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Abstract A new hydrogen-oxidizing bacterium, Aeromonas sp. strain JS-1, that can fix CO; via the reductive pentose
phosphate cycle (Calvin-Benson cycle) under chemoautotrophic conditions but not photoautotrophic conditions was
isolated from fresh water. Strain JS-1 showed considerable CO; fixation ability during continuous cultivation even at
high CO; concentration. Strain JS-1 used H, and CO; fixation as energy and carbon sources, respectively. Carbon
dioxide fixation is carried out through the Calvin-Benson cycle, in which ribulose-1,5-bisphosphate carboxylase/
oxygenase (RubisCO) is the key enzyme. Hydrogen-oxidizing chemoautotrophic Aeromonas sp. strain JS-1
exhibited remarkedly strong RubisCO [EC 4.1.1.39] activity. RubisCO was purified as an LsSs-type hexadecamer
with molecular mass of 560 kDa by gel filtration. The enzyme consisted of two different subunits eight large (56 kDa)
and eight small (15 kDa), as demonstrated by SDS-PAGE. The specific act|V|ty of the purified enzyme was about
3.31 unit/mg and stable up to 45°C. The K, values for RuBP, CO,, and Mg were estimated to be 0.25 mM, 5.2 mM
and 0.91 mM, respectively.

Keywords: Ribulose-1,5-bisphosphate carboxylase/ oxygenase (RubisCO), Aeromonas sp. strain JS-1, Chemoautotrophic
microorganism, Calvin-Benson cycle, CO- fixation
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AAS7] 93 B2 AFEL A= oI} [1,2]. 1 FollA
sl 5AE ol8dte COE T 2 H3AA
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oA daL glom, o o] = oAU B e R]
7} obd HE FrIskRkEClAM AskE ol|A ol

Ribulosel,5-bisphosphate carboxylase/oxygenas (RubisCO:
EC 4.1.1.39)= Calvin-Benson cycleE 73-3h= key enzyme
O 24, RubisCO &gl ofsf e1targseo] 24 il
t}. RubisCO<= 712 &4 Ribulose-1,5-bisphosphate (RuBP)
£ o83l CO, 52 0,9 Bhe-5 Hez| o5 Sujakgs
™, A& o e o] 3lom opul Al dellM 71 S
g ] Foloh

CO, 14 HHEEoh= 7 7] M= HE A4S Ad
Form 1} Form 9] 5 ¥ RubisCOE &3t Ut
CO} st Ao FHye FJLENAN F2
3= &4 Form 19] RubisCO°]th Form [ §4+F o]
FopA) B3 2ER Y3 o5 719 large subunit (Lg)
o} o5 719 small subunit (Sg)2] F7H] &7 subunits =
Skel= AFEEe|H, From I 4% T4 large subunit
Ly=E 773=] Aot [8,9].

o] AFallA, sigolM EElE FaitEATES
Pseudomonas hydrogenothermophila®} Hydrogenovibrio
marius MH-1102] Z& o] Reductive pentose phosphate
cycle (Calvin-Benson cycle)& 73t ©4E F3sith=
A77F Bag v QITk [10,11].

£ A= Calvin-Benson cycleS 73113le] Woj| o]&3}
A 3L 7] e gl oJal COE sk v
< 2e) BYSO, RubisCOS Alele] 2 5] 24}
e B Azl 545 2

#F 22 H Y

o9t SHole] RSTE ARE AFIEH] 100 mL baffle
flaskol] B1A] 10 mLE Y3 E13 &, AR 5% (VIV)E A
F3tt B HiAlE C-medium (BAIZ2A: (NH,):S04 5 g,
KH,PO4 1 g, Ko;HPO4 2 g, MgSO,4 - 7TH,O 0.2 g, NaCl 2 g,
CaCl, 10 mL, FeSOs - 7THO 10 mL, trace elements solution
2 mL in deionized water 1 L, pH 7.0. Trace Elements Solution:
MoO; 1 mg, ZnSO, - TH,O 1 mg, CuSO, - SH,O 7 mg, H;BO;

