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Search for Life Material in Galactic Dust
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Abstract

Many signals of carbonaceous materials in celetial objects tell us that the
origin of organic materials on primitive earth might have come from outside
the solar system. The aim of our work is to clarify what is the carbonaceous
dust in our galaxy.

We formed carbonaceous materials in a course of cooling of methane plasma
which was generated by the irradiation of microwave to methane gas. The
materials, which we called QCCs, quenched carbonaceous composites, have
very similar optical features to those observed in celetial objects.

The carbon-rich QCC (dark-QCC) exhibits a 220 nm extinction peak .
similar to the extinction hump of interstellar dust. The organic QCC (filmy-
QCC) shows red fluorecence which can acount for the extended red emission
observed in reflection nebulae. Furthermore the ir a.bsorptidn features of
QCCs agree well with the ir emission features seen in carbon-rich planerary
nebulae.

Keyword: dust, carbonaceous dust, interstellar extinction, extended red

emission, ir emission, plasma.

Viva Origino 23(1995)153— 168
© 1995 by SSOEL Japan

—153—






WREOEEIC | HfmDRLIR%Z KD T

FIHEF
EREERE., {LEE=E
(T 182) R WA + & 1-5-1

1 &£a¥E
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PhbhoBAc iRFENE (CCTRATFLREC -T2 HBDS. L VRFEK
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HETEDLSREDsTwokd, TELTEMEELZE LT ok Db,

BAOMEBEREr bl T, REEWER DL S EG~LEELAPH LML L
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chbofBRdATtlRETCR LD bR, TAETRELAEZXAZ P2 HIERET .,
KFEBHACEEA LADTH 3, M LBEAAEEAEER COBENO LD, 1970 FKK» b
1980 SER I AT, ATHEICKEBE IR IMNICHAT I C LATDODRhELYE, TH
LDASZ AR ELLFERALAIELS TG, FARDOTH S0, (EEEFBELL
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3 ERECEZED(S

31 QCC%#DLB

DA PARERZ IS CERBETCIC, ThREALRERH, §ETCHbAL
BMEOHLLEINRZ U A, REBEO b L 1LTH, 7774 b33, £ LTEMER
DLYDELTE, VI Fr— 8, BREPELLCHO>TFoNAE, LhL, BED D TR A
habESbhv, 2L T, WAL AFETHEFEERL., tOoXREEERRAIET S C
EBRfThbhik, ‘ .

BEEELTwIEELEARDORE LG, BRC LRATRFECELR (C>0) &,
FTOMORBIC LRERCEUE (0>C) &xdbd, EBbbDF 4 TDRIEHD
HC XY, BORFETCTEIROMBERELLEDS, REBS V., REEAOENER
AN, MCEERSZWLEFRFCOE2 Y, EREBE R IR AW, ik b,
BHLCBUHERSFOEROZDE-EBY, REAOCEOGROLDCAvi®
ThHad, Thid, w4 7 efHRBCIVRIEKE 77X <%22<{ b, T 77 X< HE
HABHEL, 20arbhbREEDEL2EIDVDOTHE, 77 X<HNELEINTCCER
REBWER. V77774 +10 X3 ABE0EbALLADD T v, X Y EEEAREE
PEtr, BWRFEEHHE (Quenched Carbonaceous Composite; QCC) L AT 7z 2 DE
() oev H2EFIMN T3,

3.2 EBRFE

<= 7FAbravERnTRIEKE T T X~%22 5, 20, 245GHz, 300W (T8 H
Ho~=ritrevipbiffdhi<l s ey, SEECE-Z, BT aiiio
EEELAR, EOREBAXVHAEE LE, w4 7 v HBHMORKEENOE IR, 7
500PaTH b, =4 7 uiid W T2 L, A X vRIELCHEL, FEHVWEERS>7F X
v EBDB, CONAEMILLbHEEYF BT Z L, ¥—nofTi i, 44 v,
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Fig.l Apparatus of formation of quenched carbonaceous composites (QCCs).

FEvie<A 7 niEd BT, RERARERR 77 X<~EAQOEAC, 772~
PEOREREARZ VLDOBIEREB L, 120RICBEEEEET S, AFv77X<DX
RANECHHT S L, CH, H, C, Hu2 b O RAEAHER T A,

S S am T TR —THEEYUARS FAGH b, BERRDLRE, BETFREE
L. 50,000, KEFRFOHEFIEREE & LT, 6,000K, C;0 7 ¥ h i bR IERHR
JE & LT 3,000K, CH % &3k % [AEEE & LT 1,500K, RS 0RERE & LT 500K
KB, COXSBRRTH, 2AAL¥F—DOTIH Lo@EERT IR Avo T, BHE
KEDVBIWIKERLEY, wiHwaAREAELLS,

~A 7o EPREEFOAZ VvEBHLTVE L, 77 X~BOREDS L, =/ %
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EmLic< T3, 77xvﬁ&%ﬁ@ﬁ<%&w ME, KEHsofr s ¢
THEMEE L,

3.3 ERUERFEEYME

L7 IR ApDREHBRCIBORFEEME., QCC, #4L 3 (K1), QCC
BTEIEFHcL ), HEAERL, 77 X< —a0fh, HEHN Tmm c E.oBHE
(granular-QCC) 5, £ O AB I RIEL KEBLE2H VP AR B (dark-QCC) HEL, £
bk citdbFRBROFRHHE (ilmy-QCC) K E ik, QCCODR R Fak
BACHBORE ANy bk, BAR, T, ANROBECHEEL TR LS,

4 220 nm OFEHD AN

4.1 ERIEDQEIEA~T NI

EMEELARLEOHMCESERBEOC &THh D, 1965 FIC Stecher 282 & v b IC
kL a#flc, EFEE 220 nm @Ko & & (hump £ bump ¢ BB Eh ) doL
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5 LCROAEOREZ~Z i, 208 LAEE s BoEMARESL &
B, HBELLE v, 2T, HESSInm 440 nm D £ T ATHIERZTTS, wAWAER
WEREE LT, BRIXZFEHRARZ 220 L5 KRBT 3 L, BoXEHiErs
CALThhE, ALAZ trkFTC Eosns,

