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Enzymic and Nonenzymic Cleavage of Trimethylamine—N-oxide
in vitro at Subzero Temperatures

Meiko Kimura,! Nobuo Seki,'* Ikuo Kimura?

Laboratory of Food Biochemistry, Graduate School of Fisheries Sciences, Hokkaido Universily, Hakodate 041-
8611, 2Central Research Laboratory, Nippon Suisan Kaisha Ltd., Hachioji, Tokyo 192-0906, Japan

Marine fish species such as the gadoid family contain a large amount of trimethylamine-N-oxide (TMAO)
which is cleaved to equimolar amounts of dimethylamine (DMA) and formaldehyde (FA) during storage. The
cleavage of TMAO was investigated at subzero temperatures in a model system containing Fe?* and reductants,
ascorbate and cysteine, in the presence or absence of TMAOase which was prepared from walleye pollack muscle.

—4°C in the supercooled solution, TMAO was cleaved to DMA and FA with TMAOase depending on enzyme
concentration. Almost no nonenzymic cleavage occurred practically. However, in the frozen state at —4°C as well
as at —20 and —40°C, the enzymic cleavage was completely depressed and DMA was rapidly and greatly
produced by the nonenzymic pathway in a Fe2*—Cys system accompanied by a little formation of trimethylamine.
Both enzymic and nonenzymic reactions required only Fe2+ with reductants to maintain the reaction.
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(BMABER) O TMAO AFEL TWbH, A7y by PR & D b BB S, 20 H#121E 10 mmol /kg
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man ##.7 DE-52, Sephacryl-S300 {4 Pharmacia #: %L
DL DEFERL 7=,
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—4°C @AHREE & ERIRRE(C & (T2 DMA & TMA
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Fig. 1 Formation of DMA in supercooled TMAO solu-
tion at —4°C in the presence of TMAQase. (a) Stan-
dard assay mixture (1.7mL) containing 20 mM
TMAO, 2mM ascorbate, 2mM cysteine, 0.2 mM
FeClz, 50 mM NaCl, and 10 mM Tris=HCl (pH 7.0)
was incubated with 0 (0), 0.8 (0), 1.6 (®), 3.2(A),
and 4.8 (A) unit/mL TMAOQase in a supercooled state
at —4°C. TMAOase was prepared from walleye pol-
lack muscle (Ref. 14). (b) Effect of enzyme concen-
tration on the formation of DMA.

& TA v o X—F L /K DMA o4& % Fig. 1
T, BERERINE O DMA A BRI 0.011 mM/
day LKA - 7273, TMAOase @i CiBEsE B Hfil L
CDMA OAREIIHAK L7 (Fig. 1, b), ##sE 4.8 unit
s L 72 iRF > DMA A BUE 13 0.150 mM /day © 2
-7, 785, 4.8 unit OEEFE L 25°C Tl 6.9 mM/day
O DMA %4 HBEFRBETHH Emb, —4°CTD
EHFELL 25°C DR 2 % IBE oo 248, ZANTh
FEBERANCAER NS DMA D I3 B TH -7, =D
FRIT, -4 CHRAADOEM F Tt TMAO (£S5 M
ENBHT EERL TS,

KiZ, Fig. 1 24 <o) USRS BT — 4°C Culigh L 7=
L & O TMAO @ 4 f#1C >\ T # ~ 7 (Fig. 2) .
TMAOase #EINOKE & DMA (32454 L, 1 A#%
AL 0.295 mM IS L 72, O BRSO 25 5 ¢

Incubation time (day)

Fig. 2 Formation of DMA from TMAO in a frozen state
at —4°C in the presence of TMAQase. Assay condition
was the same as in Fig. 1 except that enzyme concen-
tration used was 0 (0), 1.6 (@), 3.2 (A), and 6.2
(<©) unit/mL and an ice crystal (5 ug) was introduced
into the assay mixture to initiate freezing after 30 min
at —4°C.

