K BRks T ELEr 36 5 - Original Paper 662~669, 2011

BEtRE4AE L NaIA| DIEHISI0] O/5t DIEHS FEHAIA 54

Characteristics of Methanol Production Derived fromm Methane Oxidation by
Inhibiting Methanol Dehydrogenase

QN - BIX|M - OHHDI - BISE| - DRE - @2 - 05T - 0B - YUY

Yeon-Sun Yoo * Ji-Sun Han - Chang-Min Ahn - Dong-Hee Min + Woo-Jong Mo -
Soon-Uk Yoon * Jong-Gyu Lee* * Jong-Yeon Lee** - Chang-Gyun Kim'

QT eta B B - *ZPHYAFATY - BHBA FD
Department of Environmental Engineering, Inha University
*Research Institute of Industrial Science & Technology + **Korea Environment Corporation, Environmental Research Complex

(201149 199 312 A2 201149 99 28 =)

Abstract : This study was conducted to biologically convert methane into methanol. Methane contained in biogas was bio-catalytically
oxidized by methane monooxygenase (MMO) of methanotrophs, while methanol conversion was observed by inhibiting methanol
dehydrogenase (MDH) using MDH activity inhibitors such as phosphate, NaCl, NH4Cl, and EDTA. The degree of methane oxidation
by methanotrophs was the most highly accomplished as 0.56 mmol for the condition at 35°C and pH 7 under 0.4 (v/v%) of biogas
(CHa 50%, CO; 50%) / Air ratio. By the inhibition of 40 mM of phosphate, 50 mM of NaCl, 40 mM of NH4Cl and 150 um of EDTA,
methane oxidation rate could achieve more than 80% regardless of type of inhibitors. In the meantime, addition of 40 mM of
phosphate, 100 mM of NaCl, 40 mM of NH4Cl and 50 pm of EDTA each led to generating the highest amount of methanol, i.e,
0.71, 0.60, 0.66, and 0.66 mmol when 1.3, 0.67, 0.74, and 1.3 mmol of methane was each concurrently consumed. At that time, methanol
conversion rate was 54.7, 89.9, 89.6, and 47.8% respectively, and maximum methanol production rate was 7.4 pmol/mg * h. From this,
it was decided that the methanol production could be maximized as 89.9% when MDH activity was specifically inhibited into the typical
level of 35% for the inhibitor of concern.
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29F: ¥ AFolA: vigke] At vekg Aol ik UT-E SATIALE. W0l 27 Fol vleke oISl methane
monooxygenase (MMO)2] AE38H2] Zuljut-3-of oJ3) AkslE| )l o, Q1A+, NaCl, NH,Cl, EDTAQ} 7 ‘i methanol dehydrogenase
(MDH)&] 2Hd AsjAE ©]-8-3F] MDHS| A EE Aaligro 24 mehEo] o] o]Foj 3ot w4t 35T, pH 7, ¢
Z v}o] 27} (CHy 50%, CO, 50%) / Aire] Fuju]7} 0.4¢1 Ao A wet /;_1-§]— A7} 0.56 mmol2 F| )2 et QA
40 mM, NaCl 50 mM, NH,Cl 40 mM, EDTA 150 um o|3td o] As|A| 2] Fol Adaglo] vigt Ashe2 80% ol4e 24dst
At} 3HHE, 2lAFYE 40 mM, NaCl 100 mM, NH4Cl 40 mM, EDTA 50 pum —T—QJ A] Z+r7¥+ 1.30, 0.67, 0.74, 1.30 mmol 2] H|gto] Ats}
E|= ZA]of ZH2ZF 0.71, 0.60, 0.66, 0.66 mmol2] HEFL-0] HE A= QI ojufo] were AL 717} 54.7, 89.9, 89.6 U
478% % ew Hd We-E B4 & 74 pmol/mg - h§lth o] 25E ti4t #|S|A= MDH 45 UREH O = 35% A3 Alo]
Heke AAbEFo] el 89.9%71A] LEldS & 4 Qlith

