVEKGGKHKTGP NLHGLFGRK------ --- TGQAP------- -GYSYTAANKNKGII 59
F helix- ------ > G helix----------- > H helix -----=---=----- >
91 105 106 120 121 136 150 151 165 166 176
H ‘AW’

humhbb LDNLKGTFA------ TLSELHCDKLHVDPE -NFRLLGNVLVCVLA HHFGKE--FTPPVQA AYQKVVAGVANALAH KYH-------- 146
humhbg LDDLKGTFA------ QLSELHCDKLHVDPE -NFKLLGNVLVTVLA IHFGKE--FTPEVQA SWQKMVTGVASALSS RYH-------- 146
humhba VDDMPNALS------ ALSDLHAHKLRVDPV -NFKLLSHCLLVTLA AHLPAE--FTPAVHA SLDKFLASVSTVLTS KYR-------- 141
humhbz IDDIGGALS------ KLSELHAYILRVDPV -NFKLLSHCLLVTLA ARFPAD--FTAEAHA AWDKFLSVVSSVLTE KYR-------- 141

soyhbn LRKAGKVTVRESNLK KLGATHFRTGVANE- -HFEVTKFALLETIK

parhbn LRKAGKVTVKESDLK RIGAIHFKTGVVNE- -HFEVTRFALLETIK
soylbc LKTNGTVVA----DA ALVSIHAQKAVTDP- -QFVVVKEALLKTIK
pealbI LRTKGEVVLG---NA TLGAIHVQKGVTNP- -HFVVVKEALLQTIK
ytflHb SVLMDHVKQ------ -IGHKHRALQIKPE- -HYPIVGEYLLKAIK
bacfhb GNIIPVVKQ------ -IGHKHRSIGIKPE- -HYPIVGKYLLIAIK
vitrhb PAILPAVKK------ -IAVKHCQAGVAAA- -HYPIVGQELLGAIK
alcfhb NSLMAVLKN------ -IANKHASLGVKPE- -QYPIVGEHLLAAIK
ascehb YDDRETFNAYTR--- ELLDRHARDHVHMP- ---PEVWTDFWKLFE
ptnohb YDDRETFDAYVG--- ELMARHERDHVKIP- ---NDVWNHFWEHFI
caehbl YTNEEVFKGYVR--- ETINRHRIYKMDPA- ----- LWMAFFTVFT
tetrhb YKGKNMTEA------ ----- HKGMNLQNL- -HFDAIIENLAATLK
chl637 WKGKDMRTA------ ----- HKDLVPHLSD VHFQAVARHLSDTLT
nosthb YGGRPMDKT------ ----- HAGLNLQQP- -HFDAIAKHLGEAMA
humcyc WGEDTLMEY------ ----- LENP------ ------ KKYIPGTKM

