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Abstract

         There have been several  studies on  biopolymer synthesis  under  hydrothermal conditions.  Although

dimer and  short  oligomers  were  obtained  from  a  monomer  unit,  few of  longer oiigomers  were  obtained.  [lhese

studies  that were  applied  with  various  quenching methods  suggested  the importance of  quenching speed  from

hydrothermal conditions. We  hypothesized a rapid  quenching could  avoid  hydrolysis of the oligomers  that had

already  been synthesized  under  hydrotherrnal conditions. We  designed a novel  hydrothermal flow reactor  with

adiabatic  expansion  cooling,  which  was  thought  to be one  of the most  rapid  quenching methods.  This system

simulates  geysers, fumaroles, hot springs  and  volcanic  eruptions.  After aqueous  solutions  of  monomers  were

treated at high temperature and  pressure, they were  released  into the atmosphere  through an  orifice  to be

depressurized and  cooled  down  simultaneously  with  the Joule-Thomson effect. Using the flow reactor,  we  have

demonstrated oligomerization  of glycine up  to decamer  (Gly]o), which  had never  been yielded with  any  other

quenching methods.  This suggests  that rapid  quenching methods  under  non-equilibrium  conditions  such  as

adiabatic  expansion  cooling  is an  efficient way  to produce long oligomers  connected  by covalent  bonds via

dehydration condensation.

Key words:  prebiotic synthesis, hydrothermal system,  dehydration condensation,  biopolymer, peptide. adiabatic

expansion,  Joule-[Miomson effect, quenching, non-equilibrium,  subcritical  water.
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  Introduction process (pattern A)  [3]. In other  previous works  that

           Ali of  the  biopolymers like proteins, simulates  hydrothermal vents,  the hydrothermal flujd

  nucleic  acids  and  polysaccharides are  composed  of was  kept at high pressure during cooling  and  then

  monomer  units  connected  by  covalent  bonds via  was  depressurized. The  pathway  was  shown  as

  dehydration condensation.  There have been several  pattern B [1,2,4,5].

  studies  on  biopolymer synthesis  under  hydrothermal Shock  previously reported  that the

  conditions  using  various  quenching methods;  for thermodynarnic equilibrium  of  condensationf

  example,  pouring the fluid into cold  water  [1,2] or hydrolysis reactions  between glycine (Gly) and

  passing the fluid through  a  cooling  tube  [4,5]. These diglycine (Gly,) would  shift to the dehydration

  studies  suggest  the  importance of  quenching speed,  condensation  as  the temperature  increased [6]. [Ihis

  because in the  former studies  longer peptides were  report  suggests  that rapid  quenching, that is non-

  obtained  than in the latter, in spite  of  similar  reaction  equilibrium  thermodynarnics system,  could  avoid

  conditionsathigh  pressure andtemperature.  hydrolysis of the oligomers  that had already  been

           Fig.1 shows  the quenching pathway of synthesizedunderhydrothermalconditions.

  the previous and  this studies on  phase diagram of Now  we  designed a  novcl  hydrothermal

  water.  In closed  batch systems,  the pressure and  the flow reactor  with  adiabatic  expansion  ceoling,  which

  temperature  were  changed  gradually during cooling  was  thought to be one  of the most  rapid  quenching
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Fig. 1. Schematic quenehing pathways on  phase diagram  of  waten  (A)
Tbmperature decreases with  pressure, and  (B) Tlemperature decreases with

keepingpressure.
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        methods  {7]. After aqueous  solutions  of  monomers

        were  treated at high  temperature  and  pressure, they

        were  released  into the atmosphere  through  an orifice

        to be depressurized and  cooled  down  simultaneously

        with  the  Joule-[Ihomson effect shown  as  pattern A  in

        Fig. 1 [8,9]. The Joule-TTiomson effect is a process in

        which  the temperature  of a fluid is decreased below

        the Joule-[lhomson inversion temperature by letting

        the fluid expand  adiabatically. When  a fluid suddenly

        expands  from  a  high pressure to a low pressure, there

        is often  a  temperature  change  fo11owing the Jouie-

        Thomson  coefficients  (ptJp =  A772ip), because the

        hydrothermal fluid must  do  external  work  against  the

        ambient  air  to consume  thermal energy,  Using the

        flow reactor,  we  have demonstrated oligomerization

        of glycine up  to decamer  (Glyio), which  have never

        been yielded with  any  other  quenching methods.  In

        this paper, the efficiency of  rapid  quenching methods

        such  as  adiabatic  expansion  wirl  be discussed in

        prebiotic synthesis  of  hydrolysable cornpounds

        includingbiopolymers.

        Materials &  Methods

                  Glycine and  diglycine was  purchasecl

        from Wako  Pure Chemical Industries, Ltd. (Osaka,

        Japan). Distilled water  was  purchased from Gibco

        BRL  and  Kozakai Seiyaku Co., Ltd. As  authentic

        samples  for LC, diglycine and  glycine anhydride

        (diketQpiperazine) were  purchased from  Wako  Pure

        Chemical Indusrries, Ltd., tri-, tetra-. penta- and

        hexaglycines were  from Sigrna, and  hepta- and

JAPAN  {SSOEL)

octaglycines  were  supplied  as  a  custorn  synthesis

from Invitrogen Co.

