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Abstract--An extract of Leucaena seedhngs has been shown to catalyse an enzynuc synthesrs of mrmosme 
from 3,4drhydroxypyrrdme and 0-acetylserme. Nerther serme nor a&dranunopropromc acid served as 
due& substrates m the enzynuc reactron A srmrlar enzynuc syntheses of fi-pyrazol-1-ylalanme 111 watermelon 
seedling extracts was shown to be dependent upon pyrazole and 0-acetylserme, and not serme. Some 
propertres of the enzymes are described 

INTRODUCTION 

PLANTS produce a number of ammo acids that may be regarded as heterocychc &substituted 
alanines. Tryptophan and hlsttdme can be considered as members of thts group, but more 
examples are found among the ‘non-protem’ ammo acids synthesized m a more restncted 
manner by plants. /3-Pyrazol-I-ylalanme (Ia, characteristic of many spectes from the fanuly 
Cucurbitaceae), mmosme (Ib, A4zmosa and Leucuena spp ), willardune (Ic, Acacra wzllur- 
duznu), lathyrme (Id, Luthyrus spp), and suzolobic acid (Ie, Stzzolobzum hasp) are plant 
products that illustrate a range of heterocychc rmg structures (see Fowden’ for a review of 
then chemistry and distribution) 

The common identity of these compounds as /I-substituted alanines naturally leads to 
the idea that similar btogeneuc pathways may be responsible for their formatron m plants. 
Evidence so far available unhcates that the C3 side chain may ongmate from serme in a 
number of mstances Certamly, senne provides the side chain required m tryptophan 
biosynthesis, whilst labelled precursor feedmg experiments suggest that serme is rapidly 
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mcorporated mto ,3-pyrazol-1-ylalanme by various cucurblt seedhngs,* into mlmosme m 
young plants of Mzmosa pudlca,3 and mto orcylalanme (If) m Agrostemma gzthago 4 The 
enzymlc synthesis of B-pyrazol-1-ylalanme from pyrazole and serme was shown to occur 
m crude extracts of cucumber seedlmgs 5 

Quite recently, some revlslon of Ideas concermng the role of serme m the blosynthesls 
of other ammo acids, such as cysteme and Smethylcysteme, has occurred It 1s now clearly 
established at the enzymlc level that 0-acetylserme, and not serme Itself, 1s the substrate m 
reactlons yielding these two sulphur-contammg ammo acids 6*7 The demonstration of a 
serme transacetylase m plants by Smith and Thompson8 has provided the necessary enzymlc 
hnk between serme and the required 0-acetyl derlvatlve On the basis of this new mformatlon, 
we have exammed the posslblhty that certam of the j?-substituted alanmes are enzymlcally 
synthesized by condensation of an appropriate heterocychc precursor with 0-acetylserme 
This paper presents a preliminary account of condensmg enzymes present m seedhngs of 
Leucaena leucocephala and watermelon thdt catalyse the synthesis of mlmosme and p- 
pyrazol-I-ylalanme from dlhydroxypyrldme and pyrazole, respectively, and 0-acetylserme 

RESULTS 
The enzyme preparations used m the mvestlgatlon were protem-contammg extracts of 

seedhngs, from which low molecular weight substances, 1 e substrates and coenzymes, had 
been removed by treatment with Sephadex G-25 The course of the enzymmally-catalysed 
reactions was followed by determmmg the amount of radloactlvlty, from 14C-labelled 
0-acetylserme provided as substrate, introduced mto mlmosme or p-pyrazol-1-ylalamne, 
respectively the reactlon products were separated from other components of the reactlon 
mixtures either by paper chromatographlc techniques, or by use of an automated ammo 
acid analyser 

Enzymlc Synthesis of Mlmosme 

The reactlon now demonstrated to be responsible for mlmosme blosynthesls 1s shown m 
equation (1) 
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Figure 1 established the presence of mlmosme m a reactlon mixture (vol. 0 4 ml) 
contammg 3,4-dlhydroxypyndme (10 pmoles), “C-O-acetylserme (5 pmoles, 0 5 PC) and a 
Leucaena enzyme preparation after a 30-mm mcubatlon penod at 30” The figure illustrates 
the profile of elutlon of ammo acids from the analyser, together with an associated scan of 
radloactlvny comcldence IS clearly seen between peaks of nmhydrm-posmve material and 
radloactlvny elutmg at a position (relative to an Internal standard) correspondmg with that 
of an authentic sample of mlmosme About 20% of the radloactlvlty supphed as 14C-O- 