HhHo L, ZOHK, RIGHHARE L %510 >N T4
BORBIIME N L, 2HBIZIT LA ERAL 2L 25
7oo RIT, TMAOase #¥RINL 7278, ¥R L 7-BE R
WBEH BRI & W8 O DMA R S hiz, O
DRERN G, BRET 5 LBERRIGIE LA KL, 3
FFEIIRIGICE & ) DMA O4& R N2 < 14
KTAHTENBELMIT - 72,

LLEO#ER A5, TMAO @ TMAOQase |- k- %4345
fRIIERP T4 575, BT 581304V ERT
BT ENHO MRS T,

—4°CBAHER S To TMAO O IERE E1Y 5 1T
Fig. 3ICR¥ L 212, BI#ER & Fe-Cys RO W Fh s
BICHHED DMA VER L, TMA IE & A SARL
TN ERWP S50, L L, RIURETY, Hiks
LGB RN BAE L <A T EARaN
72o ZOHE 1L TMAO 45 DMA & TMA OW4 w4
THEU BT ENES N - 7, EELTIE DMA
0O TMA OF P HBICER S 7h, Fe-Cys % Tl
DMA OHH % h - 72,

—20°C HAEIFEE O DMA O4 R —20°C loBsE
M= R RIS BUEWE 1.7 mL 4848 L 7= & = ORIEHE
PO OREAIT Fig. 4, a 039 L 510, AsijEd
IZHHE L T SR HIREE A % T s L 7 40 5348 0 O 1
FELIEU O, 80 58I 1E—20°C B L 7=, L7
R ORI L 5 X7 150 53 O FE I - 19°C &
- 24°C DM T L 72, TMAOase # 0, 1.7, 4.2 unit/
mL 7500 U 7R CA R+ 5 DMA O &% 24 WSl
FTHN, Fig. 4, bIoR L 7o, MFERREIE kA 3BT
BER AWML, EHICSEHEEDICHE L 7 0 iR
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Fig. 3 Nonenzymic formation of DMA and TMA from
TMAOQ at —4°C. Assay was carried out in the standard
(a) and Fe—Cys (b) assay systems in the supercooled
state (closed symbols) and frozen state (open sym-
bols) at —4°C. Fe-Cys system contained standard as-
say mixture without ascorbate. DMA (circles); TMA
(triangles).

L L7, BEREAGIMOSE 3 RFEE 2 K3 DMA
DOERIT D - A FOEIEKAL /2, —F, TMAOase
RN L 72 B A TR H DMA OB S D
BEENSEVHAERER S -7, L, K24
B IC IV T oS e & DMA OAFRE 0.25~0.3
mM & 7r 0, BEERMOBET/ NS/, Figs. 1
L2 OREREND, —20°CICEIET S E T 80 frfElCEE
FERIC & » TERI NS ETFRINABITHANT, &
DOECAERT 5 DMA OB E SIS, COHER
S Cldze A, BT ORBRSE A TOBER
BEEOEMIC L A RIBORENE Z b b, —4C TH
L 7B A LBAEN L 7 BUBHR I K% A A TR IZ o]
BIHAOT, TOEIHHRNMNEP - T2bD LHEE
ENb, WSS H &, FERENRIGAELLD, ZED
DMA BAERINAT LD, HBRFRORAL L &I
BEZEOBEB TINS5 DEEZ DN S,
BRSO DMA & TMA &l RBRENOERE
BRI D, HEEER TR IERERRIL T TMAO
AofREhn, DMA kU TMA &R Nh 5 T &7
BT o fme 7O C, —4, —20, —40°C TOEEER
& Fe-Cys % CHBI B 2 6 O A B ORER
At % W7o (Fig.5), E#EFROFE (Fig. 5 a),
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Fig. 4 Formation of DMA from TMAO at an early stage
of the incubation at —20°C in the presence or absence
of TMAOQase. (a) Temperature change at the center
of the assay mixture (1.7 mL). (b) Formation of DMA
in the standard assay mixture with 0 (O), 1.7 (4),
and 4.2 (0) unit/mL TMAOQase. Data are expressed
as the means = SD for six independent determinations.

DMA k1 TMA 0F4/b L% AR S hich, KRS
T HRAeREITE T L7, —J, Fe-Cys% (Fig.5, b)
TIHEER L ITZE L S By EREMEO N/, I
DMA A48 4R h, 2 A#ICiE—20°C T 2.3mM,
—40°CT27mM k70, BEIMEVEE HREICER
L7, L& L, DMA QAL 2~3 ALIBEIZIZ LA L
EILd 5 LR ahi, Fe-Cys RiC ki 5 TMA ©
HERITH TN TH - 7.