CH LAl 2A0EEBIAL, bhhbhofF ik, ¥ oBRETD 220 nm K HE
DEEERTCERbhok, BANENBREDLODTC—ETd 5, 24, BREESE
BERICUETIRAECEREBCHBETEXREVS 34, Tn2fINNERETD 39,
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 ERTRFREDEG MR CE S, 20um 2R T HREEYE I Eh b hiERL B v,
SEC, 20 m OFER & LTEMic LT bR 2 h e, REREWHE < QCC
% B L ¥, PAH (polycyclic aromatic hydrocarbon), HAC (hydrogenated amorphous carbon),
coal DR BHE R E RS Y, BICHRoHECRFERRBEE D MgO # 8i0,, OH %2 &
U T AV T ATARBEM B LB D D,
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89353 {post-AGB star) i (E#E ¥ — 2 I FFAEE §, HD 213985 (post-AGB star) ICit, 2L
230 nm DX O C BAFR E n Y, BEFEORKICRIFHBEHRH A FEROA BN, —
HIKEBEOLEWHELE (He b IRBLED) ODRBED X7 Ak, 250 nm (V348
Sgr, RY Sgi®)) o0 e BRH 3 e BPETRTw B,
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BEMEDLSA20mOE—2%RTTH55h, Wb QCC oI LTEF
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4.3 QCCOEMN -A#HBELANT I
4.3.1 dark-QCC OEFHE AT+ I

QCC e WUEBET I HBO T I XELGAEPAY - L2 B T7 I X< R lHEND,
AR BEECER AT, TO LR QCCR2NBEX LD, ¥ —sofubid, WHBER
EHTES, PEBRERUEC AT 8o, ThAbb—adbbbb LTk s
AITES dark-QCC DEEM - TR AR 7 L ARFTTE S, ¢ OMWHIC & dark-QCC I
e <, FEED filmy-QCCHFFELTWE, THE200am FIEKEWRERE LD, %
£C, LD filmy-QCC R RAZ ) =B DT by ELTTEHEML, BokKMBETH U
CRBBORFEEGHE (dark-QCC) D A2 FARAZE LAY, M2 A7 b A 2RT,
217-22l nm AR E -7 B2 D, KB -2 L LR35 RDRBFEL BV, :

BEBEOCEEARY A LHETE S X 5, 440 nm & 550 nm OEIEETHEL L 2
A7 } o (Absorbance) ¥ icifiew iz,  —7HEMNEBERBHMEL: X<&5, QCC oM
DY — 7 OFEE R BME CETHA) SEBBEO L ISHTwa T txbeE, Lk
L, QCCoO¥EREBAME VI 22LKEw, Ak QCCOBSRME TR TS
DERKENT ERZERLTS,

4.3.2 BT filmy-QCCCOHFmMEA~RT M I

dark-QCC LR A Y, ilmy-QUC IR A2/ — AT v R FOEBERCIBT S,
KRS TR OME TS 5, HEWORBEE i b 2%, QCC2EY 3 & filmy-QCC
OHPEREDL, Cofilmy-QCCERLEMORERBc AR, v —4 ) — K 7 CHR LA
Db, BEAHBOTRLBINFCELAY, —EOHETCHERLL. T5 &, filmy-QCC
POBEBERL, HERBRO LBOR L BB 5., Bok filmy-QCC ik fa 338
BLAEVELKEBNEEDoTw, Thbb, MPCLIBES LEROMESRC -
Tnd, WhniARECTRALLOSERICH ¥ LThb, Bok filmy-QCC o %4 - 1
AR r BRI TCHAELCvok, Thid, Y HERCHE LT EEiC
%, filmy-QCC HETTwicon, 200 nm L HLELZE— 2 RRER~:Th
5, Ldb, BoAWHEOBRRIBEL Ao Tk, E—2M/hE L haoTn (B
BEPZVOC—270KEE L, BEL R A EoTw3), ¥E— 27 HEEME I 500
CT219nmichk D, Bl 700°C (221 nm) 3 TR EAEBE Ladok, T OBER QCC
DA X7 P % dark-QCC & FHRIC AT R/BIAE Lz, T2 &, dark-QCC Ik~
C— 27 0BAEBET I,  —2oBRPRYTe—FCd 3 (H2),
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ForeiE LT, ThbbEEBRO~
— 254 VvEELIwTHRHNERL TV S,
FLhikEE LTREENR TS, 2075
0.6 nm” Xz 5 LTHHE 3 17 feature D ER
AR TH 28, BRF—-oFLEER
o T—EERln, COMBoHER.
N—RFA VLB REORETRTHE
(B2 b BPTEBE) XD LELT
DNBTH 5,

i b QCC ik, 8N - FAIH - ok
i eERL, FOELE20nm O ¥ —27 %
boatTwnag, “220umo ¥ — 27" o
FTabdlkRvhin, i bk ok
BEQCCKEENZ —BOEBTHEHRT
RRTHAS eHELTCWE, TLT, 8
R QCCTYH ., dark-QCC T |, B ¥ —

1/Wavelength (Microns™ )

—— Average Interstellar Extinction

ke b 220 nm AR T, 2 Z L, T dark-QCC
e o oML T LRk L & 220 4+ thermally altered f-QCC
nm DWIEEEXREBE, T T, AEO ¢ methane soot

BEZELTRET 5 & BARERED Fig.2 Comparison of normalized extinction
50, THEOBMRERMEZ R LA EED  curves of QCCs to an average interstellar
v, EwSEHRATE S, extinction curve.

4.3.3 FHrOHFEPETER?

£ dark-QCC Y BER QCC h, H B vRKED I > AR IDTHE, thThk, &/
DRIEKRFEZHBL e LT, ZBRPTCAZEREE ¢ CoL ok, EARBRIMERZR
TTHA55, BRE. FRAACIoTREBIE—HEREYFRLE, TEFL YLD
{ o/l 260 nm, =F Ly oflliid 240nm, A ¥ YO 222 nm KRR Y — 255 5,
CHLTHERTHZ L FERFAOH/CHREL A BYEERECY -2 b LM
BB,

FROH/CEAZ DALV ELICKEST B, AZvIKEZ IS D5 Wi
11 cing 2BERAZ 2D Y, R EoTHhAE, KRENMD BB EBRRBRELLEALTE
L AR, MR —27220mm OEF, BLAEBHLAY, $hbb, KHEKE
U RALAKFER B 2 b ¢ ¥ 2828 220 nm Fific ¥ — 2 #5R ¥, B, FERhc & b REHS
ZL L EEFEECRNY -2 b0 X s AR TEE, Cothb, 2W0Wum ¥ —7
PHEUHREER, KERFERLTTE 5 :EL003%Y, LaL, ZDX5KCLTD<»
EOREN Y — 20, FERC e —FTH5, QCCLIRZ P Te—¥YThH3,
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434 220mmOE—-SO0ERE?