0.4 mg, MnSO; - SH,O 1 mg, CoCl, - 6H,O 1 mg, NiSOy -
7H,0 1 mg in deionized water 1 L)ol|A] AU o 24 o]&
2 4 9 yeast extractE A|2]dl] A8, COE
A3t Aoz o] 83k vk o] @71 baffle flaskoll
A2]Z vPE 3L, needles ©]-8-31 vacuum pump=E Z
3] AF4EZ 3k 3 mass flow controller”} WAH Gas
blender LK-301C (WOOIL HIGHTECH CO., LTD.)& 9%
HEE E3HE 7152 1 Lmin®] FEEo = 35% B9 F
AH o] HHE 2~33] BHESH S H, 10,1 CO,=7:2:1
o] vl &2 &34 71~8 o] 30C, shaking incubator
(150 rpm)°llA] visas Eejste] GAdd-F F53
ot 289 T FusHy ER7E 98l SEM #ES 3%
O (HITACHI, S-2400), 5= 574317] 93le] API 20E
kits AHE-SFATH

PR FF7h BEHS S o] Bt AR
o|xkstekA 11 ZAEQ] Calvin cycled ZHEA|9] oS
ZAFsH7] 18, ol4ksterA¢f RuBPE AFAITIE 49
RubisCO®] 848 WA 5994 (NaH"CO)E ©]-83}
o Scintillation Counter (LSC CTRI-CARB 4000 series,
United Technology, Packard)@ =735t}

RubisCO &4 =3

RubisCO 43S Yaguchi [12] 5¢] WHel &) =43}
Fom NaH"COs S o] gl an A=}, vke-37C
oA 1% H<2F10 mM RuBP 20 pLE F7lsl=za whkgo]
A2 &4 4 1 unite 37 CollA] 1 umol COx/min<]
IS Suljske oz g3t

Tl o] $ = Bradford [13] 5] WS o831 bovin
serum albumin (Sigma Co. USA)S T TR Z sl =
Ao a4 HY Fo| dide] e BT

=20 HH|

a9 A= UFF vt sonication (45 W, 20 min)
3 & QAR o] s A& ZFANE ammonium sulfate
(25%~40%)= & FHA7) dAEYste AHES
3)=31t) 3)573F I A E-2S PD-10 columne 53 24|
71 3 20 mM Tris-EDTA (pH 7.0)Z &3jA17|1 vlg]
33}A17] DEAE-Sepharose CL-6B column (0.7 x 1 0 cm)
o] RubisCO &AE FHA)71aL 85417 0.5 M NaCl &4
S ©]831 linear gradientZ AAISIRN oM 853+ & &4



KSBB Journal 561

alo] A7 F AFN0 = overnight B FAEIT.
=3 G4E 59U 958907 333 A7) Bio-gel A-0.5 m
gel filtration column (1.5 x 80 cm)ol] FHA|A A=A},

SDS-PAGE+= Laemmli®] * [14]] 31 60 mA )4
ol = At H7]9F T gel2 0.125% coomassie brilliant
blue R-250°.% 107+ FA &3 EA-g-efol A EAIA|A
g mes S0
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A B4S 243813 K, 7S RubisCO2] 71241 RuBP 2
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Fig. 1. Scanning electron microscopy of Aeromonas sp. strain JS-1.
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2] vj S E3F deromonas sp. strain JS-12] # 2
7 253 37C, pHE 7~8, NaCl 55 0.1% (W/V) itt.
NaCl 0.8% ogollxl= AL A4S HolA] gkon, vhA
o] NaCl& A& H7lelA] & vzl 49 5=
o} FAke A Btk CO, F=9 e A3 Fig, 201
A} o] s, Ak, oikslekAe] HIgo] 712 11 (V/V)
oA 7 ghiket A4S Rt
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Fig. 2. Effect of CO, concentration on cell growth of Aeromonas
sp. strain JS-1 in batch cultivation. A preculture solution
of 1% (v/v) was inoculated into 50 mL of C-medium in a
500 mL baffle flask. Symbols: 4,8 : 2 : 0=H, : O, : COy;
0,7:2:1=H;:02:C0O2 A,6:2:2=H,:0,:CO;
m,5:2:3=H:0,:C0O2 %,4:2:4=Hy:0,:COy

0,3:2:5=H3:0,:COa,.

Aeromonas sp. strain JS-1-2> CO, F57} 10~20%°114 7}
7 e A 31, 40~50% 1% AAsE AS o
T Utk tiREe] AR PAES 20~30%013e] aEE
o] COxolA A7e] =gAl FAHAY 8738 4 ok
Baghnt ok [15]. wEbA, Strain JS-1-2 31529 CO, §
LollM= o] 7hsskeE A= CO, 114 processdl]
ol-82 7Fs/do] =5 Blojgta wdtdr

of|L{X| &7} EtALIO| 0|2

i A Al olUA e ZA 45 o]83taL,
a0 R o XsletAE o]l it & Aol e
Aeromonas sp. strain JS-17} =420]9]9] ThE ox|doz
7] 7 leaes o]83leA] 55 RIS (Table 1).
Zzte] F71ES vl 1% (W/V)E 71 $ Cop%t
0,5 T4 deljollA 3 EFo=Z ek (35C, 150 rpm)
39E 7%, Sodium Tiosulfatedl|A] A4S Bt o] Ax}
= Aeromonas sp. strain JS-1-2 F-7]|3}3HE-5 reduced sulfur
compounds®] YF-E AL R 0|83 F e Ho=
dctdn 2E AFPPHeE fread (7R B, Y
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Table 2. Summary of the purification of the RubisCO from Aeromonas sp. strain JS-1