         The  flow reactor  with  adiabatic

expansion  cooling  was  composed  of  two  reservoirs,

purnps, a pre-heater, a 1.5 mL  of  fiow reactor with

heaters, and  a  needle  valve  as described preyiously

[7]. Most  parts of  the hydrothermal reactor  were

made  from SUS316.  Ihe  orifice  was  formed  by  the

needle  valve  and  its valve  seat  made  from nickel-

based alloy, Inconel 625 (including chrome  with  a

slight  amount  of  molybdenum  and  niobiurn)  and

Hastelloy C-22 (including chrome  and  molybdenum

with  a slight  amount  of  iron and  tungsten),

respectively.

         High  performance liquid chromatography

(HPLC) analysis  was  perfbrmed using  an  HPLC

apparatus,  Waters 60eEX2487  system  attached  with  an

octadecyl  bonded silica-basecl column.  X-[Ibrra MS

C,s (Waters, ¢ =  2.5 pm; 4.6 mm,  innef diameter; 50

mm  length). As  oligopeptides  consisting  of  glycine

residues,  which  have no  side  chain,  are  too

hydrophiljc to be analyzed  using  reversed-phase

liquid chromatography  (RP-LC), we  applied  ion-pair

RP-LC  [10,111. The  mobile  phase consisted  of 5

mmol  L'i potassium dihydrogen phosphate (KH2P04,

Wako  Pure Chemical Industries, Ltd.) and  2.5 mrnol

L'i sodium  1-hexanesulfonate (C6Hi3S03Na, Sigma-

Aldrich Co.), and  the pH  was  maintained  at 2.5 with

phosphoric acid  (H3PO,, Sigma-Aldrich Co.). The

flow rate  of  the mobile  phase was  O.5 mL  min'a.

Before !oading, the  sample  was  filtrated by  a  O.22 pm
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  centrifugal filter device (Millipore Ultrafree-MC).

 The  UV  detector monitored  the absorbance  at 200 nm

  to detect oligoglycine  series.

           Liquid chromatography  / mass

  spectrornetry  (LCfMS) was  performed using  a

  module  of  Whters 2695 and  Micromass  Quattro micro

  ZQ20co.  As  the mobile  phase for LCIMS,  a  volatile

  ion-pair reagent,  undecafluorehexanoic  acid

  (CsFnCOOH, Tbkyo  Kasei Kogyo Co. Ltd.) was  used

  at the concentration  of  1 mmol  L'i [12]. Mass

  numbers  were  scanned  with  positive and  negative  ion

  rnode. but no  signals were  detected with  negative  ion

  mode.

Results

         fo

hydrothermal

hydrothermal

  simulate  rapid

 conditions,  we

flow reactor  with

 quenching from

designed a  new

adiabatic  expansion
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cooling  and  performed hydrothermal oligomerization

of  glycine. First, the pressure of fluid was  maintained

at  10 MPa  with  a  backpressure regulator.  Pressurized

aqueous  solution  of  2 mol  L'i of  glycine was  rnixed

with  pre-heated water  to be 1 mol  L'i of glycine

aqueous  solution  at  270 
eC.

 The  fiow rate  was  2,6

mL  min'i  and  the residence  time  at high pressure and

temperature  was  about  30 seconds.  Then, the  solution

was  quenched and  depressurized through the orifice

into the ambient  air  with  the adiabatic  expansion

method.  Almost  all the solution  was  collected  in spite

of  some  evaporation.  As shown  in Fig. 2, LC  analysis

was  perfbrrned and  various  oligoglycines  were

detected. Production of  olygomers  was  confinned  by

comparing  with  authentic  samples  (up to octamer)

andLCfMSanalysis.

         LC/MS  with  selccted  ion recording  mode

was  also  performed and  qualitatively detected nona-

4 6 8 le 12

                   Retentien time  {min]
Fig. 2. Chromatogram  of  the  products in the sample  that reacted  from 1 rnol  L']

solution at 270 eC  and  ]OMPa.

l4

glycine aqueous
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        (Glyg) and  decaglycine (Gly,n), of  which  protonated

        mass  [M+H]' is 532.2 and  589.2. respectively  (data

        not  shown),  that had never  been obtained  with  any

        other  cooling  methods.

Discussion

         In this paper, we  demonstrated that the

adiabatic  expansion  cooling  rnethod  was  one  of  the

most  rapid  quenching processes to polymerize

peptides from amino  acid. [the qualitative analysis

shows  that ]onger peptides were  synthesized  than in

the previous works  [1-5]. This suggests  the rapid

quenching method  is quite effective to synthesize

polymer from rnonomer,  We  cannot,  however, lead to

the conclusion  whether  the rapid  quenching would

avoid  hydrolysis of oligorners  synthesized  in the

hydrothermal reactor, or whether  the rapid  quenching

would  facilitate dehydration condensation  of glycines

as  a  result  of  evaporation  of  solvents  and  nucleation

ofso]utes.