EAVPEM- -WSPAMKN AWGEAYDQLVDAIKS EMKPPSS---- 160

EAVPEM- -WSPEMKN AWGVAYDQLVAAIKF EMKPSST---- 162
EAVGGN- -WSDELSS AWEVAYDELAAAIKK A---------- 143
KASGNN--WSEELNT AWEVAYDGLATAIKK AMKTA------ 147
EVLGDA--ATPEIIN AWGEAYQAIADIFIT VEKK------- 139
DVLGDA--ATPDIMQ AWEKAYGVIADAFIG IEKDM------ 140
EVLGDA--ATDDILD AWGKAYGVIADVFIQ VEADLYAQAVE 146
EVLGNA--ATDDIIS AWAQAYGNLADVLMG MESEL------ 140
EYLGKKTTLDEPTKQ AWHEIGREFAKEINK HGRHA------ 153
EFLGSKTTLDEPTKH AWQEIGKEFSHEISH HGRHS------ 156
GYLESVGCLNDQQKA AWMALGKEFNAESQT HLKNS------ 151
ELG----- VTDAVIN EAAKVIEHTRKDMLG K---------- 121
ELGVPP---ED-ITD AMAVVASTRTEVLNM PQQ-------- 126
VRGVS----AEDTKA ALDRVTNMKGAILNK ------=-=---- 118
IFVGIK---KK---E ERADLIAYLKKATNE ----------- 105
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Class Exemplary genus Hemoglobin Regulation Function (demonatrated and proposed)
Vertebrate Homo HbA Hypoxia-induced increasein Oxygen transport between tissues
production of erythropoietin,
which stimulates proliferation
and differentiation of erythroid
precursors, the progeny of
which express Hb at ahigh
level
Plant Glycine Lb Nodulin-specific increasein May sequester oxygen away from
transcription nitrogenase
May transport oxygen to electron
transport chain in nodule
Plant Glycine Nonsymbiotic Hb  Induced by hypoxia? Intracellular oxygen movement
Alga Chlamydomonas L1637 Hb Light-inducible expression in Oxygen bound to L1637 Hb can be
chloroplast reduced. It may serve to accept
electrons, sequester oxygen or deliver
oxygen inside the organelle
Fungi Saccharomyces  YHB (aflavo- Induced by high levels of oxygen  Can transfer electronsfrom NADPH to
hemoglobin) or reactive oxygen species, or hemeiron
by blocking electron transport May serve to protect from oxidative
Repressed by hypoxia stress
Induction is mediated by the
transcription factors HAP1 and
HAP2/3/4
Bacteria  Alcaligenes FHP (aflavo- Induced anaerobically Proposed electron transfer
hemoglobin) Promoter contains a potential Possible role in anaerobic metabolism,
binding site for NarL and FNR perhaps gas metabolism during
denitrification
Bacteria  \itreoscilla Hb Induced by hypoxia Can serve asterminal electron acceptor
Promoter contains binding sites during respiration
for FNR May scavenge oxygen
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( chloramphenicol  acetyltransferase )

=9t » FNR (fumarate nitrate

M=) NAD(P)H & f“‘@iﬁ‘[‘iﬁ » Y1 Escherichia coli ~
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reductase regulator ) 71 CRP (cyclic AMP receptor protein)

parahaemolyticus ~ Bacillus subtilis IV 573 [40] - 57 kL
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Vitreoscilla globin gene (vgb, 441 bp) [28] =kl jEE"
E o i Vitreoscilla e U~ 4SS (copy ) » AT
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[ BT AR A o 5 ?ﬂ 7 15,775kDa[54] » £k
EE PR = AR L] o VHD =2
- & ﬁﬁ[qﬁﬁlﬂjﬁ.\ig}ﬂﬁ?ﬁljﬁj [11% (high cooperaIIVIty)’ﬁljﬂ/J
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(inverse
metabolic engineering methodology: the genetic transfer of
useful phenotypes to heterologous organisms) [29] i1
BN b PR LA 2 AR
=g > AN B coli AP IR 7 VHD > FZiF e
TR DR WA ) S R én’};ﬁ?ﬁ
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FIIF IR A e VHD & 5 Fi7E FEHZ AR )
ﬁf‘ﬁ’ﬁ?ﬁﬁ'ﬁE'ﬁﬁlﬁfj% BN AP e g RN AR T I
TS VRV S j:ﬁ#]&kf}ﬂrﬁpfipjr 74575 VHD ,ijflquﬂﬁﬂ
[*] (in vivo) pussiEzedr ] » cp?f (1) g E. coli =2
Pseudomonads if M@ g% terup [14, 29, 31, 37] 5 (2) |§§|§|“'
E. coli [l I {15 (o-amylase) %fﬁéijﬁﬁ [32] I')*
7+ Acremonium chrysogenum [| i1 PET 59k
( cephalosporin C) 197k 5 [13] ; (3) It | ) Bafrapulee i
71 UpF] = | Pseudomonads 55 ##4: FIj% ( benzoic acid) [38] #[!
Burkholderia 53 i ’}{ﬁ*ﬁlpl% (2,4-dinitrotoluene ) [46] = -
F< 27115 VHD T S AR AR g PO

VHb [ i 5 i P B %Flrl flff”
e
A (aromatic ring) [ 11 S i it BLAP IS o
PRI VHD [0 i > — T R in{/‘,{Elﬁmlﬁ H] s g ATP
TGS (R o X SRy R R 1V PR

PRI o Pl o VHD S R R T
PR S .

fore % -

(aromatic compound ) fifi i » 1

P~ VHb (=2 5]