Fraction Total activity (unit) Total protein (mg)  Specific activity (units/mg)  Yield (%) Purification fold
Cell free extract 16.35 563.86 0.029 100.0 1
(NH4)2S0O4 Precipitation 8.89 104.46 0.085 54.3 29
DEAE-Sepharose CL-6B 4.90 297 1.65 16.4 56.9
Gel filtration 1.69 0.51 3.31 5.6 1141

W A)S ]88t strain JS-12] AFARE ZAlSH A3}
T2 F3lsh] 1 B FYAI] malt extract, soluble
starch, LB liquid medium, MacConkey agar 5olA= 4%
o] 7Fs3FA A gk, HhHo| acetate, cellulose, malic acid 5ol
e AASIA B mEbA, ol 155 BT 54Y
S}l At (facultative chemoautotrophic). 2. 24 &
7ol et JojH o2 f7] - FrsitES 088 & Utk
= s & F Uk o] A= o] S R]
Hydrogenovibrio marinus strain MH-110°] Ath3}e-54
FLEZA F7ELLS o]gste] 44T 4 gtk
BHag R diz2Ho|dnt [11].

Table 1. Utilization of organic, inorganic compounds as carbon and
energy sources by Aeromonas sp. strain JS-1

Inorganic compounds  Growth  Organic compounds  Growth
Hz + Acetate -
N2 - Acetone -
elemental sulfur - Soluble starch +
NazS,03 + Maleic acid -
(NH4)2SO0.4 Ascorbic acid -
FeSO, - Cellulose -
NaNO; - Sodium oxalate -
MnCl, - Malt extract +
NH4OH - LB liquid medium +
K2S20s8 - MacConkey agar +

Positive (+) : Growth, Negative (-) : No Growth.
Aeromonas sp. strain JS—-12| CO, 11¥ &=

Calvin-Benson cycleS z¥= 334 A& vjE9 A
30l RuBP (Ribulose bisphosphate)7} EAj3}aL o]uj "“C
of Agtste] wg=dS gt o] WS Fullshs a4
21 RubisCO (Ribulose bisphosphate carboxylase/oxygenase)
o] 43¢ jolof| wa} “Ce] WAKEAIo] scintillation counter
o] ¥t 2 23} deromonas sp. strain JS-12ZHE] 3=
23} enzyme solution¥} ¥FS3F “C 2] 4L 19002500 cpm
= WERaL, E4dE YA 2 FAIAoAE 30~80 cpm
S Yepdith o] A2 XE deromonas sp. strain JS-12] A
o)) EA)5R= RuBP7} C 9} WH3-31H, ©] A& Calvin-Benson
cycles 53l COE 1A= As HAFU

RubisCO2| E2| % Hx

Ammonium sulfate (25~40%)Z Z3A|AH 50 mL &4
S Ao o] aido| thsle] DEAE-Sepharose CL-6B

£ A% A3} Fig. 33} 29] fraction No. 30-4594] &4
peak”’} UEPG O M o] FE-S Hol 55171 Bio-gel
A-0.5 m A ARE F3l FASIAT. oW &2 5.6%AL
AAEE 114.14], H] @HE= 331 unitymgeE E47}
A=A, o] AATFS QoFsHH Table 29F 2.
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Fig. 3. DEAE-sepharose CL-6B column chromatography of
RubisCO enzyme from Aeromonas sp. JS-1.
Each fracion (1 mL) was collected and protein was
measured by Bradford method (e) and used for RubisCO
activity by under standard assay (o)

RubisCO =XI&, subunits 2=

A e a40E

uv)