         Our  hydrothermal flow reactoT with

adiabatic expansion  cooling  is simulated  as hot

springs,  geysers, furnaroles and  volcanic  eruptions

rather  than  deep-sea hydrothennal vents. Rapid

quenching such  as  volcanoes  would  cause  more

drastic change  of pressure and  temperature  than deep-

sea  vents.  Concerning  with  efficient dehydration

condensation,  such  a  non-equilibrium  condition

would  be a good enyironment  for accumulation  of

biopolymers. Although  we  demQnstrated only

oligoglycine  synthesis,  the rapid  quenching from

JAPAN{SSOEL)

hydrothermal conditions  would  be widely  usefu1  for

hyclrolysable bond formation, for example,  not  only

peptide bond but also  phosphoester, glycoside. acyl

bond and  so  on.

Acknowledgements

         We  thank  Mr. Ibmomasa  Goto for his

assistance  in perfbrming the experiments  reported

here, Prof. Ytikio Yamaguchi,  Univ. of  Tbkyo  for

helpfu1 comments,  Mr. Kazuyuki Ito for preparation

of the manuscript  and  Dr. Etsuko Suzuki, Nihon

Waters K. K. to help LC-MS  analysis  using

Waters/Micromass Quattro micro.  This work  was

supported  in part by a  research  grant program  for

Leaming  fivm IVbture for Production 2002-2003

from Sekisui Chemical Co., LTD., Japan and  by the

grants-in-aid for Scientific Research from the

Ministry of  Education, Culture, Sports, Science and

[fechnology of  Japan.

References

1.Imai, E., Honda,  H., Hatori, K., Brack, A. and

  Matsuno, K. Elongation of  oligopeptides  in a

   simulated  submarine  hydrothermal system,

   Science 283, 831-833 (1999).

2.0gata, Y., Imai, E., Honda,  H., Hatori, K. and

   Matsuno, K. Hydrothermal circu]ation  of sea

   water  through  hot vents  and  contribution  of

   interface chemistry  to  prebiotic synthesis, Origins

   Life Evol. Biosphere 30, 527-537 (2000).

3. Ikushima, Y., Hatakeda, K. and  Sato, O. Organic

-273-



The Society for the Study of the Origin and Evolution of Life JAPAN (SSOEL)

NII-Electronic Library Service

TheSocietyfor  the  Study  of  the  Origin  and  Evolution  of  Mfe

Viva  Origino 33 (2005) 269-274

    synthetic  reactions promoted by dual catalysis of

    supercritical  water,  The  Sixth conference  on

    supercritical  fluid and  their applications, ed.  by E.

    Reverchon, 525-S29  (2001).

 4.Alargoy, D. K,. Deguchi, S., Tbejii, K. and

    Horikoshi, K. Reaction behaviors of  glycine under

    super-  and  subcritical water  conditions,  Origins

    Life Evol. Biosphere 32, 1-12 (2002),

 5.Islam, M. N., Kancko, T! and  Kobayashi, K.

    Reaction of  amino  acids  in a  supercritical  water-

    flow reactor  simulating  submarine  hydrothermal

    systems,  Bull. Chem. Soc. Jpn. 76, 1171-1178

    (2003).

 6.Shock, E. L. Stability of  peptides in high-

    tempcrature  aqueous  solutions,  Geochim,

    Cosmochim.  Acta 56, 3481-3491 (1992).

  7.Goto, [l, Futamura, Y/, Yamaguchi.  Y. and

    Yamamoto,  K. Condensation reactions  of  amino

    acids  under  hydrothermal conditions  with

    adiabatic  expansion  cooling,  J. Chem, Eng. Jpn.

    38, 295-299 (2005).

  8. Benenson, W., HaiTis, J, W., StOcker, H. and  Lutz,

JAPAN{SSOEL)

  H. Joule-Thomson effect, in Handbook of Physics,

  pp.715-7 16, SpringeFVbrlag, N. Y., 2oo2.

9.Shoemaker, D. R  and  Garland, C, WL  Joule-

  Thomson  effect.  in Experiments in Physical

  Chemistry, pp.53-61 , McGraw-Hill,  N, Y.. 1962.

1O. Kalonia, D, S., Musunuri, S, and  1[hnglertpaibul, J.

  Simultaneous analysis  of  different species

  involved in hexaglycine hydrolysis, J. Chromatogr.

  47S, 416420 (1989).

1 1. [[1icker, I. G., Dowty, M. E,, VeillaTd, M,, Longeg

  M. A. and  Robinson, J. R, Reyersed phase high-

  performance liquid chromatographic  analysis  of

  oligoglycines  (one to six  amino  acid  residues),

  Pharrnl. Res. 6, 1oo-102 (1989).

12.Pearson, J. D. and  McCloskey,  M,  C.

  Perfluorinated acid  alternatives  to trifluoroacetic

  acid  for reversed-phase  high perfbrmance liquid

  chromatography,  J. Chromatogr. A, 746, 277-281

  (l996).

-274-