’ D M FRISCH, P M DUNNILL, A SMITH and L FOWDEN, Phytuchem 6, 921 (1967) 
3 H P TIWARI, W R PENROSE and I D SPENSER, Phytochem 6, 1245 (1967) 
4 L A HADWIGER, H G FLOSS, J R STOKER and E E CONN, Phytochem 4, 825 (1965) 
5 P M DUNNILL and L FOWDEN, J Exptl Bot 14,237 (1963) 
6 J GIOVANELLI and S H M~DD, Blochem B~ophys Res Comm 27, 150 (1967) 
’ J GIOVANELLI and S H MUDD, Bzochem Bzophys Res Comm 31,275 (1968) 
* I K %rrn and J F THOMPSON, Bmchem Wophys Acta 227, 288 (1971) 
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FIG 1 ILLUSTRATIONOFTHEPROFILEOF (a) AMINO ACIDS and(b) ASSOCIATED RADIOACTMTYELUTED 
FROMTHE 150cm COLUMN OFTHE ANALYSER(SEETEXT)AFIXR APPLICATIONOFA 30 mlIJ SAMPLEOF 

THECOMPLETEREACTION M.KlWRE(WITH 0-ACETYL-SERINE-3-'4c) 

The peaks represent (1) and (2), umdentlfied compounds, (3) 0-acetylserme, (4) glycme, 
(5) alanrne and (6) mlmosme 

acetylserme was Incorporated into mlmosme m this experiment The scan of radIoactivIty 
showed that some 14C still remamed m O-acetylserme, but actlvlty was also present m serme 
(and probably glycme) and at least two umdentlfied compounds A time-course study 
indicated that radIoactIvity incorporated Into mlmosme reached a maximum value between 
15 and 30 mm ; presumably, 14C-O-acetylserme became hmltmg after this time, whilst other 
enzymes m the mcubatlon mixture, such as the mlmosme C-N-lyase described earlier by 
Smith and Fowden,g gradually degraded the mlmosme mltlally produced. 

Durmg short mcubatlon periods,, labelled mlmosme was formed most rapIdly at pH 
7.9-8.0 Synthesis was not dependent upon added pyndoxal phosphate Mlmosine was not 
found when 3,Cdlhydroxypyndme was omitted from the reaction mixture, or when serme 
or O-phosphoserme replaced O-acetylserme. Use of a bolledLeucaena extract confirmed that 
chemical formation of mlmosme did not occur from the substrates under the normal 
condltlons of the reaction 

Enzymlc Synthesis of /3-Pyrazol-I-ylalanme 
In all expenments, 14C-0-acetylserme was employed as substrate to allow j?-pyrazol-l- 

ylalanme formation to be sensitively determined An early and crucial experiment estab- 
lished that the formation of /3-pyrazol-1-ylalamne by a Sephadex-treated extract of water- 
melon seedlmgs was dependent upon 0-acetylserme and pyrazole, suggesting the operation 
of equation (ii) 

OCH,CH(NH,)COOH -i-’ \N,NCHzCH(NH,)COOH+acetatr (ii) 

CJ I K SMITH and L FOWDEN, J Exptl Eat 17,750 (1966) 
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Neither serme nor O-phosphoserme could replace U-acetylserme as a substrate, smularly, 
no labelled /3-pyrazol-1-ylalamne was formed when pyrazole was omitted from reaction 
mixtures. 

The usual reaction mixture contained pyrazole (100 pmoles), 0-acetylsenne-3-14C 
(5 pmoles, 0.6 PC) and enzyme (0.2 ml) m a final volume of O-4 ml, pH 7 3 This pH represents 
a fairly sharp optimum for the condensation reaction When such nuxtureswere incubated at 
30”, ,&pyrazol-1-ylalamne production was hnear for about 1 hr, when approximately 1.5 
pmoles of ,%pyrazol-1-ylalamne had been formed, 1 e 30 % of the 14C-O-acetylsenne had 
been utlhzed Maxlmum rates of /?-pyrazol-1-ylalamne synthesis were obtained with lOO- 
150 pmoles pyrazole higher concentrations of pyrazole were less favourable for /3-pyrazol- 
1 -ylalamne synthesis FormatIon of &pyrazol- 1 -ylalamne occurred from pyrazole and serme 
(5 pmoles) m the presence of the treated watermelon extract if acetyl CoA (5 pmoles) 
were also added, but the rate of reactlon was only about 2 ‘A of that observed with pyrazole 
and O-acetylserme under similar condltlons 

The addltlon of pyndoxal phosphate to reaction mixtures caused neither stlmulatlon 
nor mhlbltlon of ,8-pyrazol-1-ylalamne formation However, when 3,4-dlhydroxypyndme 
(50 pmoles) was added, fi-pyrazol-1-ylalanme formation was reduced by about 40 %, 
whilst a small amount of mlmosme was formed therefore dlhydroxypyndme may represent 
an alternative substrate for the condensing enzyme The enzyme exhibited reasonable 
stability when stored at 0” and, after 22 hr, exhibited about 75 % of the activity associated 
with a freshly-prepared extract 

