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WeR3F M.trichosporium PP358E ©18-3l] Ul Gl F7I94sFER] ESSZRAEA(TCE)] €3 &
Falof] i3 AT7E FHHAT. FLAZ 20mMe] formate”t F71E 79 TCE £31= Michaelis-Menten $25hg w5t
2, olnf Hrj ¥IESHELE(V,, ) 2 EPFFEK,)E 22 14.0 nmol/min - mg celld 124 yYME ZHHUT. vlgka vgke
< TCE ¥3fol ZAAWEE 39 7zt A d(K )= 107 uM=+ 3.4 mMe]]t}. Formate’t AAIZ F71EA) &2
744 TCE #39] v|X= gk Wghee] 98 & o 53¢ F3S Yt 1A %e Fxoixe ves des
o] H77F TCE 231§ &2t o, s e Az 2831t EXAZ F83h= Y4 TCE A H|E3)
25 formate F7H] Bal&50] 60 e H7HA)) 2 80 %(ErE A7MA)oITh HEk ¥ wekge] Hrl wE By
g BEodS FEEo s Ay A8 e Rde =lENy, 2dde A8y 2 dNge ¢+ A

Abstract — Degradation kinetics of trichloroethylene(TCE) by the resting-cell of the mathanotroph Methylosinus trichospo-
rium PP358 was studied. When 20 mM formate was present in the reaction mixture as a reducing agent, the rate of TCE de-
gradation followed the Michaelis-Menten kinetics and the maximum specific degradation rate(V,,,,) and saturation constant
(K,,) were 14.0 nmol/min-mg cell and 124 pM, respectively. Methane and methanol inhibited the TCE degradation in a com-
petitive mode and their inhibition constants(K;) were estimated to be 107 uM and 3.4 mM, respectively. In the absence of for-
mate, methane and methanol showed a more complex effect on the TCE degradation. At low concentrations, both substrates
stimulated the degradation, while at high concentrations, they inhibited the degradation. The maximum specific degradation rate
with methane or methanol was about 60 % or 80 % of the maximum specific degradation rate obtainable with added formate.
Kinetic equations describing the complex effect of methane or methanol were proposed and the relevant kinetic constants were
determined.
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o &= ol §h4tsl & Ax(methane monooxygenase, MMO)= AbA 2
NADH?| =&& Wo} 718 943} f714vE ax5oz Eas]
i F-oltH1, 5-71.

Trichloroethylene(TCE)S X33t H4A A9= 318HE (chlorinated
aliphatic hydrocarbons, CAHs) #Ed= deix gow(g), 245
2 IFHE AFE L9 FHe 449 Y. ol
Z TCE® #3l= Wilsons} Wilson[10]°] 19859 Hd 7t ~(natural
gas)?t F719] EFE] =&H soil columnollAe] §4t4 BaE B
2% olg) & A7t FYH L Ut Oldenhuis E[51 19863 Tl
Gxtslto] WEe 43} Ao ARgshe EAMMOYE o]43k
TCEE ESiITL AL, 2 o1F Tsien F[6}2 WiA] Foff 2]
7t 292 o wgxsldo] AAslE soluble MMO(SMMO)Y’} TCER:
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o]l SHAEE drkz sl o] sMMOE diiEe] Facls
g7 718 Holgo] vto} Bafn U doen ALEE g
T opZ} f3) 24 TCE $3 28 CAHsE F5UAL 71ZH(com-
etabolism)*] <J3 Fajdvia deix givh12). wWakA Al1e] 712
etz F5UAFE (cometabolite)?] CAHs EF MMOd!| 23] Zajs)
B2 73R WE7h s ol Qs AslEnr) 4Aad Aol o
A= TH13]).

A7 vigkAshtel o)g TCE ¥4 588 d7s dvwng,
Henry$} Galic[14]& 98] Methylomonas&olA ME U] A AR#
granuleo] W€ ZAZANA TCE Eaol] sdaEe 338 2= g
& B3, Cohen?}t McCarty[7}e SE2ZXE% TCES FAlAks 4
ol ol52 A=z sl s BA ks AL sy
th B3 A7) AEA TCE BdlSEy fgindc= T &
Aol ARE FFhs 2N B FA8) 7hstEE Taa A
& fAlske Zlo] vl Fo3ltha Rusigln). =3 Newmans} Wac-
kett[15}& M. trichosporium OB3b, Methylococcus capsulatus, Methy-
losinus sporium #27, Methylosporovibrio methanica 81Z, Methylomo-
nas methanica 5 M. methanicaS A3 WERAS}AL T%E TCE
& E3isks 8o] om, ES4HE=E chloral hydrate$} trichloro-
ethanole] 3= 218 98024 TCEE epoxidet} chloral & 714
ZER FaE & Aotz TSt s o]@d AFE F2 TCE
w2l o] BHEolA o], AA )5S AHHoZ o]gE=
Hl Hedh Bl 53t 9 #A o] 2go £33 thRold g}

