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Abrct~t-2-O-Aoctyl-3-O-[ (E~pcoumaroyl]-meso-tartaric ad was isolated from cotyledons of Spinocio oleraceo 
and its structure clucida~cd and characterized with the aid of TLC, HPLC. FAB MS and ‘H NMR. Accumulation and 
enzymatic synthesis of the dicster are described. proceeding first via I-0-(pcoumaroyl~fi-glucose in the formation of p 
coumaroyltartaric acid and second via acetyl-CoA in the formation of 2-0-acetyl-3-O-C (&p-coumaroyl]-meso-tartaric 
acid. Some properties of the CoA-thioestcrdcpcndent acyltransferasc activity were studied. 

IXTRODUCTION 

Higher plants accumulate the common hydroxylatcd 
dnnamic acids pcoumaratc, caffcate. ferulate and 
sinapate mainly in conjugated forms as esters with a vast 
array of different compounds [l-3]. Hydroxycinnamic 
aad esters with aliphatic (hydroxy) carboxylic acids, so far 
detected. Include conjugates with tartaric [e.g. 41. malic 
[e.g. 51, hydroxycltric 61. glucaric [7. 81, dihydroxy- 
propancdicarboxylic 5 [9 . tartronic [IO], and gluconic 
acids [I I]. 

Tartaric acid has repeatedly been dcscnbcd as the 
dicarboxylic acid moiety of hydroxycinnamic acid esters 
in various plants, e.g. in Cichorium infybu5 14, 121. 
C. endivio [ 131, Yitis cinijero [ 143, Phasedus ~ulgoris [ 1 S] 
which lacks definite proof, Spinacio oleraceo [la 181. 
LUCUCO sotica 1193. and Echinaceo ongustr/olio and 15. 
purpureo 1201. 

Biosynthcscs of these conjugates proacd either 
through acylcoenzyme A or acylglucox mediated car- 
boxy1 group activation [213 of the phcnolic acid. The 
physiological rok of these alternative pathways is pre- 
sently under study in our laboratory. Since nothing is 
known about the enzymatic synthesis of phenolic acid 
tartratc esters we investigated cotyledons of spinach 
seedlings and found a rapidly accumulating p-coumaric 
acid ester, which is the major phcnylpropanoid con- 
stituent. We isolated this ester and determined its struc- 
ture to bc 2-O-acelyl-3-O-[ (E)-pcoumaroyl]-meso- 
tartaric acid (1). This is in agreement with the structure 
proposed by Tadcra and Mitsuda [ 173 of the compound 
present in spinach kavcs. We report here on the structural 
elucidation of this major p-cournaric acid ester. its ac- 
cumulation and enzymatic synthcsts in spinach 
cotyledons. 

*To whom corrapondcncc shouW be addrascd. 
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RESULTS ASD Dl!%XSlON 

Swucfwe elucidafion and uccumulafion o/ 1 

Chromatographic analyses (TLC, HPLC) of mcth- 
anolic extracts from cotyledons of spinach showed a 
complex pattern of phenolic compounds, among which 
a pcoumaric acid dalvativc was found to be the major 
consli~ucnt, i.e. 2-0-aalyl-3-O-[ (E)-pcoumaroyl]-meso- 
tartaric acid (1). For isolation of this compound the crude 
extracts were pre-fractionated on polyamide columns 
with HzO. McOH and 0.03’? NH,OH in McOH as 
solvents. Compound I and a minor second pcoumaric 
acid conjugate. I.C. 2-O-C (E~p-coumaroyl]-nuso-tartaric 
acid, were present in the ammoniacal fraction (TLC In SS I 
and HPLC). The latter was identified by co- 
chromatography with 2. which was prepared through 
partial hydrolysis of I (see below). In addition, l-O-@- 
coumaroyl)+glucosc was detected (cochromatography 
with reference material) [c$ 221 as a minor compound in 
the Hz0 fraction. Compound I was ~solatcd by TLC in 
SSI and further purified by rcchromatography on a 
polyamide column and finally by CC on Sephadcx LH-20 
(MeOH as solvent). The structures of compounds 1 and 
its partial hydrolysis product 2 were assigned on the basis 
of the data presented below. 

The UV spectral data of I (AZ” 226. 312; 
i. ,$?‘I s’44vH 222,353 nm) and itscolour reaction on TLC 
(under CV at 350 nm changing from absorbing IO blue 
fluorescence when treated with NH, vapour) are con- 
sistent with those of p-coumaric acid esters. 1 and 2 
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exhibited the following R, values m SSI: 0.78. 0.66; SS2: 
0.55. 0.29; SS3: 0.58. 0.54. Roth compounds gave p 
coumaric acid (cochromatography with authentic p- 
coumaric acid in SS4: 0.58) upon alkaline hydrolysis 
(Xl min at room temp. in 1 N aq. NaOH). Tartartc acid 
liberated from both compounds was identified by co- 
chromatography with reference compounds on SS5 (0.12) 
and SS6 (0.62) and was found to be meso-tartrate. The 
acids were visualized by spraymg the dried chromato- 
grams with bromocresol gran in alkaline (NaOH) EtOH. 
The presence of tartrate as an ester moiety was expected 
from other studies on spmach [ 16181. 