DISCUSSION 

Blosynthesls of mlmosme and &pyrazol-1-ylalamne by condensation reactions m which 
O-acetylserme provides the alanyl side-cham extend, to structurally more complex mole- 
cules, a type of reaction already estabhshed for the synthesis of cysteme and S-methyl- 
cysteme The necessary heterocychc substrates have been identified earlier as constituents of 
the implicated plants, 1 e 3,4-dlhydroxypyndme mLeucuena,10 and pyrazole m cucurblts,‘l 
and an enzyme acetylatmg serme to yield O-acetylserme has been described m Phaseolus 
vulgarzs * This enzyme IS likely to be present uruversally m plants, with the role of activating 
the serme molecules necessary to provide the three-carbon cham of cysteme Presumably, 
such an acetyltransferase, together with acetyl CoA and the condensing enzyme now 
demonstrated, was present m the crude extract of cucumber seedlings previously used to 
demonstrate the enzymlc synthesis of j?-pyrazol-1-ylalamne from pyrazole and 14C-senne 5 
A number of the propertles established for the condensmg enzyme are closely sumlar to 
those that governed the synthesis of ,%pyrazole-1-ylalamne m the earlier work for example, 
both systems had pH optima of 7 2-7.3, and synthesis was restricted by supra-optimal 
concentrations of pyrazole m both cases 

Mlmosme and j3-pyrazol-1-ylalamne formatlon represent examples of blosyntheses m 
which an activated 0-acetylserme molecule provides a three-carbon fragment required m 
the final product As m other reactlons of this type, an mltlal lablhzatlon of the proton at 
the a-carbon atom probably occurs, coupled with ehmmatlon of the fi-substltuent (here 
acetate) and the formation of an enzyme-bound a-ammoacrylate moiety The enzyme-bound 
moiety then may be attached to various acceptor molecules, e g. 3,4-dlhydroxypyndme or 
pyrazole, whose nature 1s defined by the specdiclty of the particular condensmg enzyme 

I0 M P HEGARTY, R D GXJRT and P M THORNE, Austral J Agrrc Res 15,168 (1964) 
*I F F. NOE and L FOWDEN, Wochem J 77, 543 (1960) 
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Reactions of this type concervably might be rmphcated m the hosynthesis of certam other 
non-protein ammo acids, e g. wtllardnne from uractl and O-acetylsenne, orcylalamne from 
orcmol (or orselhmc actd wtth a coupled decarboxylatron4) and 0-acetylsenne, a&drammo- 
propiomc actd from ammoma and 0-acetylserme, and albtzzime (a-ammo+ureidoproplonlc 
acid) from urea and 0-acetylsenne However, prehminary tests made with Sephadex-treated 
extracts of appropnate seedhngs (Acacza dealbata, Agrostemma gzthago and L leucocephala) 
have not given posttrve evrdence for an mtermedary role of 14C-O-acetylserme m these 
instances In this context, young seedhngs may not represent an ideal system for btosyn- 
thettc study since there are mdtcatlons that the levels of certain of these non-protem ammo 
acids decrease rapidly dunng the early stages of seed germmatton and growth Future 
expenments will have as then aim the punficatlon of the enzymes catalysmg mimosme and 
/I-pyrazol-1-ylalamne formatron from 0-acetylserme, and the search for other enzymes 
catalysmg reactions of this type m matunng, rather than germmating seeds. 

EXPERIMENTAL 
Labelled substrates O-Acetyl-L-serme3- W was synthesized 111 our laboratory from L-serme-3-Y 

purchased commerctally The product was diluted with unlabelled 0-acetyl+serme to grve matertal of specific 
activity used m the different incubation mixtures 

Plant materrals L Ieucocephala seedlmgs had been grown m moistened vemucuhte m the dark for 4 days 
at 30” and watermelon seedlmgs for 3 days at 30”. After harvest, the testas were removed and then the 
seedhngs were cooled at 0” for 15-30 mm before extraction 

Enzymepreparatlons andreactron mtxtures (a) Leucaena extracts for nnmosme btosynthests All operatrons 
were carried out at about 0” Seedlings were macerated m 0 1 M potassmm phosphate buffer, pH 8 0 (1 ml/ 
4 g seedlmgs) After expressing through fine muslin, the extract was centrrfuged at 25,000 g for 20 mm to 
obtam a clear supematant The supernatant was applied to a column of Sephadex G-25 (fine) to obtain a 
protem-contammg solution free from low mol wt substances 0 1 M phosphate buffer, of appropriate pH, 
was used for elution of the protein (enzyme) fraction The normal reactron mrxture contamed 3,4-dihydroxy- 
pyridme (10 pmoles), 0-acetyl-L-senne or 0-acetyl-L-serme-3-14C (5 pmoles, 0 5 w) and 0 2 ml enzyme 
preparation in a final volume of 0 4 ml (normally mamtamed at pH 7 7 by 0 1 M potassmm phosphate 
buffer) Incubation was at 30” and reaction was stopped by addition of EtOH (3 vol ) Precrpitated protein 
was removed by centrifugmg, and the resrdual supematant was exammed chromatographrcally for the 
presence of mimosme Occasionally, 0-acetylserme was replaced by serme, 0-phosphosenne, or a-~-diammo- 
propionic acid Pyrrdoxal phosphate (10-100 rg/ml) was added to certain reaction mrxtums 