2 A7 WERASF SOl Methylosinus trichosporium PP358S-
ol83l] TCEY #allo] @8 W&x 7|2e ZAS o] wA}
T AT S ARYFE S Ao BRolth M. i
chosporium PP3582- 2712 427l viekalsl S|4 TCE 23
%7t 7P W2 M. trichosporium OB3be) WolZg wjok 2 g
ol 2] f-Fol TAglol Y sMMOS B ah= Exo] UtHle-
17]. #40 WH-EL (NADH) FFA3] formateZ} EA3R= 2704
TCE ¥3)712+& &AVSIRZ, = TCES A4z g2z wgto}
W&ol formatest FE W RaSre] wsleE 4. ol
¥l formate”} EAEA @ ZANME ojekLol} wge] TCE &
si&ze] WA 9gE ARG riXgo g o|2jd AzE mA}
she SEAE AR EFES ANseH, Ak Swa
o] deiAel UdNTE B o]HF AT whole-celld] ]+ TCE
=8l 715 AAE olsishat] o] B B o} BNk A4
Al TCE] H3&=g Az P7e 20 52 458 5 =
7124 As= AME Aol

2. 4
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2-1. ?F Y vj=A

2 HFe)] ALeE M trichosporium PP3582 ¥|=F Texas F=YUj
&9l Georgion ZFRFE TR 74| W] AFLH wjx)=
Higgins 77| 24*¥ #2W}=| (Higgins nitrate minimal salt medium)
4] 7 ol2e F=E 10puMelith FA wjke Fshujoks)
(Model KMC-8480sf, Visiont3}, 4| 2)8 o] 83l9] T 250 rpm,
2 30°CoM ATk F2AAE 300 meRe] s 2wy
EetT(screw-cap flask)S AME-319T okl Bm= 30 ml, 7|
o HEFFS 2mleIUT}. 71A N g 2o)e gas proportioner
(1160648, Cole-Parmer, USAYE 53l 3:79] HI&Z e % Zapa
A9 A& AL 7N E B3 FYsi

22 ME 529 23

Sist@et M37H M3& 19994 68
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Fig. 1. 40 ml glass vial used for the measurement of TCE degradation
rate.

Al £F 2= £33 (Spectronic 20, Milton Roy Inc., USA)Z o]
£, 3 660 nmollA] E3= (Absorbance, Ago)e 4313 mE] st
Aoz HAgsied ARS8 MEEE/F Be w= Az
&8 300ml Fekae] HaE A 11mm F22E S5 AE9
AAglel B2 F2=E 39U, ZF oA E rubber septum
2 23E AR AHE 7KRE B8 FAVIE wjgAe H3 5 3y
3l 10 mm cuvette® Z A 310}

2-3. TCE &3l &= =43

Aol AHEE 40m! A2 WEEL Fig 19 Yehide) &
2hiFoA 7] NEE A 2olM Eppendorf microcentrifuge(Model
HST-8, &< 714, Q135 o83l 587+ 12,000 rpmO= QAL
& F ATAL HPT 40mM AN SEGA(153mM KH,PO,+
240 mM Na,HPO,, pH 7)2.2 HE3lY 2mie A& fey) =
H¥THFormateE WiAIE AFolNE 199 AFe AR, oloiA
0.8M formate&S 100 ul FY3IE 5mM TCE stock 2918 70-
1000 ul FHE & HA) gNo) Hujs} 4mlo] HA 33} Zrss
Bol(e1R <l <t g ) HMH T, formatet= 409 3)AIE)
ol ¥ 7% vt 20mMe] Fx7} €ch BE £ WAk TCE %%}
3-200uMo| H=E 3Gtk 5mM TCE stockS 40ml 248 Sa]9
(883 AA o= 43.5mlo] head space $1°] 0.1 mM HCI &9
22 TCE Y99S 345l PTFE-faced rubber septum®.Z X5}
F vortexste] AZSIATE. ek HIINOE gas syringe® o]&5}0]
FUBIL 1 FEE GCE B3I 240 Hkgo] dojuh= 2
BAS] SsixE 7122 A EE TCEY vg 2 wgee
BEEE 92 F AY U3l Frlsly A" Adls BAE vial
P& LIl Bo] 0°C2 $AFYTE TCE B3 whee 30°C
B2 (Model SWB 02, JEIO TECH, M-2)l4 2% 180 3]
FEAIZIHA] 500l gas syringeZ rubber sepume E3}e] 200-
400 p1e} gas sampleS 3K EEo)LAZ/|(FIDY} A3g 7hx
=PI Z(Hewlett Packard 5890, U.S.A)E EA8%th. TCE
B4l AFEE e A7 1/8incholl ZLol7t 6 Q) stainless steel o
= 01% AT 10008 BA% 80/100 mesh®] graphac C E-2H(Alltech
Inc, USA)E FIANAD. 2E, H&7) 2 #¢Ro ex=
150°C, 190°C, 170°CHe™ uIAZE A4 30 mi/ming AR
SICHAIFAIZE: 1.5-2 min). 3H8, 74 W) wjgle) wm porapak Q
(Alltech, U.S.A)E FX|¢F 6 Q) stainless steel TS ol g3l s}x