The ‘H NMR spectrum unambiguously identified I as 
a poumark acid tartrate conjugate. However, in ad- 
dition a vicinal aatyl group was detected. This is in 
agreement with the structure proposed by Tadera and 
Mitsuda [I71 of the compound which is present in 
spinach leaves. All signals were doubkd due to the 
presence of both Z and E isomers of the pcoumaroyl 
moiety, which were rdentttied by their characteristic 
vkmal coupling constant. The E-isomer was the naturally 
occurring one, which was found by HPLC with freshly 
prepared alcoholic extracts from spinach cotyledons. The 
molecular ion [C, ,H ,.O, - H] - at 337 d and fragmen- 
tation pattern in the negative ion FAR MS of I confirmed 
the structure. 

Partial hydrolysis with 0.1 N NaOH at 56’ for 8 min 
caused quantitative loss of the acetyl group to give 2, as 
expected for bimolecular basic hydrolysis with acyl- 
oxygen fission [23]. Complete hydrolysis of the diester 
was achieved after co 90min. The structure of 2 was 
confirmed by ‘H NMR. 

Detailed quantitative HPLC of methanolic extracts 
from cotyledons of developing spinach seedlings revealed 
a rapid accumulatton of 1 as the major soluble secondary 
product of phenylpropanoid metabolism. The highest 
concentratron of ca 30 nmol ptr cotyledon pair was 
reached on the 9-10th day of culture (Fig. 1). In addition, 
2 and I-@coumaroyl)+glucose were detected. The 
former was identified by co-chromatography with the 
parttal hydrolysis product (2) from compound I and the 
latter with a reference compound isolated from petals of 
AnrirrItinum mujus [ 243. The glucose derivative showed a 

transient accumulation reaching co 1.4 nmol at the 5th 
day and was later detected m trace amounts. The tartaric 
acid monoester, mitially accumulated concomitantly 
with pcoumaroylglucose, showed a second phase of 
accumulation (max. co 0.5 nmol) after 2 weeks of develop- 
ment. Analyses of other organs from spinach (e.g. adult 
leaves) also showed 1 as the major secondary constttucnt. 

En:patrc sptthcsis oj 1 

Protein preparations from cotyledons of spinach seed- 
lings were assayed for the enzymatic synthesis of 1. Roth 
possibk mecharusms of synthesis via coenzyme-A and 
giucosecarboxyl group activation, so far detected [Zl]. 
were tested. It was found that the initial reaction was p- 
coumaroyltartartc acid monoester formation which pro- 
ceeds cxclustvely via I-O-(pcoumaroyl)_B-glucose as the 
acttvated donor. Heat-denatured (5 min at 80 ) protein 
showed no ervymatic activity. The product was identified 
by co-chromatography (TLC in SSI and SS2. HPLC) with 
2. No product was formed when pcoumaroyl-CoA was 
tested as a possible acyl donor according to methods 
developed by Zonk and co-workers [ZS. 261 and as 
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FIN. 1. Accumulation puems of pu~~rnanc acid eslers (nmol 
per pan of cctykdons) and development of Co&dependent 
acylrransfersw acuvuy (0) (pkat per pair of cotykdons 81 
0.33 mM aa~yl-CoA and 0.52 mM pcoumaroyltartarlc actd. 2) 
in co~ykdons of splMch. mean data from IWO separate expcr- 
rments and duplicate determutations; I-(pcoumaroyl~gluc 
(?;). p-coumaroyltartaric acid (2) (A), 2-acztyl-3-(p-countaroyl~ 
ranaric md (1) (OL AI the srage of maxunal cnayrne acuvny V_ 
was 210 pkat!pir of colyla.lonr and 620 pkaiimg protein (sac 
1~x1). TIK spaci& enzyme activity (protnn as paramaer) showed 
the Same rapid inrease u IhaI seen here. Mixed amys from low 

and hrgh enayma~ic activities showed strrct linearurn 

described by Strack et ul. [27]. We were also unabk to 
show the possible CoAdependent back reaction using 2 
or 1 as donors and free CoA as acceptor. This acylglucose- 
dependent reaction accepted only meso-tartaric actd. B or 
t.-Tartaric acid were not accepted. Unfortunately the rate 
of formation of 2 was very low (ca 0.1 pkat:‘mg protein) 
and could not be appreciably increased, thus precluding 
further characterization. Also the enzyme preparation was 
very labikand activity could only beobserved with freshly 
prepared protein. Although the partially purified en- 
zymatic activity (DEAE-cellulose) showed a slightly 
higher activity, various attempts to opttmtze the enzyme 
assay, including the use of proteinax inhibitors, were 
unsuccessful (data not shown). 