(b) Watermelon seedlmg extracts for /3-pyrazol-1-ylalanme brosynthests Seedlmgs were macerated m 
0 2 M potassmm phosphate buffer, pH 7 5, contammg 0 1% 2-mercaptoethanol (1 ml/2 g seedhngs) The 
extract was treated essentrally as above, the final enzyme protein fraction bemg eluted from Sephadex by 
0 1 M potassium phosphate buffer, pH 7 3 Reaction rmxtures normally contamed pyrazole (100 pmoles), 
0-acetyl-L-serme or 0-acetyl-L-senne-3- W (5 pmoles, 0 6 F) and enzyme (0 2 ml) m a final volume of 
0 4 ml, buffered at pH 7 3 by0 1 M potassium phosphate In somemrxtures, the amount of pyrazole was varied 
in the range 20-250 pmoles, whilst m others 0-acetylserme was replaced by a nnxture of serme (5 pmoles) 
and acetyl CoA (5 pmoles) Other specific alterations m the composition of the reaction rmxtures are detailed 
m the Results Mixtures were incubated at 30” for appropriate periods and reactron was termmated by adding 
EtOH (3 vol ) to precipitate protein fi-Pyrazol-1-ylalanme present m the clear supematant was determined 
chromatographically as below 

Assay of mrmosme and p-pyrazol-1-ylalanre formatwn Mimosme formation could be detected by paper 
chromatographlc procedures, usmg nmhydrm or ferric chloride as chromogemc reagents it was shown to 
co-chromatograph with authentic material m the followmg solvent systems. (1) butan-1-ol-HOAc-Hz0 
(90 10 29, by vol ), (2) phenol-EtOH-Hz0 (3 1.1, by wt ), (3) butan-1-ol-EtOH-Hz0 (2 2 1, by ~011, 
and (4) butan-1-ol-pyndme-Hz0 (1 1 1, by vol ) R,s for mimosme determmed for these solvents were 
0 08,O 14,O 05 and 0 12 respectrvely, whilst 0-acetylserme had the followmg R,s 0 17,O 47,0 27 and 0 45, 
respectively Under the same condrtions, serme moved at Rls 0 08,O 16,O 14 and 0 27, SO rmmosme formation 
was established most conclusively by usmg solvents 3 and 4 Further confmnatron of the rdentity of the 
reaction product as mrmosme was obtamed usmg an automatic ammo acid analyser (Shrbata model AA-500, 
Tokyo) Under standard operatmg conditions (150 cm column, 50”, 0 2 N sodium citrate buffers, pH 3 25 
followed by 4 25, flow rate 0 5 ml/mm), rmmosme eluted from the column at about 13 2 hr, 1 e at a posltlcn 
close to an isoleucme reference peak Radroactivrty assocrated with each ammo acid peak was recorded by 
employmg a Packard momtormg flow system, model 3002, coupled to ratemeter, model 282A For routine 
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radmchemrcal assay of nnmosme formatlon, the ammo acid analyser was employed with a smaller column 
(50 cm, 50”, 0 2 N sodmrn crtrate buffer pH 4 25, 0 5 ml/mm), which allowed rapld, quantltatlve deter- 
mmattons to be made (the munosme peak now eluted at 108 mm) 

/3-Pyrazol-1-ylalanme was eluted from the ammo acid analyser under the standard conditions (see above 
150 cm column procedure) at a posmon between peaks due to threonme and serme This nearness of /I- 
pyrazol-I-ylalanme and serme peaks nnght Jeopardize the accurate determmatlon of radloactlvlty assocrated 
with j3-pyrazol-1-ylalanme, since W conceivably could enter serme from 0-acetyl-serme-3-W However, 
fi-pyrazol-1-ylalanme was well separated from 0-acetyl-serme (and serme) when paper chromatograms were 
developed m solvent 1 above Radloactlvny associated with each mnhydrm-posmve substance on the 
chromatograms was determmed using a gas-flow 4n radmchromatogram scanner (Aloka, Tokyo, model no 
PCS-2B) Quantltatlve determrnatlons of j3-pyrazol-l-ylalanme produced were also made using the cadmmm- 
nmhydrm reagent and general method described by Atfield and Morris I2 
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