FHA : wgratslt, Methylosinus Sporium, B}0] 712, HEH-E, Methane Monooxygenase (MMO), Methanol Dehydrogenase (MDH)
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formaldehyde dehydrogenase (FAD), formate dehydrogenase
(FDH) 5] 54E ol g3to] Hehe wshe — LEUEs|=
— Mujsk— o] dbsteb a2 4] (1)3}h o] AkstAl It

CHy — CH3;0OH — HCHO — HCOOH — CO, (1)

of I A <A ol AdH wE-Eo] MDHo|| ofsf 4
()%} Zo] 2ELHs| =R AShA7]7] wie] & AsA|
Ee 2AETA 22 MDHE| 434S oA|ste] He
=& AuAdeR 3 = Utk

Methanol — MDH — cytochrome C; — cytochrome Cy —
oxidase 2)

MDH 3HJ A8JA1= t] €] ¢ E &) o] E(Dithiothreitol, DDT),
#'dsto] =2 (phenylhydrazine), ©<% L] EA|, 225
O EAL, MgCl,, A5=2] QIAFA, cyclopropane, cyclopro-
panol §o] &efA kY o] F o] gL 1 ol eAE
of ol nAYE AN AT A TF A7) 4 Q1o
gk zt}” Chan 578 1= o] o] cytochrome c2b
MDH9| 3} & a7l 2Hg-S Shohal g skqict.
EDTA= wehitaht A4 Alszof| A o] mghZ AFskE A sfst
w,'"Y EDTAS} EGTA= MDHo| #2238k lysyli}t arginyl S
ayste] A= 27] 2% TRAIAS U224 MDHoJA
cytochrome CLE 9] A} Aghe Asfshcta dafA 9let.'?

ojz|gt Y& o] &3t ek A4t A7 B B
qlt}. Mehta && Fw 7|9 Methylosinus trichosporium
NCIB 111319} 70~80 mM2] Q14H1E o]-§3t 79 2o o
e AAEEE 6 pmol/mg + holglow, uF §'9 Merhy-
losinus trichosporium OB3b2} 91 mM2] QIAIE-S o]&, 4.5
AlZE 3 ek A S et 4.7 umol/mg - ho| itk
Takeguchi £'-& Methylosinus trichosporium OB3b3 0|4,
cyclopropanol 67.0 nm& *|2|¥ Hh3-9] wgh2 AAlekS
152 mmol/g dry cello] 1 S, Lee =190 NaCl 200 mM<
AR StIL Methylosinus trichosporium OB3bE ©]-8-3}F
o] 7.7 mM9| wgh-E-S FA3kqc

[¢]

Hehitshate o1& B9 4 B Ak 2304 HiEe
Mgk ol 24 Agto] 7psste]”

s AAIA oItk 2y Ao ui ek
Feof g vee Y =21 W veE Ag a8 Sofl ¥
g B mATL oby ulEslek upetd 7|E Al M
914k, NaCl A3#¢} Chan 57} o5t A¥} % MDH
A= A#7F E& NHCI EDTAS A45te] 7Hs4dS Al
e 7 Aikg vugo 24, wghiksiyte] MDH &
& S AdfstiA WEES 52 a2 AT 3
£ A AAet 1 240 st 2 AFE 5
Skt

rok

HehE S5 e A = sMMO7F EA5t= wWighithaht
o] Qs E sSMMOE codingdt= FHAR mmoXE 714
Methylosinus sporium (KCTC, 22312)2 St/ 58t
A BEARAAE =R e ol AUt 9= modified
Higgins nitrate mineral salt medium< AR&3}o] v 3} ©
o, B A AL 71d S04 el sMMOS'" 1
e Als} B4R o] g3y SaiA wix] W TelE Alelstant”
HjoF8-7] 2+ 530 mL serum bottle (Wheaton)2 AF&-3}%
o, wjekl o] Ruli= 200 mLE sh3ith Q1F Hpo] 7k~
(CH: 50% + CO, 50%)9} 5715 100 mL 83F9] G2 A
Z|(Hapdong) & ©]-8-5t0] 4:62] Hl&= F3+ & 7k X|gh vt
Ao 7 53] FQJ5F Fof 200 rpm 2] shaking incubator (Vision,
vs-8480)°] o 35TCofAl njFstich