o o o
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Fig. 2. TCE degradation(@®) by M. trichosporium PP358. No degradation
(O) was observed without cells.
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Fig. 3. Effect of cell concentration on the relative TCE degradation
rate. Relative activity is the % activity calculated from the maxi-
mum degradation rate(2.0 nmol/min * mg cell) at the cell concen-
tration below 0.5 mg cell/ml.

g & 20-30% ofulell AFL mHAoF §& & + AUTh

BB o] MEF %7 TCE vlEsi& ol nXe 4L Fig. 3
o JehiTt 1.5 mg/ml odolM AEFE] 710 uje} TCE ¥
& Ert 2Hashe AL ZIAVI1ER] A4 59 EEAY AE
o A & AXFTrt e HodXE f2 el TCE ¥
fEer) gL ro] g A|3kE R THreaction rate limited), A|EF
T UR 58 Aede EFAE sl AlgErks Folthmass-
transfer limited). )23 A3} 7} S[19]10] AFxA oA 2y
< o83 MMO activity S3A] 2.0 mg/mlcllA 7137141 A4 5
4 EX'Z“]‘:E._" Aol o8] activity?t HAaEE A ARl &
7S o HAYEHEES 471 s v e A2
%E—S— W= Ao] FAIM HEEEIF UF 9 A TER9
EafdEAl TCE ﬂ-ﬁﬁ"’bl U Zo] g AjEAe] oA
HA AE FEE 0206 mymlE Aok w1 2 Ao A}
FEHH 2 fEEE ARRSAY JAgezoMY 4ESF
T MsATIEAEIE 2 Hgx), AR AEsErE SV 3
ouv & 03_ FNNE 40 ml vialo] TR HE)3ls Ado) AR " %=
A2 Aol FHeEE TE 2HE A= BAE &

3-2. TCE B&=E
TCE®] kol @& El&EE Fig 49 VRS Rald=e
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Fig. 4. Effect of TCE concentration on its degradation rate(A) and Line-
weaver-Burke plot for the determination of kinetic parameter
(B). The solid line in (A) is calculation from Michaelis-Menten
equation.

HWAHAK KONGHAK Vol. 37, No. 3, June, 1999



390 B - B - 7 - g E

Table 1. Kinetic constants of TCE degradation by Methylosinus tricho-

sporium PP358
Parameters Symbols Values
Maximum specific degradation rate V o (With formate) 140
(nmol TCE/min * mg cell) V e (Without formate) 45
Half saturation constant K, 124
(LM TCE)
Inhibition constant(uM) K (methane) 107
. K (methanol) 3400
Stimulation constant(min * mg cell/ k(methane) 1.0 X 103
nmol TCE * puM inhibitor) k(methanol) 0.67

TCEY T =71 we we A¥4o2 ZrleiA B v ¥a 7

&l HHoT Agd =@she APolE HYE ukgoA

Z 4#7 %220 Michaelis-Menten 4[4 (1)}& 2431t}
_V S

max

T K, +8 M

A7IM V,.. K2 42 ABeEE @ E5PJS(saturation con-
stant)°] 3 S TCE Fx=olth & (1) PHe) 958 Hsld o oyt
YoIA|3L, o]& =A|8PH (Lineweaver-Burke plot) 71€7] K /V,,, 2
ya¥ v, 258 v, 9 K & 42 § It

_=_"‘.1+ 1 (2)