20 nmNE—27 % LOTREEDEOLFER T, TNoBRTRTKFERAEEALDS
ST TELNAEDOTHok, LS5 ETHE, BAIEROREORICX-T, ¥—7
BEMBREDLEV, TRARE—REZTELLTUERIC L3 b0 E2FEL RS,

WEZTCIL, kS FLOHBPYOENBR 27 rvHlEE LTS, TOERAR
WA 2 bk reEsede, 20nmmfTECERRE—-272RTSFE, nBEBFLrd
FCLEBLTHERER-2TwE r BT 25007 CH 5, REEWELER IS
FEIC, KERBRFE-RBEESHFEBEL O IHTF, E v conjugated double bond FE# 25 QCC .
CRFWNETETCRE, LEELTwS,

REBOBRERLCwE ehbhd, ELLAREOEROBEOREN - AIEBEEHE 2
Fhbhrk, LrL, fidoXsre, BEECRLNZ 220 mOEXRBAIZ A TRV,
ARG L b, BELTWTIR220E80w0TH A5, 5 ik 220 nm &
. BARMEETCEWEE-T w33 b ERLTCTELIZOR, D5 0WE—K, Bk
EEBEL, *0oh b0 EBRPHBIVELLEZOTERERTS L 20nm D LR TE, £
CHLEEHLCRRIE L AEDTH D 5 b,

QCC OEHM LRI LTH LS, 77X hbBARE LT TELRREDED 5 b dark-
QCC & #ZER QCCIX 220 nm % b > Tk, L L, BIFE filmy-QCC 2 HA T
270 BETHEWELLTALAIE LT3, ThAbb, EEEODOZNBE LA WE
Hha v, %1 Almy-QCC 2 HER-THER L THELS, 77X 2AHLTHEETE
EboThhhv, Liad, E—7@/hEwn,

REKEDEILLEBORET, 77 X<HERENQCCO L BERDP DRI A
b, dark-QCC € 1% filmy-QCC AT 5 D¢, 51200210 nm OEEFLCR LN D
BETtd5, T, bLERAELEOAY 2, SBOE LU ERIEKC AL X5 RJE
DH%E bOoR b, BER QCC @k 5 ICE W 220 nm hump 2R T h0oRMb 23X 55
(FAboEichk, FEEAAET ST, ~BWARRECARZ bLrdBohTni
WOT R W),

filmy-QCC D7 L% dark-QCC @ X 5 &k, BEIZEHE & ., filmy-QCC 285X
b3 L2200 m RO C ERBERIBFCTHE, BE, chiPwKkK7 7 X~
WE b3 &, filmy-QCC IR Y Bah b, KFEEFH ilmy-QCC L RIE L, ESTEOR
EXKFEZ2¢D,. BHOVBEwTwocd 0 2 EBbis, 20mm D EZEROERER%
BTEN T3 eEHLBHEELTRS,

5 FRUVER S I

51 FRHEZTORVCIESH

BEELEUREORCHIERD I L, 20BROREFECEAENE, EED
W2, BEAYREDOMENXETHE, LhAL, TOMELXEZELIwTL A S
BHOXEBoT, CHIEBENOHERBHRLCVIRTS S, COrTHAEEDRS
7 bA%E Witk b IEBEAIL, ELE, TARKFEDONXKTSE S, b % extended
red emission (ERE) L IFAT w310, KHEEREXOETVwIBAIEENEZEPIDOET .
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ELATHENEDLTTiRAEW,

ERE O # % 317 NGC 7023, NGC 2023 K %, iWREDE K X 20 EE v VR
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Fig.3 Comparison of fluorescence of filmy-
QCC irradiated by UV lamp to the extended
red emission of reflection nebula, NGC 7023.
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Kinetic analysis of mechanism in reaction of
tryptophanase with D-tryptophan

Akihiko Shimada, Hiroko Shishido and Isei Nakamura
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Tsukuba-shi, Ibaraki 305, Japan
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ABSTRACT

The reason that L-amino acids was selected in the process of birth of life is
ambiguous in the present day. Primarily important for this subject would be to
understand the selection mechanism of enzyme functioning as a filter that can
distinguish L-isomer from D-isomer. The system that can control the specificity of
recognizing L-isomer would necessarily be elucidated. We found that tryptophanase
that has been thought to be specific to L-tryptophan is active to D-tryptophan only
in highly concentrated solution of (NH,),HPO,. In this paper, we discuss kinetic
studies on the above reaction, showing that (NH,),HPO, acts as an activator below
50 % saturation but as a noncompetitive inhibitor above 50 % saturation. The
reaction model obtained from kinetic analysis satisfactorily fits to the experimentally
observed values. We finally discuss an evolutionary significance of the above
reaction .

Key words: tryptophanase, D-tryptophan, diammonium hydrogenphosphate,
kinetics.
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Abstract

On the basis of the completc amino acid sequences of cytochromes ¢ from Nitrobacter
winogradskyi, Thiobacillus novellus and Nitrosomonas europaea and the partial sequence of
cytochrome ¢ from Thiobacillus ferreoxidans, evolutional positions of these bacteria were examined.
Cytochromes ¢ from N. winogradskyi, T. novellus and T. ferrooxidans were similar to one another,
and similar to photosynthetic bacterial cytochrome ¢, and eucaryotic cytochrome ¢. Cytochrome ¢
of N. europaea differed from the above three cytochromes ¢ and similar to Pseudomonas aeruginosa
cytochrome ¢. On the basis of the structures of cytochromes c, N. europaea seems to have lived
from as early as the appearance of cyanobacteria, while N. winogradskyi, T. novellus and T.
Jferrooxidans seem to to be evlutionally much closer to eucaryote than N. europaea.

Key words: chemoautotrophic bacteria, cytochrome, energy acquiring system

Introduction

Nitrobacter winogradskyi is a typical nitrite oxidizing bacterium and its nitrite-oxidizing
system is composed of nitrite-cytochrome ¢ oxidoreductase (cytochrome a,c, ), cytochromes ¢-550(s)
and/or ¢-550(m) and cytochrome ¢ oxidase (cytochrome aa,) (1,2). Cytochrome c-55(s) is similar
to eucaryotic cytochrome ¢ in many aspects (3). Thiobacillus novellus is a facultative autotrophic
sulphur-oxidizing bacterium. Its sulphite-oxidizing system is composed of sulphite-cytochrome ¢
oxidoreductase, cytochrome ¢-550 and cytochrome ¢ oxidase (cytochrome ag,) (4). The cytochrome
¢-550of the organism has many properties similar to those of eucaryotic cytochrome ¢ (5). Thiobacillus
ferrooxidans oxidizes Fe* to Fe> at pH 2 and its iron-oxidizing system is composed of Fe(ll)-

"Present address: The Scripps Research Institute, 10666 North Torrey Pines Road, La Jolla,
California 92037, U. 8. A.
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cytochrome ¢ oxidoreductase, cytochrome ¢-352(s), rusticyanin and cytochrome ¢ oxidase
{cytochrome agas) (6). Cytochrome ¢-552(s}) is similar to cytochrome ¢, in the amino acid sequence
(7). and its reduced form is stable even at pH 2.5 (8). Finally, Nitrosomonas eurapaea is a typical
ammonia-oxidizing bacterium and oxidizes ammonia to nitrite via hydroxylamine (9). Its
hydroxylamine-oxidizing system is composed of hydroxylamine oxidoreductase, cytochrome ¢-554,
cytochrome ¢-552 and cytochrome ¢ oxidase (cytochrome aa;) (2, 10). Cytochrome ¢-552 is
similar to Pseudomonas aeruginosa cytochrome c-551 in the enzymatic properties (10, 11) and
amino acid sequence (12).