Methylosinus sporium®]] o3t sMMO % MDH &49] &
A o8 BIsH/] $I8) PCRE AA|steLon, 7 ATke
Fig. 17} 2t} PCR-2 u|AE2] 16S rRNA gene, MMO coding
gene (mmoX) W MDH coding gene (mxaF)2 ZZ35Ftt.
Fig. 13} o] wgtitslt ol sMMOE codingdh= %14}
mmoX2} MDHE codingdl= $ZA} mxaF & 2218 4= 9

At ol & E3) & Ao AMR-E Methylosinus sporium--

MMO
coding gene
(mmoX_719 bp)

— ‘ ‘ — coding gene

MDH

(mxaF_550 bp)

Fig. 1. Gel picture of MMO coding gene (mmoX) and MDH coding gene (mxaF) of Methylosinus Sporium,
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MMO$} MDH7} E7)|8h= type 1T HIEHASHF O 2, H|&
MMO®| oJ3 Hete2 Ak3lsta MDHe| 2] é“é% z
UAYB|EE serin ARE Fof B3l Aow FelEgict]

= ulm o

2.2. MMO 2! MDH coding &

mmoX+= sMMO2] =AFSHE 4 9] subunit2 codingdl= &
Ao mxaF+= methanol dehydrogenase E-4J5-5-9] subunit
& codingdt= A th whebA] A ESHA o2 HiE
Atglt2] sMMO 2 MDH 8§35 &elslr] 93 Table 13}
2o matolw'"?2 A}&3}e] PCR machine (Techgene) 2.
Z PCR (Polymerase Chain Reaction) %5 AlA]3}¢ T}
PCR 43 & ethidium bromideE 3X3}3}+= 0.8% agaroseS
0.5 x TAE 589 (Tris-acetate EDTA buffer)ol| A A7 %95
(Mupid-a,, Japan)3t & UV transilluminator (Vilber lourmat)
B2 O FEAES Zskqith

X} 24

\I

2.3. 7tA A H|EHS 24 iy

HRS7) U)o o Ak olAtsEtae] B B
2517] ¢J5}e] packed column (Alltech 403412-1417) 2 TCD
7} A2 7FA A2 ubE 2 3 (HP6890 series GC system,
U.S.A)E 0] &35} th(Inlet 110°C, Oven 50C, Detector 210
). HF-gHL 045 pm filter2 oJ3} 3 HP-INNOWax Pol-
yethylene Glycol (Agilent 1909N-133)Z= 9 FID7} AF2He
7} A2 ulE )] (Agilent Technologies 6890N Network
GC System, USA)2 HEt2-S H X519 th(Inlet 220C, De-
tector 250C, €Y7}~ He 1.5 mL/min, Oven 35C 5 min
— 5C/min — 150C — 20C/min — 250C 2 min).

&, Wk

Sealing and Sampling
: Butyl stopper

Head space
—> : Artificial biogas(CH4 50% +

0, 0, + 1 0,
150 mL COz 50%) 40% + Air 60%

Liquid
: Medium + cell + Inhibitor

100 mL >

Fig. 2. Batch type reactor for methanol biosynthesis,

Table 1, Amplification primers of MMO and MDH target gene

2.4, sSMMO ! MDH M= 24 HitH

sMMO2] 2 == 4=A %] Naphthalene oxidation assay’ &
UV-spectrophotometer (Agilent)E ©]-83}¢] 525 nmoj|A] =
Aslg et Control& CuSO4 - 5H,0 0.5%7} Z3HE HjR| =
AFE-SFE T sMMOQ] H|ZA == Diazo dye”} naphthalene
o] SMMO 40| ]3] naphthol 2 AFS1E o] ]2 ok
2 0|2 F3) AHsI5ich. MDHO| BAEE weks 4k} &
=R St &, 27] F59 FEE | mgl, v
& FEE | mME AR, 27]9 24417 F0) e 5
=8 ZAs00], AsiAE EUsH ke o] ofeke
Aelke A 100% 71Est0] Alel vekeo) ks
=2 MDH S 7319

[‘

b

=20 o
e W TR
£(25, 30, 35 2 40C), pH (5, 6, 7, 8 & 9) @ QlFu}o]
2 7}2E7) Balu]e(02, 03, 04 2 0.5 Dejste] A
& WY 2, - ekl whet 72417 B 1 mg
dry cell/L9] Methylosinus sporium-2 3<35}o] v st o
o, o] tf sSMMO %= F7H&T veh 9 4k40] HIlE &
Aot vjoF87] 2= Fig. 29 -2 250 mL serum bottle
(Wheaton)& A8-351% 2™, modified Higgins nitrate mineral
salt medium®] H 3= 100 mL$t}.