TU 'Jtuﬂ‘ S VHD IEIJ:E F/‘[i;!y i “’;fés] [i&"ﬁl[ﬂ%}
P RO R R o BT T (R
(facilitated diffusion hypothesis) [62] - JVHbﬂ SHETIIE

SPIEVE] - (A Pyl fskas 4 [~ T (cytochromes bo ™= bd) o 7
i[”J“EJ bpu; A= E. coli w1 VHbH bSi o IEYESIER ig%%

VH
CEFEG PR T > I HwF [ ATP 9% %
7 VHb [ E. coli af1w » yE[h3en R 1w R AT
F“ffi‘% [25] - PESRRUR > APVRASELT VHD FERTEDE
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Host organisms Effects Refs
Bacteria
Bacillus subtilis Increased total protein secretion, neutral protease activity and o-amylase activity 24

Burkholderia cepacai

Escherichia coli

Gordonia amarae
Pseudomonas aeruginosa

Rhizobium etli

Saccharopolyspora erythraea
Serratia marcescens

Sreptomyces coelicolor
Sreptomyces lividans
Xanthomonas maltophilia

Yeast
Pichia pastoris
Saccharomyces cerevisiae
Tremella fuciformis
Yarrowia lipolytica

Filamentous fungi
Acremonium chrysogenum
Plant
Bead plants

Hyoscyamus muticus

Nicotiana tobaccum

Animal
Chinese hamster ovary

Improved cell growth and cell viable number, enhanced 2,4-dinitrotol uene degradation
Increased 2,4-dinitrotol uene dioxygenase activity

Enhanced growth rates and cell densities

Enhanced total cell protein and cloned proteins

Increased chloramphenicol acetyltransferase activity

Increased catechol-2,3-dioxygenase activity

Enhanced o.-amylase production

Increased 3-gal actosidase activity

Increased Pi-ATP metabolic flux

Increased cytochrome d promoter activity

Enhanced level and activity of terminal oxidases, and improved the efficiency of
microaerobic respiration and growth, and increased ATP production

Enhanced ribosome and tRNA levels of translation components

Enhanced 2,4-dinitrotoluene dioxygenase activity

Increased green fluorescent protein expression and solubility

Enhanced detoxification of organophosphates

Enhanced cell growth and D-amino acid oxidase activity.

Reduced the toxic effect of D-amino acid oxidase on cell growth

Increased cell mass, enhanced rehalose lipid and biosurfactant production
Enhanced cell growth

Enhanced bioremediation of benzoic acid

Increased cell viable number

Increased in respiratory activity, chemical energy content, and expression of the
nitrogen-fixation gene nifHc of free-living cell under oxygen-limited conditions
Enhanced erythromycin production

Enhanced colony size

Increased acetoin and 2,3-butanediol production

Increased actinorhodin production

Increased growth rates and final cell densities

Bioremediation of benzoic acid

Increased cell viable number

Enhanced [3-gal actosidase production and cell growth under microaerobic conditions
Increased aerobic synthesis of ethanol

Increased cell density

Enhanced specific growth rate, oxygen uptake rate, respiratory activity, and secreted
ribonuclease production

Increased cephal osporin C production

Increased nitrogenase activity and total nitrogen content during symbiosis with the
engineered R. etli strain expressed VHb

Enhanced growth

Enhanced growth, reduced germination and flowering time periods, and increased
chlorophyll and nicotine production

No lag-phase and improved cell growth

Enhanced human tissue plasminogen activator production

42, 46

11,19

13
50

60
16

57

47
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Flfﬁ@‘,ﬁﬁﬁ*ﬁfjﬁ(fkm ( rate constant of oxygen association ) ﬁzﬁ
- fﬁ'ﬂi’fiﬁfﬁfﬁﬁﬁﬁﬁxﬁ@? kot (rate constant of
, ﬁgﬁ T;{fJ'J\Fm Ky 22
VHb Bt el ﬂ»'gmngriﬁrffk* PR S o ﬁﬁ»;g[qa
['IT] VHb 7 'iEJj ) jf‘,?ﬂJjﬁ‘ikglajf/\ﬁ‘q’ﬂlfﬁ\’ Flp
VHb Frififfivgi [25] - A s P9t *, EIRIH
j?f;?nflfjfgiiﬁ’ PRI E FISAE Ry 2 RS (e —~ et |