A Z SDS-PAGES ©]&35}o] &4

A B C D E

-—
Large subunit

Afp—
Small subunit

Fig. 4. SDS-PAGE pattern of purified RubisCO from Aeromonas
sp. strain JS-1.
A: Molecular mass standard, B: Crude enzyme, C: Sample
prepared from ammonum sulfate fractionation, D: Sample
prepared from DEAE-Sepharose CL-6B, E: Sample prepared
from gel filtration.
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bandZ #2443+ A3} 56,0002] large subunite} 14,0002
small subunit®] FZ2Z TAE 169A12] LsSs type] A3
Q1 Form [YS & 4= AT (Fig. 4). Gel filtration ol A]
AAE A4Z non-denatured SDS-PAGES ©]-8&-3}o] &4
bandE E18F A7} whila 571 560 kDao| At (data not
shown). ©]& F2 24&-9] £2|3}= RubisCO%} Yaguchi®}
Chungo] 2|3+ #5-2] RubisCO 49} B3 S 1
ATk [10,12]. B3 SEtEHI U= T deromonas sp.
strain JS-1-= F<roll A E2]E PIAAEZEA calvin cycles
A3k COE 43 HA Form [EE]2] RubisCO &4
£ Ad AF mAEe|.

RubisCO2| UHtx MZ!

RubisCO9] &Ao)| w|X]= pHe} 2=ad= =357
#1320 mM Tris-EDTA €529l RubisCOE 1% Al
B3A)7)aL, o] B8NS FH3l] pH (4~9)9F 2% (25~60C)=
WA 7|HA A G298 7lslal 8448 4 29,
B8] HF L5+ 50T (Fig 5(a)), H2 pHE 7.09)
S & 4 Uk (Fig. 5(b)). T3 549 gl ek ¢HgA
2 30~60 C7IA] x5 Walsleo] Z47he] &xofA 3083t
A & 7187 vgAA 1 IFESH S AT A
30~45TC oA 90%o1 o] =SS eI 50C o)
FE] 40%2] =SS HolHA] 60 Collxe ghds] 84
o] ZFA= (Fig. 6).
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Fig. 5. (a) Effect of temperature on RubisCO activity. (b) Effect of

pH on RubisCO activity.
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Fig. 6. Thermal stability of the RubisCO.
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Aeromonas sp. strain JS-19|4] £4=5-2] 3} RubisCO2]
o2 742 71-el| gk Solio] AR AT 7+ RubisCO
of th3l 712 213}2LS- Lineweaver-Burk PlotZ5-8 =43}
glom, 7 7)o th3k EolAde] Table 30 UERARITE Mg,
CO,, RuBPell W3t K, 2+2H0.91 mM, 5.2 mM, 025 mM
2 COx0l i3t 71 Fgf== Yial RuBPol| ot 714 213}
T =55 ¢ 4 AT o] A vEAES 2 H
ol A 53] Synechococcus sp.2} ¥IST8IR0H K, 21&2
spinach®} Blwsle] & wf CO,¢} RuBPe] 7|& Hsl=r}
REES o g AT [12].

5k Table 39] AR} 0] Vi/K,s 24242] 7180 o
3] 731532 wj RuBP7} 7F4 =32 2 2 RuBP+= RubisCO
off o3l vi-%- A3t AR Ags= RS & 5 S

Table 3. Kinetic parameters of RubisCO from Aeromonas sp.

strain JS-1
Substrate Kyn (MM)  Vimax (MMoICOsfixed/min)  Vmax/Kn
Mg** 0.91 3.84 422
CO2 5.2 5.0 0.96
RuBP 0.25 5.5 22
74 B

e WS o] g5t wA R BEF Ao] thi-Eo|}lth &
AANA B2 E deromonas sp. strain IS-1= F-7]8}3HE-S
AR Yo7 o]-831HA] calvin cycle2 A3t COE
3143F= Form I3 E]Q] RubisCO A A HerolA] £
B AF slEHIdrdEe|th SEE w5 A4 24
7150 YEFY] T =2 FHOoEZA A vAY
P A, 45 o83t oURE LaL o|ikst
25 B0 E sl ek As RISk B3 o]
7o FAAAFe] 25+ 35C~37C, pHE 7~7.5, NaCl
FEE 0.1% °©1A0.2H CO, 10~40% (V/V)Q] as% H$)
oA B MAERT LTt o wEA JERT
Aeromonas sp. strain JS-1914] #2]¥ RibisCO+= ammonium
sulfate 311, DEAE-spharose CL-6B % gel filtration
chromatographyoll &J&ll == A=At gA1E &4= SDS-
PAGE gl EAFFS S35 27 560 kDao| 1o Large
subunit (56 kDa)®} Small subunit (14 kDa)Z /% LsSs
TEE FJE Aok AAE Zie Hd S-S s
pHS} £5= 742t pH 7.0 50 Coldtk 3087 & 22jA)
g AL 45C7HA] A AT RuBPol| thet K,
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