2.6. XshiHlof wE mEHLtet £ 2

HiEH
od

ES

e

ME A

]

fol

MDH®] BHY= 34|12l 214Fd(10~100 mM), NaCl (0~125
mM), NH,Cl (0~80 mM), EDTA (0~250 pm)9] =5
g] 3ko 100 mL Hj oo ¢ stlem, 27] F& 20 mg
dry cell/L2] Methylosinus sporium2] 43A|17F tjAl}A o o]
2351 wekAlsl B4 #W3te} sMMOS} MDH & H3t=
BA3IGTH v 2= 35T 0]al 250 mL serum bottle
(Wheaton)& AME-slom, 393 7] g2 head space
o] 10%, AbA 15%9Ac}. 27] 2AT} 4847} ok o] 7}
2 WErE Z4she

2.7. MDH sl &|oj wt=
Mt +8 o3 Uy

Z|CH o EHS Lz 3 HEES

Methylosinus sporium-2 100 mL2] modified Higgins nitrate
mineral salt medium} 37| 250 mL serum bottle (Wheaton)
ofl 20 mg dry cell/Lo| 5% Felsheich. wixle] AshAIel

Target gene Size of product (bp) Primer Sequence (5°- 3’) Reference
mmoX206F ATCGCBAARGAATAYGCSCG 19
mmoX 719 Hutchens, E. et al,
mmoX886R ACCCANGGCTCGACYTTGAA
mxai003F GCGGCACCAACTGGGGCTGGT 20
mxaF 550 Mcdonald, I, R. et al
mxal1561R GGGCAGCATGAAGGGCTCCC
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Q14F(10~100 mM), NaCl (0~125 mM), NH,Cl (0~80 mM),
EDTA (0~250 pm)9] === HalA|Z o, 48A)7F 9t 64| 7F
HE 7FA sk WHle) vighs WS S5k mEkEol
Fdz S o] wEEy meke] & AU

2.8. HIEHASHR
ZAut

HEHAFS =t O] s e of] whE v EhE AT 2HelS 18f NaCl
100 mM2 A 3|A| =2 S}aL Methylosinus sporium®| 27| &
=2 1,5, 10, 25, 50 mgLE W3FAA 100 mLe] w2}
37 250 mL serum bottle (Wheaton)of] $=]3}32 35C of| A
30A1Zt v eFsto] wghs BAAFS ST E3, AZE
of mhe e WS BAS] 918 27] nAE B
£ 20 mg/LZ 3}al NaCl 100 mM-2 A3|A 2 H 718l 30
AZFEeE HghE it ZUEE st

Sk H AlZtoll 2 HIES M 2N

M
. pl % AFHo|2 AN IS

2 2l gejsto]
ARS 3% & sMMO 4% F7HET vjgh 2 Ak 9]
ALES *ﬂs‘ﬁ} Fig. 3o Uebiolct. &=7} 25~40C 2
H3leh= 7 oF 2A17F & sMMO A& 27182 35

TollA 713 =9kom, o] o 7] ¥1-8-7]2] head space =
Bt 8.6%E AA|Sh= wWEHe] Abske 89% = 7Y 2t
SFRITE 1Eu 40T o A9 7k Aske 9l sMMO 24
7} FA3] A= Ao Kol 40T o]Aro A= kA
shto] Aol AsiEE & 4 AU dWHA o= Type II
WEkABlR S 45 ColA] ABEA 2ok S40] glom &
Alsl o A= Type I HgHikslot o] U2l Methylosinus spo-
rium-2 40 Cof| A AJA}o] A=)l 35T oA 2o A2 &
ot Foi d& Flssick

wjorel o] pH o] T2 sMMO 4 %= pH 70] A
Y RS F7HE BYom, WE @ A4 £u&S pH
7 ool A £ Zfol7k Agick pH 59 49 sMMO Ao
Het Axgo] 7MY W2 ZoR Hol 4] 2 HET) pH 7
0]”94 % - G714 2104 HEAEE ] B0l &

5,5 o]oh:].