61] > Y1k 3 HTA - VHD ZE 4 2 Pupu T S AR E

oxygen dissociation ) F}HEJ 'ﬁfj’ﬁ’lfﬂx [44]

[RIF=

U1 VHD [ RSP ¢ Y (7, 25,
52 “”F'%'\J (1) HTHEASR TR 1% 0 FOlRVE L=
[ 5 (2) H7eT= 55 (proton flux) » H BRI 9 YA
PH : (3) 1] 30% ATPase[Iif1% 5 (4) 1)1 65% [1u ATP
gk (turnover rate) « JFEERSGEIY " VHD TR

AL [T RA R 0Lt AT 7
|2 (pumping) 55 ATP & o ST SR Tl

%@ﬁgfﬁ'f}ﬁ?iﬁl‘% o [F=3f Wﬁﬁﬁi = tRNA fE! ~ A
“1% ~ 81257 NAD(PH ﬁm*%nﬂuwag%ﬁ



RIS RSP 5128 328 Npe{ o F
3. TR ESS EIVE JE'EFI Sy f;ﬁl‘si B [4, 5, 55 U E. coli APENIBETE - kR L A
Protein Kon, £ ML Keir, S* Kg, M " B SHpETE (Nitric oxide dioxygenase) » i I~ &
Muscle Mbs (B S TR 1) R S E] 1L o e
Sperm whale 19 10 526
Aphrodite 170 360 2118 (18] -
Aplysia 15 70 4667
Busycon 475 71 1495 . _ i
Bacteriaand algae I~ VHb *-I/@E‘J?g
Chlamydomonas Hb 0.014 7 E. coli = \itreoscilla AfUfaflr » ffliH | v & B
Mycobacterium HbN 25 0.199 8 ) B L. -
Nostoc cyanoglobin 390 79 203 (immunogold) 481 VHb & A I [ i el R B
VitreoscillaHb 78 5600 71795 'y VHD LAk BRI 5 B I'i%ﬁ?ﬂ\flqwqﬂ s SR
E. coli flavoHb 38 0.44 12 AT . e
Alcaligenes flavoHb 50 02 4 RIfpTp R [49] - VHD 55 Vitreoscilla an"iwﬁg'gﬂJEJ%]s,,:ﬁgr
Yeast Kg kL 6.5 uM » I 5 [ 5 % S5) itreoscilla i M/
Saccharomyces flavoHb 17 0.6 35 ., s . R e
Nematodes Kgi~ 10 l?‘} o M,ﬁ Vitreoscilla sfMe <13k bo 7 ~ 7 F,F’yﬁ%l
Ascaris Hb 15 0.004 27 o & VHD %ﬁgg@ﬁ@*ﬁrﬁg ( proteoliposome) EIUE’J%E%F{?J’
Ascaris Mb 1.2 0.23 192 KB 6.2 M - 75 BB 4 VHb 9 SR
Pseudoterranova Hb 11 0.0035 32 B Kokl 6.2 pM © % f*‘ﬁiﬁf ”L'H It pE e
Trematodes Hbs Ay bo F ﬁF,’?”FEE' flio @f@;n (=i (ubiquinol
Paramphistomum 108 0.033 0.3 . A
XI 1% [4 u*’II:;Iﬁ VHb =5 i & =
Gastrothylax 205 0.4 2 Oxidase) [V [49] » iR PRGN T VHDZEER 15, bo
Dicrocoelium 300 30 100 by (=R F/%‘@%n{'ﬁwwé FEH] o FIH R RE @“E;ﬁ"ﬁf,fq
Symbiotic plant Hbs . . ,
east two-hybrid system & '] VHb i S il[=3
Soybean LegHba 120 56 47 (y ybrid system) - s
Parasponia Hbl 165 15 91 Mtreoscilla af w/p[ 12— [ Vo <1k bo [ JEw - S A
Castiarina Hbl o 55 134 S I UE B 1 VHD A (] T 4 T
Nosymbiotic plant Hbs . )
Barley Hb 71 0.027 3.8 VHb =5 w e 13 bo Fl@fﬁ’y{ﬁ?ﬁ | froad QIEEJ%J“J [ﬁ]ﬁgﬁ;ﬂf =R
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