In the present study, N. winogradskyi cytochrome c-550(s) (13), T. novellus cytochrome ¢-550
(14), T. ferrooxidans cytochrome-c-552(s) (7) and N. europaea cytochrome c-552 (12) were compared
on the basis of their amino acid sequences. The evolutional relationships of the chemoautotrophic
bacteria mentioned above to photosynthetic bacteria, denitrifying bacteria, sulphate-reducing bacteria
and eucaryotes were discussed on the basis of the sequences, and molecular and enzymatic properties
of their cytochromes ¢.

General properties of cytochremes ¢ purified from
chemoautotrophic bacteria

N. winogradskyi cytochrome c-550(s). As the cytochrome ¢ has the o absorption peak at 550
nm and is solubilized in the absence of detergents, it is called cytochrome ¢-550(s) to distinguish it
from the membrane-bound counterpart, cytochrome ¢-550(m) (15). The cytochrome shows many
properpties similar to those of eucaryotic cytochrome ¢; it reacts with cow cytochrome ¢ oxidase
fairly rapidly, reacts with yeast cytochrome ¢ peroxidase as rapidly as eucaryotic cytochrome ¢, and
reacts very poorly with P. aeruginosa nitrite reductase (3). It reacts rapidly with N. winogradskyi
cytochrome ¢ oxidase (16).

Table 1. Reactivities with some redox enzymes of several cytochromes ¢

Cytochrome ¢ =~ Molecular Relative reactivity

mass (kDa)*
Cow cyt ¢ oxidase Yeasteytc P aeruginosa
- Tween 20 +Tween 20 peroxidase nitrite reductase

Horse 12.5 100 100 100 0.53
P. aeruginosa 53 0 4.5 0 100
N. europaea 9.1 0 44 0 56

C. limicola %4 19 53 0 55
N. winogradskyi 124 16 ND 90 7.0
T. novellus 12.8 23 ND 108 6.0
T. ferrooxidans 14.0%+ ND ND ND ND

Bold Jetters mean that the values are taken as 100% for the reactivity with each enzyme.
ND, net determined. = Calculated from the amino acid sequence. « Estimated by gel
electrophoresis in the presence of SDS.
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T. novellus cytochrome ¢-550: The cytochrome ¢ is called cytochrome ¢-550 also according to
the position of its « absorption peak. The cytochrome shows many properties similar to those of
N. winogradskyi cytochrome ¢-550(s) (2,3,14,17). It reacts rapidly with T. novellus cytochrome ¢
oxidase (18).

N. eusropaea cytochrome c-552: The cytochrome ¢ is called cytochrome ¢-552 as it shows the
« absorption peak at 552 nm. The cytochrome reacts rapidly with P. aeruginosa nitrite reductase
and does not react with either cow cytochrome ¢ oxidase in the absence of detergents or yeast
cytochrome ¢ peroxidase (2,19).

T. ferrooxidans cytochrome c-552{s): The cytochrome ¢ used in the present study is called
cytochrome ¢-552(s) as it shows the o absorption peak at 552 nm and is solubilized in the absence
of detergents (8). The microorganism has two membrane-bound cytochromes ¢ besides cytochrome
¢-552(s), cytochromes ¢-552(m) and ¢-550(m) (20). The cytochrome has been partially sequenced,
N-terminal sequence until 50th residue has been determined (7). The reactivittes with cow cytochrome
¢ oxidase, yeast cytochrome ¢ peroxidase and P. aeruginosa nitrite reductase of the cytochrome
have not been determined. The cytochrome reacts with 7. ferrooxidans cytochrome ¢ oxidase
around pH 3 (21). )

The reactivities of cytochromes ¢ mentioned above with several redox enzymes are shown in
Table 1. :

Comparison of the amino acid sequences of cytochromes ¢ from
chemoautotrophic bacteria

The anino acid sequences of N. winogradskyi cytochrome ¢-550(s) (13), T. novellus cytochrome
c-550 (14) and N. europaea cytochrome ¢-552 (12) were compared with those of several bacterial
and eucaryolic cytochromes ¢, In the sequence, N. ewropaea cylochrome ¢-552 resembled P.
aerugino sa cytochromes ¢-551 (23) and Chiorobium limicola cytochrome ¢-555 (24) (Fig. 1), while
N. winogradskyi and T. novellus cytochromes ¢-550 resembled eucaryotic cytochrome ¢ and
cytochrome ¢,(22) (Fig. 2). The sequence of T. ferrooxidans cytochrome ¢-552(s) until 50th
residue was similar to the N-terminal sequences of T. novelius (14), N. winogradskyi (13) and horse
(27) cytochromes ¢ and Rhodospirillum rubrum cytochrome c, (28) (Table 2). Therefore, the
chemoautotrophic bacteria studied in the present investigation are classified into two groups on the
basis of the primary structures of their cytochromes c; N. winogradskyi, T. novellusand T. ferrooxidans
belong tor one group, and N. europaea to the other group. A simifar conclusion has been suggested
also by thie study of 168 tRNA (30), and an evolutional relationship of N. winogradskyi cytochrome
¢ to other cytochromes ¢ has been reported (31).

(a) N europaeca (12) DADLAKKNNCIACHQVETKV

(b) P. aeruginosa (23) EDPEVLF KNKGCVACHA IDTKM
{c) C. limicola (24) YDAAAGKATYDAS -CAMCH - -KTGM
(d) Synechococeus sp. (25) ADIADGAKVF SAN -CAACH-MGGGN
(e) D . vulgaris (26} ADGAALY -KS -CVGCH-GADGS
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(al VGPALKDIAAK YADKDDAATY LAGKIKGGSSGVW-G
® VGPAYKDVAAKFAGQAGAEAE LAQRIKNGSQGVW -G -
() MG-APK-VGDK AAWAPHI AKGMNVMVANSIKGYKGT
d V --VMA-NKTL KKEALEQF-GMNS -ADAIMYQVQNG
(&) KQAMGVGHAVK GQKADELFKKLMG-YADGSYGGE -K

(a QIPMPPNV-NV S- -DADAK-ALADWILTLK

(b} PIPMPPNA--V S- -DDEAQ-TLAKWVLSQK

(c) KGMMPAKGGNP KLTDAQVGNAVAYMVGQ SK

(d) KNAMPAFGG-- RLSEAQI ENVAAYVLDQSSNKWAG
ey KAVMTNLVK-- RYSDEEMKAMADYMSKL

Fig. 1. The amino acid sequences of N. europaeae cytochrome ¢-552 and its refatives.