AF Hol 7t/ B 7(viv)e F
of =otd

Jo]| whe} head space W
A4 9} Mgl mmol 2 G S o] 7] 9 724]

100 60

N Methane

[——10xygen
. 80 “O"AsMMOactivity..o .............. % ~
& .
% —
E 60 a0 é‘
5 | =
.g 30 g
g‘ o]
3 Y0 §
g 120 &
8 <
8 20 |
° 1 10

’ 0
2 3 3 0
Temperature (T)

100 o
 Methane O ............ (b)
C—0Oxygen o NI o) 1w

~ 80 «+ O+ ASMMO activity .+
& <
% "O 4 a0 X
E 60 ." .’g‘
% "-“ 4 30 E
Eul :
2 | .2
8 :
@ 5
@ 20 [
) L 1"
’ 0
5 6 7 s 0
pH
’ 60
= Methane (c)
orveen JUPY @ TTITTTTPPIPPRPPPN
«+ O +22sMMO activity o %

15 Qereereeree
1 40

05

Consumed gas (mmol)
o -
e 2 3 ]
AsMMO activity (%)

0.2 03 0.4 0.5
Artificial biogas/ Air ratio (v/v %)

Fig, 3. Effect of (a) temperature, (b) pH and (c) artificial bio-
gas/air ratio (v/v%) on gas oxidation rate and change
rate of SMMO activity for 72 hr incubation (dry cell con-
centration =1 mg/L).

7 39| wel/Aka &)= Table 29} £t} wghikslto] o]
2x0 WHe ol gdtel WEree FASHT 129 1)
ek} 129] A7) Bashe,) Table 20]4] W iule} 7ol
Hho] 9 7} A/E 7| (viv)H] 7F 0.3 9 0.49] S wEko] 0.55~
0.56 mmol= 714 who] AbslE|o} of uj ekt Eu)i
1.04~1.452 o2& ZFlof AT 18y 1 v]7} 0.2
4 0.59] 79 mg/Aka0] EH)= 0.80 H 1.79=2 ek ||

Table 2, Variation of gas concentration by artificial biogas/air ratio (v/v%)

Artificial biogas/air ratio CHj (mmol) CH, oxidized O2 (mmol) 02 consumed Initial CHa/O2
(V/v%) 0hr 72 hr (mmol) 0 hr 72 hr (mmol) ratio
02 076 0.28 048 095 0.61 035 0.80
03 0.95 0.40 055 0.91 055 0.36 1.04
04 1.20 0.64 056 0.83 048 0.36 145
05 1.38 093 0.44 077 0.46 032 179
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9o w7} WAL o] 27 BulolA] = Hold A9 W] G Fi A0 vehdth E3, 4RI, NaCl, NHCI A

S Abstoll eFe b Ao wuE g, siAlel Bl3) EDTAL sMMO S 27 Asfsta] gko.
HA MDH A EE 29.7%71A] A&stE2 71 1889

3.2. MDH 2= M3l 2 HEHASH SN W 54 MDH Asjal 2g3tol Wet AsheS S74471% SAl]

SN BN Zn}

MDH9] A= A 3fA|el <14+, NaCl, NH.Cl, EDTAE
vl ol 5= 22 sto] £ Aol wigktelat o] 48
AJZE AR ol o] &3 wEAkeE 54 ®Ekel sMMO%}
MDH 4= A3 =5 &A%t 2= Fig. 49 At =
7] WEk 10%, AkA 15%E *}A]3}+= head space W] <] 484
e w9 7hs Abs A=E SAsR e, A &
e ASAIE FUSHA sk mWe BAHEE 100%=