—4°C & -20°C ([T 2 IR TMAO S RR(CR(EF
4 cofactor DB FEEEFEN TMAO O 5 fRIC KXY
TMAOase BEE 5O cofactor Ta 5 Fe2t LEILHID
B A F kB A Table 110mRd, —4 K07 -20C
TOEBKRMO 2 AR TMAO 7 549 % DMA O
BT /o, —4°CRAHBROBEIT Cys FAETT
Fe?t % 7- (1 Fed3+ T E O DMA BNAER L 727210 TH
stne £, Ay APNCRT K DI TMA O S 7
WD, RERSEOBER T TMAO (JIERERINIC
FIRLAEGRINEVEDEEZ DN D,

—J, sk Cl Fig. 5 1R L A2 X D IC, Fe-Cys
RCEHEBEODMAAER L 72, SHIC, BHICEAZ
WA Fet L 7 2 a e VEEOEE& S DMA DAL
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Fig. 5 Nonenzymic formation of DMA and TMA in frozen states. The incubation was carried out in the standard (a) and Fe-Cys

(b) systems at —4°C

Table 1. Effect of the composition of reaction mixtures
on the nonenzymic formation of DMA and TMA at —4
and —20°C

. Relative value (%)*!
Composition of —4°C —20°C
reaction mixture
Supercooled Frozen
L Tplt *2 ;

(Standard assay systemy 000 100100 42(58)
TMAO +Fe3+ + As*2+ Cys 0(0) 32(96) 41(52)
TMAO 0(0) 0(0) 0(0)
TMAO +Fe?+ 0(0) 0(0) 9(0)
TMAQ +Fe3+ 0(0) 0(0) 0(0)
TMAO + As 0(0) 0(0) 0(0)
TMAO+Cys 0(0) 0(0) 0(0)
TMAO +Fe?* + As 0(0) 71(16) 0(0)
TMAO +Fe?+ + As 0(0) 29(20) 0(0)
- 'y .
O LA 6(0) 50(15)  337(34)
TMAO + Fe3+ + Cys 5(0) 11(15)  317(28)
TMAO +As+Cys 0(0) 0(6) 0(0)
Fe?* + As+Cys 0(0) 0(0) 0(0)
Fe3+ + As+Cys frozen 0(0) 0(0)
Fe2+ 0(0) 0(0) 0(0)
Fes+ 0(0) 0(0) 0(0)

*1 The data were expressed as relative values (%) to 0.64 and 0.82
mM for DMA and TMA respectively which were
produced in the standard assay system incubated for the
first 2 days in the frozen state at —4°C. The data for
TMA are presented in parentheses. * 2 Ascorbate.

(0), —20°C (A), and —40°C (o).

7oo Efz, Fei* LETHOMAEG HE DOEE L DMA
PAB L, CNHORERY S, JEBEEN DMA 04
BSE b BER RS LA U cofactor # SLE & |, Fe?+
DIFBERIIBIE & U THEEL TV A Z 2 AL A% -
7o

TMA 37 23V VBT HEHER O F 7 Fe-
Cys & D&% <ERL M, Fe?+ L BTEHANLET
H5HT LR, TMAO »BLEHZ G CREGITE
Llghotcl b, Cys & TMAO » 6 TMA 7
AR ARG S THESZWT LA LI
el ﬁio

—20°C (CHT 2 IBRORCICRIETHEMEDY
2 FAPIIESEOWHEMME 2 NV BESFEL T
HIEMD, —20°C HEERO DMA 04 RIC RITT &
B % Fe-Cys R T~/ (Fig. 6), HEHTBO 2
AR TMAO 75 60> DMA O8I 2.3 mM Th %
7% (Fig. 5, b), FEFICETEILOFARERL TWvb,
DMA DA RIS HRBHEDOTRMBEOB K & & L1~
AR L, 30 mg/mL OB RO T Tidsh 75%
IR T L7z, CORIGRD S Cys #k < & DMA (13
ERERBR LU - T, TSI OS5 EHE 2
INT7BO Cys BREIFIGICE H » T & & 4R
LTwb,

% £

IR OBEHAFICITEED TMAO AEEL, §F
BHPIC s T& €)LD DMA & FA 2MER S 5 19
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Fig. 6 Effect of added myofibrils on the formation of
DMA at —20°C. Carp myofibrils (Mf) were added to
the Fe-Cys system (open circles) and that without
cysteine (closed circles). The reaction was carried out
at —20°C for 2 days.