The subsequent second ester formation, leading to the 
diester I, proceeds via acetyl-CoA (see Fig. 2) The 
reaction product was tdentttied by cochromatography 
(TLC in SSI and SSZ HPLC) with I. The enzyme(s) 
involved showed high activities and this made possible a 
study of some properties of this ester formatton (see 
below). The reaction is dependent on the presence of the p- 
coumaroyl moiety of the acceptor molecule. No product 
was formed when free tartartc acid was tested as a possible 
acceptor molecuk (incubation with “C-labe)led acetyl- 
CoA). This was investigated by means of TLC in SS6 
(radioscanner, Rerthold. Wildbad. West Germany) and 
radio-HPLC [isocrattc with 1.5’:, aq. H,POI as solvent 
or 30 40 7; solvent B m (A + B), see below]. We observed. 
however. an appreciabk amount of liberated acetic acid. 
which IS probably due to rapid hydrolysis of the CoA 
thioester. 
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The frozen protein showed appreciably greater enzyme 
activity (co 2-fold) after thawing than fresh preparations. 

Kinetics. substrate specificity and development of CoA- 
dependent acyhnsjeros@. The reaction showed a typical 
saturation curve with increasing substrate concentrations 
(2. acctyl-CoA). Doubk reciprocal plots were linear and 
gave apparent Km values of63 and 670 /IM for aatyl-CoA 
(at 0.52 mM 2) and 2 (at 0.33 mM acetyl-CoA), rcspcct- 
ively. However, Linewcavcr-Burk plots demonstrated 
that the KS for acetyl-CoA and 2 were dependent on the 
concentration of the second substrate. This observation 
WIII bc the basis of a detaikd study of the kmettc 
properties of thts enzyme whose purification is presently 
in progress. As WC had a limited amount of p 
coumaroyltartrate, it was used at suboptimal concen- 
trations which gave co 40”; of the maximal reaction 
velocity. 

Fig 2. HPLC analyses of an acyltnnsfcrrr (CoA dcpccdcnr) 
assay nnmcdlstcty after mtroduction of enzyme (4 c) and Ina 
20 min rcactton time (b. 4) Lowa gra@u show HPLC pro&s of 
UV detection, rhc upper graphs on-lint scinttttation counter 
tracmg of “C-hbetkd components. Pak tdcatibcation: I - [l- 
“C)pcctyt-Co& 2 - pawmaroyl~artarrc acid (2); 3 - 2acccyl- 
3-(pcouwoyl~urtanc acid (I) and 2-[ I-“CJuztyl_3-(p 
coumaroyltranarr actd in graph b. Bars rqrcscn~ 40 qs (a. b) 
and 4 7 x 10 ’ abrbancc unit at 310 nm (c, 0, rqccuvcly. 

WC could not study the acceptor specificity of the 
acyltransfcrasc since no tartark acid conjugate other than 
2 was available. Howcvcr. it was unambiguously shown 
that fra tartaric acid was not acctylatcd (see above). WC 
tcstcd various CoA-thiocstcrs as donors (Table I) and 
found that the enzyme showed a wide range of specificity. 
With vakryl-CoA the cnzymc showed highest reaction 
rate. followed by aatyl-, butyryl-. hcxanoyl- and 
propionyl-CoA with K,s of 80,63,23, 133 and 33 PM (at 
0.52 mM 2), rapcctivcly. There was no diffcrcna in this 
specificity when protein from adult leaves or from cozy- 
kdons at different dcvelopmcntal stages were used (data 
not shown). Butyryl-CoA was the bcsl donor as the 

relattve rattos of the V-/K, values for butyryl-. vakryl-, 
aatyl-. propionyl- and hcxanoyl-CoA were found to bc 
100:54:52:45:2!9, respectively. Dicarboxylk acids, 
branchcdcham and unsaturated carboxylk acids wcrc 
poor substrates (see Table I). In summary, the best 
substrates were straight chain, saturated monocarboxylic 
acids up to a &chain length. WC assume that the 
described acyltransferasc activity is specifically mvolvcd in 
the formation of 1 in spinach. Protein preparations from 
primary kavcs of mung bran [27] or from cotyledons of 
radish [22] wcrc inactive with 2 and aatyl-CoA as 
substrates. Howcvcr, further studtcs arc nccdcd to show 
whether or not this activity is due to one specific enzyme. 