71235t e it wiefel2 10 mM o] Ity 5ol
Z3Fsla Qlom, 2lAkd 40 mM, NaCl 50 mM, NH.Cl 20

mM, EDTA 150 um o|ste] 9] =olx] et Aala-e

7}7} 83.8, 79.8, 75.8, 86.0% o|AYo|ol oL}, 1 o]Ato]
AN etk Abeleo] A sl vgke] Alelrt Asf=
AL o = Yotk I Yole F40] ST BAL Eg)
grorsl 4= gllom QAFE 40 mM, NaCl 50 mM, NH.CI
20 mM, EDTA 150 pm ©|3}9] XA sMMO AT =
90.1, 80.3, 86.8, 82.3%, MDH A X+ 72.1, 79.4, 75.7,
29.7%= MDH AT = AslHA sMMO EA4ELE =7
AfstA] gFoLt, I o] o] skolA= MDH 2= Afsf
B0k ofy Pk sMMO 2/t IA AJsfE o] wgk Akstof g

[‘ll‘

100 —F O- 100
e, ~ ( )
: mmmm methane (&
., —Joxygen
80 | {8 ¥
—_ «+0-+ MDH activity §.
S Z
‘n-; =0 sMMO activity s
b
§ 60 160 @
c o
2 £
& &
3z \ S
5 % 1 40 9
P 2
o &
)
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| - ﬂ 20
0 0
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80 18 ¥
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- . >
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g ] 2
s 60 {60 @
c ]
S | B! | U £
® &
3 g
5w w0 g
% 2
: $
4
20 | 1 20
0

0 10 20 a0 60 80

NH,Cl (mM)

LEEL WehEE AT = ATt
3.3. MDH Mafix|of =
M3t 48

AsfAl o] Fro] whE HEE o ST HEe
o mehe deke&-2 Fig 59 Ltk mlehs Mgk a2 1|
EHitslato] 48417 o] A& HUH R she Fol
A ol gg lgHmmol) ofu] Hoh= AAFEL ek (mmol)
S TALE WIS e Zolk 914K AdA] 40 mM F
A Al HEko] 1.3 mmol AFs}E]o] 0.71 mmol 2] ZFHof| wjgh-e
o1 AISIof RISk oISES] o ) S U B 547
%Stk ol el o vjEhe Ay &
& Mehta 0] 912 4] werL AA Eol 6 umol/mg -
hith 22 2495 45 ¢ 9\131"'4'- NaCl A4l 100 mM
T Al 2o mghE9] Wy EFo] 0.60 mmol(F T HEkE Ay
A £E= 6.25 pmol/mg - h)o]gl e, HERS 0.67 mmol AF
Stefo] wiEhE: He &2 89.9%= AP E Ik o] A=
AA s mweAbet 9 B = AipoA oS3
v} ThE 23S UERdL: o= AaBE AYE A
5] 48AI7F Fof] S A¥ Aot o ks Hgh

Z|CH o EH2 2z 3 e

Mo

=

= 7.4 pmol/mg - h

=

10—k 100
""g‘.\ BN methane (b)
".,‘ C— oxygen
LY B 2 -0 MDHactivity | ¥ &
- Jo., z
; . ., =0 sMMOactivity ‘S
T oo | | 1o 8
c o
§ £
= &
3 &
) 1 a0 4
a 2
& k]
]
o
20 | 4 20
0 0
0 25 50 75 100 125
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100 100
B methane (d)
——Joxygen
s L 18 ¥
=+ {F+ MDH activity 3\5
. F
X * =0 =sMMOactivity S
o \ T
Eoe | 1% 9
= Q
i) g
&
5 &
s 4 r 1 40 9
g =
§ 3
4
20 1 20
0
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Fig. 4. Effect of MDH activity inhibitors on gas oxidation rate and relative enzyme activity (a) phosphate, (b) NaCl, (c) NH.Cl, (d) EDTA

(dry cell concentration =20 mg/L).
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Fig. 5. Effect of MDH activity inhibitors on methane, methanol concentration and conversion rate (a) phosphate, (b) NaCl, (c) NH.CI,
(d) EDTA (dry cell concentration =20 mg/L).
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