Evolutional pesitions of chemoautotrophic bacteria

The first organism appeared on the earth seems to have originated in the environment where
various kinds of organic compounds were present, as almost all kinds of organic compounds are
thought to have been produced by the chemical evolution (32). Therefore, the first organism seems
to have been heterotrophic. However, it is very doubtful whether free reducing sugars, especially
reducing hexoses, were present among the organic compounds which were produced by the chemical
evolution, because when the energy required for abiotic synthesis of the organic compounds by the
chemical evolution was supplied to the mixture of reducing sugars and amino acids, these compounds

seem to have inevitably made condensation products between them.

(a) T. novellus (14) E 7PDPDPAKGANV FW-K - -CMACHAVGE
(b} N. winogradskyi (13) GDVEAGKAAFN-K- -CKACHEIGE
(©) R. rubrum (28) EGDAAAGEKVSK-K - -CLACHTFDQ
) T. ferrooxidans (7) AGGAGGP APYRI SWDCMVCHGMPG
(¢) Horse (27) GDVEKGKKI FVQK - -CAQCHTVEK

(@)
(b)

GAKNK - VGP ELNGI I GRKMGS I EGFNYSDTLKEHNA
SAKNK - VGP ELNGLDGRHS GAVEGYAYSPANK - - - -

{c) GGANK - VGP ELFGVFENTAAHKDNYAYSESY TEMKA
(d NNT--PIVP ELAGQHKGYLETQ- LKAFKD -

(e) GGKHK - TGP NLHGLFGRKTGQAPGFTYTDANKN- - -
(a) KGDVWTAEI LSQYLANPKGYM- - - - - - PG - - VEMVF
(b) SGITWTEAE FKEY IKDPKAKV - - - - . PG - - TKMVF

(c)
(e)

KGLTWTEAN LAAYVKDPKAFVLEKSGDPKAK SKMTF

KGI TWKEET LMEYLENPKKYI - - - - - - PG- - TKMI F
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(a) AGLPKEIRA DDLEAY LKTFNADGTK

)] AGIEKKDSEL DNLWAYVSQF DKDGKVKAK
(c) K- LTKDDET ENVI AYLKTLK

(e) AGIKKKTER EDLTIAYLKKATNE

Fig. 2. The aminoc acid sequences of T. novellus cytochrome c-550 and its relatives.

If the reducing hexoses were not present on the primeval earth, the first organism was not able to
get enexgy for its life processes by fermentation of the hexoses, e.g. by lactic acid fermentation. As
lactic acid has been produced by Miller's experiment (33), it seems possible that the first organism
got the energy by oxidizing lactic acid by evolution of Hz catalysed by hydrogenase (hydrogenase
organism) (34). Methanogens may have appeared soon after the appearance of the hydrogenase
organisms. As methanogens consume Hz evolved by the hydrogenase organisms, the latter organisms
grow casily when they live together with methanogens. Therefore, the energy acquiring reactions
in the first organism seem to have been rather similar to those of the autotrophs than those of
heterotrophs.

Table 2. Comparison of the primary structures of several cytochromes ¢

Organsim Number of identical residues”

1 2 3 4 3 6 7 8 9 10

1. N. europanea 81

2. P. aeruginosa 44 82

3. C. limicola 17 16 86

4. Synechococcussp. 13 15 14 87

5. D. vulgaris 19 18 18 13 79

6. R. rubrum 13 14 17 21 16 112

7. T. ferrooxidanse (15 (13) (14 (15 (15 (23) (130)

8. T. novellus 17 13 13 16 11 35 (25 113

9. N. winogradskyi 14 22 13 15 13 41 (25 50 109

10. Horse 11 14 12 13 9 39 (200 50 50 104

" Alignment of the amino acid sequences was made according to Moore and Pettigrew (29).
™ The cytochrome was assumed to be composed of 130 amino acid residues (8). As its
sequence only until 50th residue has been determined, each value was multiplied by 2.5.
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As a large quantity of HzS seems to have been evolved from the thermal vent in the deep sea,
H2S may have supplied the energy for the life processes by the reaction (35):

H2S + FeS — Hz2 + FeS2 + 419K

Unfortunately, this reaction is not found in nowaday organisms. The green sulphur bacteria may
have appeared next to the hydrogenase organisms. The bacteria oxidize HzS to elemental sulphur
and/or sulphate using light energy. Therefore, sulphate may have occurred on the earth before the
appearance of Oz Then, the organisms which oxidized Hz by elemental sulphur or sulphate may
have appeared. Cytochrome ¢-555 of the green sulphur bacteria and cytochrome ¢-553 of sulphate
reducing bacteia are similar to each other in their molecular aspects (2, 29). The hydrogenase
system which functioned in the Hz evolution of the hydrogenase organisms may have served the
utilization of Hz in the organisms which oxidized Hz by elemental sulphur and/or sulphate. The
organisms which oxidized Hz by elemental sulphur and/or sulphate produced H2S. The enzyme
which functioned in the oxidation of H:S by C. limicola may have acted as a HzS producing
enzyme. Indeed, sulphide-cytochrome ¢ reductase of C. limicola acts as an elemental sulphur
reducing enzyme with a potental reducing reagent (36). The green sulphur bacteria are autotrophs,
and elemental sulphur- and sulphate-reducing bacteria are also autotrophs when they utilize Hz as
the electron donor. From these aspects of the energy acquiring reactions, the earlier organisms
mentioned above seem to have been autotrophic.