Vor?t K& ZbZ} 14.0 nmol/min - mg cell, 124 pMo] o) H 3
(Table 1), “3¥A|(correlation coefficient, ry= 0.9950°1%t}. Fig.
4o e HELE, e ol83ke Yehidt 2 499 v, 3}
K2 22 24X vlart 7Vssich oMEFEQ M. trichosporium
OB3bE ©|-8-% Taylor®t Hannaf20]9] 7% V, =82 nmol/min - mg
cell, K,=104 uMo|2}3. ¥ 7817, Oldenhuis S[11}> SY& 7%
g °]&% 4l v,,,=290 nmol/min + mg cell, K,=145 pMo|}
3L BIsled, & A9 K, e A9 Mk v, & thh
ApolE Hlth AT o]#d xjole opYIFS} WolFel oo
7108k= Aew Agkan

3-3. TCE &28i0ll 0|xl= HiEte] gt

Hlgke] TCE #aoll tisl A7 ake BAth= AL o7 73l
[20,21]° B3 53 itk 22 Speitel $[21]°] TCE E3i&wo]
TCE T& &49& 13 w22 78l F& TCE =90
Wl drE A A el AgHow Le)7|zhe A7 = g
o} old & A7 2o We TCE F=@old were] Qe
=& ZAIBIAL Michaelis-Menten kinetic models AR&3led wjgke)
A FEKYE ZF31aA) st

Formate?} A& o wge] TCE #aio] vxE= 982 Fig. 59
UER i), sgke) fo) daglo] Michaelis-Menten kinetic model
FEolN 44y F 959 & F UUT, AFASFE uge A
7FelA] 92 29 09950, 54 uM =g S 09920, 273 132
UM HEke] 79 099330130t Weke] xr} ARSE K o 7%
= BV, = A AR e L F 5 AU ol 8
= ZA%eN712e] YA B2 Lineweaver-Burke plot[Fig. 5
BN T A Jerdtt. & dige] F5rt 271842 Gale)
71&71e ARAT yaUe A9 Q3L okl A 3220
3 K=107 uyME Ao Fth(Table 1).
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Fig. 5. Effect of methane concentration on TCE degradation in the pres-
ence of 20 mM formate (A) and Lineweaver-Burke plot for the
determination of kinetic paremeters (B). In (A), symbols repre-
sent experimental data and solid lines represent calculated val-
ues by using Eq. (3).
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Fig. 6. Effect of CH, concentration on TCE degradation rate in the
presence of 20 mM formate. V,,,./V is plotted against methane
concentration(Dixon plot) at 68 uM TCE and 0.19 mg cel/ml. In-
hibition constant(K;) was determined as 107 UM according to
Eq. (4).
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Fig. 7. Effect of methane concentration on TCE degradation in the
presence and absence of formate. Symbols represent experimen-
tal data and solid lines represent calculated values by using Eq.
(3)(without formate) and Eq. (6)(with formate).

V= Vmax's

K +S

m, app

; Km’app=Km(1 +Kl) 3)

Fig. 59 A7& A2R1sl7] sl TCES] FEE 60 uME 243}
Hete] =5 0-600 uMZ 3718 TCE Eaf $52 ARSI
thFig. 6). ©] W Eq. @[23E °l&3ld KB & & on,
K= 107uM= Eq. (3)& o83t 73 g3} 24

\% K, K
PR g i/ N Ry ) RN | 4
v (s ) K-S “

FUAR ZE3he formate® 711X FAE Aol M= &
s} Blsgt o R TCE ¥3l 492 fBsiitkFig. 7). = 2%
A formated H7HAE A$ehs ul$ e L 2 F I
& 20mM formateZ H7ISIAE 7ol Wee] %71 2715 9
Ve WA B3 K, % S718E0, formated H7181A) 949k2
Atele vige] vl wat v, & wslelsion vge] Asjzhe 2
ool We wRoME 988 Bl 1 L% sh= Ao B
FHAY V= 25, pH, M E W] NADH ¥E 59 got 48
Aell 2=} pHE 22 30°C, 7092 A8 Eg, ol2d v, o)
Z7he dlge] tiAll W2 M o] NADH 3718 o 4ach4). v
gl 7l mE v, 9 Wshe o Ao 8o sissir).