FARRBAZ VAV BEERIGL TEOMBEZ KT S 4%
CERELENTWAS SO, -5CHa6-10CT
IwmaFAﬁ%ﬁmimﬁ%b COERISEEFR
TMAOQase DIEFIC L H LD LEZ LN TEILD, HiA
OB DR i%“?ﬁﬁ%m XTI ‘/:O Parkin

b Hultin12 {3 TMAOQase B~ A 7 A DO I 7o) —
Aﬁﬁuﬁ&t,(®@?ﬁm%%%%ﬁbto%%

BWE A XS A 5 TMAOase % K5 B B
L, BEASBAFICHFET A EFHLNTILT. L
L, BEROGE B CEESEAMEAT A2 & LI
HFLb—F L\,

AT BT LRABERNOT T VEBROFERIC LD
&,*ﬁ%%ﬁ@fiTMAoﬁ%%ﬁm’iﬁ%éh

D EHEE I NS, LA T, BOXKBRSLEREED
i’mW*(@ﬁTE&‘QEP(D DMA 4 &1 TMAOase |- & 5B %
K kBT L5, 72, BEHP T TMA O3E
BENERL -/l &b, %W@TMA#&M
MERD 5 WITEEYD TMAO BLEFEIC LS L0 D
%%@%%H%iﬁié@@f@@oﬁikbf@
TMAOQase ® & i3 328 TMAO ¢ B CREE D
Fert #EEFICHs G S, Fe2t i & L THRICHIHE
THIZDICEHEBETHLH EEZ LN,

—7F, LB ENEBERGTES R, —20
C OEFEAIEICIIBEORE RO Nz, —4C ks
TILBGHMREED Dk & AN TRRFICERRS S #7278
—20°C WifE ClH BB IS SOCIR A BB L 7272001
WRERIC R BOBMBAR D, COMICERMERL
LEZOND, EHERTORFRAEO 24 FERIC AR S
N5 DMA OEIZ 03 mMEETHLH b, B

W LHEEERINC LA DMA 04 R EEADEL, £D
&#ﬁ%%vi&fé%g@DMAa@k@k,%@

B, Ak

BHEIINTRIFE OB & & DI PESA LD EHEES

N5, FFEERN TMAO O BAHREIC & 0 BZICEK S
FERZBEOHMERM &5 2 b b,

25D ¢ L—TIHHAFOEMA L L TOKIL80% 4
DE -5 CHfET28% 12, —20CThk%e7% L7
%% THEBMET R T3~10 fFiRfES N 5 2 LTk
N, A4y ETAIOEMIC LD IEREFER DMA ©
ARNE L {RESNAREEMEA R,

BRI L 72 & 210 TMA O RIER 5 7%
WI Lk, MEAOEE S DMAICHE L TTMA O4
BITHThTHL I ENMBEN TS KHFETHW
7R TIE DMA X0 TMAAS AR Sh A, C
DREBTH L LT CysOfic 7 Ao v a & A
TWbHD, Cys 2 @Kl & L TEE Fe-Cys R0 A
PO TMAO OB RNICT N LA O 0 IC7 -
ﬁwLJu¥k+fka 40°C T2 AT 2~3mM
D% D DMA HAERT 5 Z DO T IEEIC
K& iz Eoﬂ(ﬁg&ou@ﬁ5f®DMA@$ﬁ
Bii2~3mM TH AL Lnh, RIGEEMKFAEE
TMAO (20mM) ORZ DD T\ EEH G T
#H 5, Table 11277 L 7z & 21 TMAO & Fe?t Tid
DMA OARIZE ST\ EA b, RIBKICERNL 72
Fe?t 3BT MECELICMILINERA LD LTS
N5 LIchh- T, RIGDIERTZETLH (Cys) RE
DIETIC &% Fe?t OfbBIRETH 5 L bbb, #l
POk T Fe2t L L THEEL TWAHD, ZTOEIT0.2
~0.5uM TH 5,220 o Fe?t 4 CO LD ICHE
ThbeEZLNLI LD, ARICEAT S Cys
7N rFF 7, NADH O X 5 7@ TAHNC & - T Fe?t
OBAL BB IE SN, RIGPHEFFSN TS EFE 250
%o Ltﬁaf,@§ﬁx@#@%%&m®mfﬂ@&
IR D BITHIOMEEEC k> TR THAWEEIET S Z 2
e hHe SHITCys eI A fj’/(ibA L RIGT A
B, ko CAIEESIN S, Fig 51Tk
L7z k21, DMA O4&RBAER 2 B LAREIC 2~3 mM
CEL B A TEIRET A RERRISERS O Cys (2
mM) At S S fhic, DMA » %€ )4 L 72 FA
ERIGL THET 5 LD EE SN,

COHERNC &5 - DMA & FA 4R E 5 AR &
CEBH & &R TRZ 5 ERIT TMAO S 80OE VD
R EHI OB S JOVEANEVIC LB C LR ST
4o Eio, BRI DMA & FA O RHBEOFIER
BALIREECidi BT &, 9 B 5 W Ik ED FA RN
7 TMAO 43R4 FHE4 A5 H & —FH L T\ b,

X 53
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