After the photosynthetic bacteria had appeared, a lot of organic compounds were produced, and
the sulphate-reducing bacteria seem to have oxidized also the organic compounds by sulphate.
Then, the denitrifying bacteria also may have appeared around the same time when the sulphate-
reducing bacleria appeared. Because cytochrome ¢-551 of the denitrifying bacteria, e.g. P. aeruginosa
cytochrome ¢-551 (23) is similar to C. limicola cytochrome c-555 (24) and Deslfovibrio vulgaris
cytochrome ¢-553 (2,26,29) in the molecular aspects. There is still a heavy controversy on the
presence of nitrate on the ancient earth where Oz was not present. However, the finding that the
salt is present in the aqueous inclusion of nepheline-basalt (37) makes it likely that the denitrifying
bacteria occurred before the appearance of Oz by which ammonia was oxidized to nitrate by the
nitrifying bacteria. Meanwhile, the purple sulphur bacteria and cyanobacteria may have appeared.
After the appearance of cyanobacteria, Oz was utilizable, and then, the ammonia-oxidizing bacteria
appeared.

Chemoautotrophic bacteria studied in the present investigation require Oz for their respiration.
Molecular oxygen is thought to have been produced by the photosynthesis of cyanobacteria for the
first time (38). Therefore, the chemoautotrophic bacteria treated in the present study may have
appeared after Oz accumulated by the photosynthesis of cyanobacteria. However, a recent study on
cytochrome ¢ oxidase indicates that the oxidase occurred before the evolutional separation of
eubacteria and archaebacteria (39). As cytochrome ¢ oxidase functions only in the presence of Oz,
this substance may have already occurred at the point of the evolutional separation of eubacteria
and archaebacteria. As the affinity for Oz of cytochrome ¢ oxidase is less than 1 uM (40), some of
the aerobic bacteria including N. europaea may have lived soon after cyanobacteria appeared even
before the accumulation of Oz, Km for NH3 of ammonia monooxygenase of N. europaea is also
fairly small, approximately 20 uM (41). Therefore, it could be that the chemoautotrophic bacteria
such as N. europaea occurred from as early as the evolutional separation of eubacteria and
archaebacteria. Cyrochrome c oxidase of N. enropaea shows a low affinity for CO; the CO-compiex
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of the oxidase is formed only in 100% CO atmosphere and the CO-complex is dissociated by
introduction of air (42). This is very different from the case of other cytochrome ¢ oxidases; ¢.g. the
CO-complex of the N. winogradskyi oxidase is not dissociated by introduction of air. Namely, M.
europaea cytochrome ¢ oxidase is more resistant to CO than other cytochrome ¢ oxidases. This
may mean that N. europaea occurred on the earlier earth where CO was present. N. europaea
cytochrome ¢-552 and cyanobacterial cytochromes ¢, are similar to each other in the reactivity with
some redox enzymes (2,34). Therefore, N. europaea among chemoautotrophs could have appeared
considerably earlier in the evolution.

N. winogradskyi and T. novellus cytochromes ¢-550 are similar to eucaryotic ¢ytochrome ¢ in
the amino acid sequence (14) and in the reactivity especially with yeast cytochrome ¢ peroxidase
(2). Although cytochromes c; of the non-sulphur purple bacteria are also similar to eucaryotic
cytochromes ¢ in the amino acid acid sequence, their reactivity with the yeast enzyme is not so high
as that of N. winogradskyi and T. novellus cytochromes ¢-550 (2). In any case, as N. winogradskyi
cytochrome ¢-550(s) and I" novellus cytochrome c-550 are similar to eucaryotic ¢ytochrome ¢, and
T. ferrooxidans cytochrome ¢-552(s) is fairly similar to eucaryotic cytochrome ¢ and cytochrome ¢,
in the amino acid sequence (7) (Table 2) , these organisms seem to have evolutionally appearcd
more recently than N. europaea.  Therefore, the earth may have been polluted with nitrite in the
period between the appearance of N. europaea and that of N. winogradskyi. However, as P.
aeruginosa which denitrifies nitrite may have appeared before the appearance of N. europaea as
mentioned above, and N. europaea itself decomposes nitrite (43), the accumulation of nitrite may
not have occurred.

In conclusion, the chemoautotrophic bacteria seem to be divided into two groups; the bacteria
classified in evolutionally older group including N. europaea may have lived from as early as the
beginning of the production of Oz by the photosynthesis of cyanobacteria, while N. winogradskyr,
T. novellus and T. ferrooxidans seem evolutionally closer to eucaryotes than N. europaea. Namely,
some of chemoautotrophs may have lived from the very early time of evolution of the earth.
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Abstract

The fixation of molecular nitrogen contained in the non-reducing atmosphere is
important for the formation of amino compounds and acidic compounds in the
primitive hydrosphere. We have examined the reactions induced by the nitrogen arc
plasma in aqueous solution as a simulation of solar winds blowing into the
primitive hydrosphere under the non-reducing atmosphere. In the nitrogen plasma
blowing into aqueous solutions, the dependency of the yield of ammonia, nitrate
(NO3-), and nifrite (NO2) on the pH of the aqueous solution was shown as
follows. (1) The acidic pH region was more suitable for the formation of ammonia
and nifrate than the neutral and basic pH regions. (2) The basic region was more
suitable for the formation of nitrite than neutral and acidic regions. These results
suggested that the primitive hydrosphere had been acidic rather than neutral or basic
for the formation of ammonia and nitric acid under the non-reducing atmosphere
containing nitrogen.

Key word: N2 fixation, N2 plasma, pH condition, primitive hydrosphere

Introduction

It is considered that the primitive atmosphere (non-reducing atmosphere)l-4
generated from the inside of the primitive earth was mainly composed of nitrogen
(N2), carbon dioxide (CO2), and water (H20). The gascous phase discharge
experiments in the assumed non-reducing atmospheres plus hydrogen gas bhave only
succeededS-7) to produce various organic compounds. The simulational experiments

¥t Present Address: Shoin Women's University, Nadaku, Kobe 653, Japan
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using gaseous phase dischargeS-7) in the assumed non-reducing atmosphere have
produced amino acids in much lower yields compared with those of discharge in the
assumed reducing atmospheres(CH4,NH3,H>0)8-10), While molecular nitrogen
and carbon dioxide are very inert compounds, their reducing compounds (ammonia
and methane) easily yield®-10) bioorganic compounds like amino acids using
gaseous phase electrolysis. If such reducing reactions in the non-reducing
atmosphere had not occurred, bioorganic compounds would not have been on the
primitive earth. Therefore, some sort of reducing reaction pathways from non-
reducing gases to bioorganic compounds must have existed under the non-reducing
atmosphere on the primitive earth.