Vmax, app = Vmax, o~ *1‘ (5)

kK-Me——1
v v

max,o~ Yo

AZIM Ve AUE 228 £ d= TCEY EdSE, = for-
mateS F7FIAE A9 V013, M2 W T, k= IS g
7] 913+ £33 (stimulation constant)E gro] ZHE wjgke] 2)8h
£ F3837} 3A Dot Ve formate) W] §1€ we] TCE
ToEEolth of 42 Vv, .7t WEe] 9g W V2, sge] e
3 g A v, 2 FHtke 248 1FEAAY o] A& 4 o)
Agshd o3 2t

Sk O without formate
® 20 mM formate

2/\
s =
=0
[~
S
g E
B £
e
2E
o g
3]
8\‘5

0 L 1 ) ! ]
0 2 4 6 8 10 12

MeOH Conc. (mM)

Fig. 8. Effect of methanol concentration on TCE degradation in the pre-
sence and absence of formate. Symbols represent experimental
data and solid lines represent calculated values by using Eq.
(3)(without formate) and Eq. (6)(with formate).

meo———~—1 -S
kM —F—
Vmax a_Vo
V= . (6
Km(l +M)+S
K.

(3

Sigma Plot 3.0(Jandel Co., U.S.A.)®] nonlinear regression '3
< o83t 7% K; B k= 27 108puM CH,, 1.0X 10 min - mg
cel/nmol TCE - uM CH2IR3, FZAISFE 0.707°100. 4 (6)2
el AN o232 Fig. 79 AXoE JehiUtt. FormateE 7t
A BkE 739 TCES] Al Bal&xE oF 70uM CHOlA 33
S, o] T formateS H7HAE 7ol visl oF 60% A=HL
uodige] A A7HEA @S Aol viws] B w15 o)
=R et e d90A 2 (6l sy AL o83t A
3t Alele] ex7} 3A) Ul ol AsE WEk goelx] TCE
EaEETE W] w2l 449 BA7F AU, EF HE NADH
T Mgzl wet WE 4 Qy) W Aes s

3-4. TCE &3H0]| DiXj= HIEFgo| Y&t

Fig. 8oll4= wWgh& 9] A7} TCE B350 nx)= G5k e}
Wit He Aol AXe 4 (6)2 o83 o]z, A
T formateE H71e 7% 09865, formateS I7}5A] ke Ae
0.9228°1%]t}. Formate’t §1& o) wl@-g2] H7lo] wal TCE 23
S5t 7RI 2l A3 Ao gk Aes &
Akt 0.6 mMel HEe H7HA Aol EASTI} formate A Al
HEHE A £59] F 80 %] UIAE B #e HYUl= FoM
HeRt B8 F7 a3yt ada s o] Axs 2% uu
FEE AES a2 XY gk s £ o vggo] MMO
ol sl xstHe] ke A&, 24 A3l Bt Fht vigo] ¢
A AskE o Re] NADHTHS AAtsked) vj8] wgrge 27he
NADHE A& 4+ Sldke A3} #do] gl Aoz 4Hti1,18).
Nonlinear regression 33 73 Weh&o] sl K, 2 2244
k= 27t 3.4 mM, 0.67 min-mg cel/nmol TCE-uM CH,OH®|%{t}.

HWAHAK KONGHAK Vol. 37, No. 3, June, 1999



392 2A7H - A -

4. 2 B
£ A7 = formate, H&, BlEh&o] TCE #afo] u|X&= IS
AFHog A3y HYES é ks 8 ndg At
art. £3] wigo|uy wgkgo] TCE &3l2) ZsiAzst 2=
Aol ol ¥ TE WM Bl AR 8T o+ 2L
Hx=2 W3t} o] 435 EUE TCE ¥ vhg7) L84 FA
Heolt deeS Hrigdomm B urgrie a8S 3‘:"]'/‘]%‘ T
sleelel difdt. B ol AAslE AASEA Al &
o] A& fAE] sl 2719 formate® A71EAY olgt HkS 7]
& ARgsh= 3*7'1315"— Y 4 WA IBZ TCE 8l wg719)
AAHR] e A 719 Aoz s},

#& A

£ Ate A 54712974 (961-0100-001-2) Aoz
F=Egon 2Ydl ZA=EU

A871E

v : specific TCE degradation rate [nmol/min + mg cell]

Vopar - maximum specific TCE degradation rate [nmol/min - mg cell]

V paxapp * @pparent maximum specific TCE degradation rate [nmol/min +
mg cell]

Vonaro - maximum specific TCE degradation rate with formate [nmol/
min * mg cell]

K, : half saturation constant [UM]

Ko app * apparent half saturation constant [uM]

K, : inhibition constant [uM]

S : substrate concentration [uM]

I : inhibitor concentration [UM]

M : methane or methanol concentration [UM]

k : stimulation constant [min - mg cell/nmol TCE - uM inhibitor]
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