On the other hand, the discharge electrolysis!?.12) and the blowing of a plasma
jet!3.14) against aqueous solutions under the assumed non-reducing atmosphere
have shown several experimental results of the synthesis of reducing compounds.
We have emphasized both the reducing and oxidizing actions of water molecules in
the prebiotic reactions.15:16) Qur opinion is that the hydrogen radicals produced by
the disproportionation of water in aqueous solutions have played an important role
in the reducing reactions in the primitive hydrosphere.  Our senario is that water
molecules contained in the primitive hydrosphere were dissociated by the action of
lightning, solar winds, cosmic rays, and the entry of meteors or meteorites passing
through the primitive atmosphere into the primitive hydrosphere. The resulting
hydrogen radicals and hydroxyl radicals would have reduced and oxidized
inorganic compounds and simple organic compounds. Although several
simulation experiments using the glow discharge!l,12) and plasma jet13,14) as a
model of lightning or solar winds have been carried out to support our senario, the
conditions of these experiments have been in a limited pH range (almost pH 2-3 or
somtimes pH 11). Therefore, the pH dependency of the reaction products has not
been clarified. It has been pointed out3) that the pH of the primitive hydrosphere
became neutral (pH7-8) in an early time after the primitive earth was born.®  This
period would be important for the formation of lower molecular weight
compounds. However, which pH was suitable for the synthesis of the compounds
is still under discussion.

In this study, we wish to describe which pH is suitable for the reducing
reactions in the hydrosphere induced by the action of nitrogen plasma under the
non-reducing atmosphere. Nitrogen plasma would have been formed by the action
of many kinds of energy sources as previously described. Our experiments were
carried out using a plasma torch for welding in order to generate the nitrogen
plasma. '

Experimental
Reaction Apparatus and reaction conditions: A Well Pen PLA-J
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(Japan Welding ) was used as the plasma generator. The plasma torch equipped
with the plasma generator was immersed into a reaction solution (350ml) in a glass
apparatus as shown in Fig. 1. The outside of the glass reaction apparatus was
cooled with flowing water, and the temperature of the solution was kept at 35-
50°C. The pH of the reaction solutions was kept constant by using inorganic sait
buffers as described in the next section. The voltage and the current of the power
supply were adjusted to 20 A and 20 V, respectively. The plasma jet was blown
into the reaction solution. The solution removed from the reaction vessel was
analyzed using an amino acid analyzer and an ion chromatograph.

I

thermometer

D plasma torch
/ —» power supply
cooling
water T stopper C) -
vent (\ (}\
9cm—— H 7
N

cooling _p — \_Q_/)

water

_ N, gas Ar gas
stirrer

Fig. 1. The appratus for the reactions induced by nitrogen arc plasma.

Materials: Sodium sulfate, sodium borate, sodium phosphate, and sodium
carbonate, purchased from Wako Pure Chemical Company were used for the
preparation of the reaction solution buffers. Ten mM sodium hydrogen sulfate was
used in the region of pH 1 to 4. Ten mM sodium hydrogen phosphate was used at
pH6.5. Ten mM sodium borate was used in the region of pH 8 to 13.

Analysis of reaction solutions : Ammonia in the reaction mixture was
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analyzed using a Hitachi 835 amino acid analyzer. Nitrate (NO3 ) and nitrite
(NO2") were analyzed with a Dionex 2000i ion chromatograph equipped with a
TSK IC-Anion PW column (50mm x 4.6mm I.D.). A sodium borate
buffer(360mg H3BO3, 500mg Na2B407°10H20, 5.0g glycerol, 300mg potasium
gluconate, 120ml CH3CN , 30m] 1-butanol were diluted with distilled water in a
1000ml solution) was used as the eluant solution at a flow rate of 1.2 ml/min.
Conductivity of the eluted solution was detected and recorded with a chromatocoda
I. A typical ion chromatogram is shown in Fig. 2. The peaks due to nitrate ion
(NO3), nitrite jon (NOz"), and sulfate ion(SO42": contained in buffers of the
reaction solutions) were clearly separated on the chromatogram.

Conductivity

| H 1

0 -5 10 15
Retention time ( min)

Fig. 2. lon chromatographic separation of nitrate, nitrite, and sulfate ions.
Column: TSK IC-Anion PW (50mm x 4.6mm 1.D.); Eluant: Borate buffer, pH 8.5;
Flow rate:1.2mil/min; Detection: Conductivity.

Results and Discussion

Dependency of product yield on the mix ratio of nitrogen to argon in

the plasma jet.

" The plasma jet generator (Well Pen PLA-J) used in this study can make nitrogen
plasma composed of pure nitrogen, while the old type of generator (Well Pen NP-
7)13,14) cannot make only nitrogen plasma jet.  The maximum?4) mix ratio of
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nitrogen to argon was 0.8 I/min to 1.2 l/min in order to maintain a constant plasma
jet flow. A comparison of the nitrogen fixation by Well Pen PLA-J with that by
Well Pen NP-7 is shown in Table 1.

Table 1. Formation of ammonia (NH3), nitrate (NO3 ), and nitrite (NOz ) induced
by nitrogen arc plasma in aqueous solution at pH 3.

Reaction No. Flow rate (J/min) Concentration of products (mM)©)
N2 Ar Ammonia Nitrate Nitrite
12 0.8 1.2 0.26 3.90 0.62
29) 0.6 1.4 0.88 6.36 0.72
33) 0.4 1.6 1.04 3.58 0.43
43) 0.2 1.8 0.35 3.58 0.40
52) 0.0 2.0 0.00 0.00 0.00
6b) 0.5 1.5 0.209 1.309) 0.389
7b) 2.0 0.0 0.82 3.43 0.87

a)Well Pen NP-7 was used as the plasma jet generator (404, 10V).14)
b)Well Pen PLA-J was used as the plasma jet generator (20A, 20V).
c)Concentration after a 40 minute reaction.

d)Concentration after a 45 minute reaction.

When the flow rate of nitrogen and argon was 0.8 and 1.2 i/min, respectively, a
40 minute plasma reaction using the Well Pen NP-7 gave ammonia (0.26 mM),
nitrite (0.62 mM), and nitrate (3.90 mM). When the flow rate of nitrogen and
argon was 0.5 and 1.5 l/min, respectively, a 45 minute reaction using Well Pen
PLA-J gave ammonia (0.20 mM), nitrate (1.30 mM), and nitrite (0.38 mM). In
this case, the yield of nitrate (1.30 mM) is slightly lower than those in the reactions
using the old type of generator. On the other hand, when the flow rate of nitrogen
was 2.0 }/min without argon (reaction No.7), the 40 minute reaction using the Well
Pen PLA-J gave ammonia (0.82 mM), nitrate (3.43 mM), and nitrite (0.87 mM).
Although the yield (0.87 mM) of nitrite was slightly higher compared with that
(0.43 mM) in reaction No. 3, which gave the best yield of ammonia in the
reactions using the old type of generator, the yields of the other two products were
almost similar to reaction No. 3. The results in Table 1 generally show that the
two plasma jet generators did not make a significant difference in the proportion of
products. However, the nitrogen plasma jet blowing without argon may be a better
simulation experiment than the nitrogen plasma with argon for the molecular
nitrogen fixation under the non-reducing atmosphere, because argon is considered
to be a minor component of the non-reducing atmosphere. Thus, the nitrogen
plasma blowing with only nitrogen (No0.7) as shown in Table 1 may appropriately
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simulate the molecular nitrogen fixation by nitrogen plasma on the primitive earth
under the non-reducing atmosphere. Therefore, the Well Pen PLA-J was used for

the plasma jet generator with only nitrogen in the experiments using different pH
conditions as described below.

Molecular nitrogen fixation under different pH conditions.
The nitrogen plasma jet with a nitrogen flow rate of 2.0ml/min was immersed in
the solutions of different pHs. The time courses of ammonia, nitrate, and nitrite

under different pH conditions (pH3, 6.5, 12.7) are shown in Figs. 3, 4 and 5,
respectively.

™
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Fig. 3. Formation of ammonia ([0 ), nitrate ( @ ), and nitrite (A ) in a pH 3
solution induced by nitrogen arc plasma.

In the reaction at pH 3, while ammonia and nitrate increased with the reaction
time, nitrite did not increase,. The reaction at pH 6.5 gave ammonia, nitrate, and
nitrite with a lower concentration compared with the reaction at pH 3.

In the reaction at pH 12.7, nitrite increased with the reaction time faster than nitrate
and ammonia.

The rate of formation of these compounds depended on the pH conditions. The
yields of these compounds under different pHs at the same reaction time (50
minutes) were compared with each other in Fig. 6.
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Fig. 4. Formation of ammonia ([0 ), nitrate ( @ ), and nitrite (A ) in a pH 6.5
solution induced by nitrogen arc plasma.
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Fig. 5. Formation of ammonia (3 ), nitrate ( @ ), and nitrite (A) in apH 12.7
solution induced by nitrogen arc plasma.
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Fig.6. Formation of ammonia (O ), nitrate (@ ), and nitrite ( A ) in aqueous
solutions of different pHs induced by nitrogen arc plasma.

Generally, more acidic condition was suitable for the formation of ammonia
and nitrate, while more basic condition was suitable for the formation of nitrite.
On the other hand, neutral condition was not important for the formation of these
compounds using nitrogen plasma. Therefore, the results described above suggest
that the more acidic condition in the primitive hydrosphere is more important for
the reduction of nitrogen to ammonia and for oxidation of nitrogen to nitrate.
However, the acidic condition is not suitable for the nitrite formation.

Table 2 shows the G-value of ammonia, nitric acid, and nitrous acid in a 50
minute reaction of nitrogen arc plasma blowing into aqueous solutions of the pH 3,
6.5, and 12.5. The G-values for the formation of ammonia, nitrate, and nitrite at

pH 3 were 0.0027 (G(NHz)), 0.0133 (G(NO3 )), and 0.0024 (G(NO2 ),
respectively. The G-values of this study are larger than the values (G(NH3)
=0.0018; G(NO3 )=0.0008 ;G(NOz )=0.0000) calculated from the data of the
contact glow discharge electrolysis.!2) And also the G-values of this study are
much larger than the values (G(Gly)=0.000001) found in the literature of gaseous
electric discharge.®) These results indicate that the nitrogen plasma blowing into the
primitive hydrosphere might have effectively produced much more ammonia
compared with other types of reactions on the primitive earth.
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Table 2. G-Value of the products obtained in the 50 minute reaction of a nitrogen
plasma blowing into aqueous solutions of different pHs

pH G-Value?)
conditions ammonia  nitrate nitrite
pH 3 0.0027  0.0133 0.0024
pH 6.5 0.0002  0.0019 0.0028
pH 12.7 0.0004  0.0046 0.0222

ajyNumber of product molecule per 100eV.

Degradation of nitrate and nitrite in acidic or basic solution during
plasma jet blowing.

Nitrous acid may be readily oxidized to nitrous acid by hydroxy! radicals formed
by the action of nitrogen plasma (Scheme 1). It is known that nitrite can readily
degrade to nifric acid and nitrogen monooxide in a high temperature solutionl?) as
shown in Scheme 2, while nitrous acid is not stable in acid solution.17)

' HNOz + 2O0H —— HNO3z + H20 (Scheme 1)

3HNO; —» HNO; + H0 + 2NO (Scheme 2)

We examined the degradation of nitrate (NO3) and nitrite (NO2) during
nitrogen plasma blowing into acidic or basic solutions containing nitrate or nitrite.
Figs. 7 and 8 show the time course of ammonia, nitrate, and nitrite during nitrogen
plasma blowing into acidic (pH 3) solution containing nitrate or nitrite, respectively.
As shown in Fig. 7, while nitrate increased to 10.9mM for a 90-minute reaction,
only a slight amount (<0.7mM) of nitrite was formed. The formation rate of
nitrite was similar to that of the reaction of a nitrogen plasma jet blowing into an
aqueous solution as shown in Fig. 3. On the other hand, for the plasma blowing
into 10mM nitrite solution, nitrite decreased and nitrate increased with time as
shown in Fig. 8. Since the degradation of nitrite was very fast in acidic solution,
nitrite formed by the plasma jet blowing was degraded rather than accumulated in
the reaction solution.
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Fig. 7. Degradation of nitrate (NO3 ) during the nitrogen plasma blowing into a
solution containing 10mM nitrate at pH 3. [ammonia (11); nitrate (@); nitrite (A)]
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Figs. 9 and 10 show the time course of the products during the nitrogen plasma
blowing into basic solution (pH12.7) containing nitrate or nitrite, respectively.
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Fig. 9. Degradation of nitrate during the nitrogen plasma blowing into a solution
containing 10mM sodium nitrate at pH 12.7. [ammonia (QO); nitrate (@); nitrite (A)]
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Fig. 10. Degradation of nitrite during the nitrogen plasma blowing into a solution
containing 10mM sodium nitrite at pH 12.7. [ammonia (Q); nitrate (@); nitrite (A)]
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These results show that nitrate and nitrite are stable during the nitrogen plasma
blowing into the basic solution containing nitrate or nitrite.

In conclusion, the results of the plasma jet blowing into aqueous solutions
under different pH conditions showed that the acidic pH would have been better
than the other pH regions for the reductive fixation of molecular nitrogen in the
primitive hydrosphere. Also, the much higher G-value of ammonia compared with
other abiotic syntheses using glow discharge into an aqueous solution or gascous
discharge suggested the higher efficiency of nitrogen plasma blowing into the
primitive hydrosphere for the reductive fixation of molecular nitrogen.
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