In summary WC deduced from thcsc results that bio- 
synthesis of 1 procads as follows: 

Figure 1 illustrates the dcvclopmcnt of the CoA- 
dcpcndcnt acyltransfcrasc activities during cotyledon 

(I ) I -@-coumaroyl~/7-glucose + meY)-tartarK: aad + pcoumaroyl-rruso-tartark and + gkcosc 

(2) aa%yl-CoA + pcoumaroyl-m+scFtartanc acid 4 2-rcctyl-3-@coumaroyl~~uFtartarK md + HSCoA. 

I 

This pathway iscompatiblc with thcaccumuktion pattern 
of the spinach pcoumaroyl conjugates (Fig. 1). 

Churucrerizatron oj CoAdependenr acylrronsjeruse 

Gene4 properries. The formation of I was positively 
correlated with the amount of protein. and was linear for 
10 min. The grca~cs~ enzyme activity was found at pH 7.6 
m K PI butfcr showing SO 7, of activity near pH 6.5 (K Pi) 
and 9.0 (Tricinc). A study of the ion strength dc- 
pendcncy (KPi) showed maximal activity at 70mM 
(78 pS) with 509, activity near 20 and 220 mM. respect- 
ively. There was no requirement of divaknt cations or 
thiols. The crude protein preparation showed no loss of 
enzyme activity when stored at -20. for several waks. 

growth. As seen there is a rapid increase in activity 
reaching cu 80 pkat per pair of cotykdons at 0.52 mM 2 

(“mu at this stage was 210 pkatpair of cotykdons and 
620 pkatimg protein) This pattern of activity develop- 
ment corrclatcd well with the accumulation pattern of 1. 
In later stages this enzyme activity remained at a high 
lcvcl, showing only a continuous slight activity decrease 
(data not shown). At the 20th day of cotyledon dcvclop- 
mcnt there was still cu 60% of the maximal activity. 

EXPERlMElriTAL 

Planl maftnal. S&s of spinach (Spinocla oharea L var. 
monopa) wcrc wired from Albert Trcppau. Itcrti~ Wcsc 
Germany. Sadlings and young ptanu were grown in a defined 
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Tabk 1. Donor spa%city oftbe CoAdcpen&nt acyl~ransfcrssc preparation from 

S&y-old spmacb seedlings Man &la from two scprra~c prolem preparationsand 

duplicPtc enzyme actively dctcrminaIions 

% Relative Ye Relative 

Donor (0.33 mM) activity* Donor (0.33 mM) acllvity 

AatylCoA IO0 

Propiooyl-COA 58 

Bucyryl-CoA 99 

Vakryl-CoA 121 

Heunoyl-CoA 90 

Hcptnaoyl-CoA I5 

Malonyl-CoA 

SuamylCoA 

GluurylCoA 

Isobut~l-CoA 

IsovakrylCoA 

CrotonylCoA 

4 

--t 

9 

I3 

IO 

*FormaljOn of acyl-@coumaroyl~laIlaric acid rehllve lo the formrlioo of I 

with acetyl-CoA; IO0 - co 70 pkat per pnir of co~ykdons at 0.52 mM 2. Reac1ion 

products other than I were ~en~tively identified by their chromatographic 

bchaviour in HPLC relaclve IO thal of 1hc native product I and rhcapplicd acocptor 

mokcuk (2). 

t No product dctcctcd. 

so11 (type T. Bakter. Frondcnberg West Germany. mued I: I 

w~rb peat) in a phyrotron under fluorescent hght (ca 8ooolux) 

with an II hr day a1 21’ in light and 18” in the dark and 600,b 

r&live humidity. 

Subsaafcs. I-O-@-Coum5uoyl~~-glucopyranosc was molalcd 

from petals of Anrfrrhimtm mojus [24]; IIS stMure was proval 

by NMR spoxroscopy (data not shown). 1 was ~sola~cd from 

splmh kavcs and 2 was prcparal through pnr~nl alkahnc 

bydrolyw (see 1~x0. Pur&cation of 2 warti out as de&bed 

for 1 (see below). Various acyl-CoA thicusters came from Sigm8, 

Miin&lXl, West Germany, and [ I-“C]acetyl-CoA 

(2GBqjmmol) from Amcrsham Buchkr, Braunschwd& WCSI 

Gzrmany. pCoumaroyl-CoA was chemically prwai aozordiog 

to rd. [ZS]. Cocnzymc A (free acid) was purchased from Scrva 

(Heidelberg, War Germany). meso_Tartaric ecid came from 

Rkdd de Hmn (Sccltr. Wcsa Germany), b and ~~nflaric acid 

from Merck (Darmstadt, WCSI Germany). 

Srandard mrpc prprration. Cotykdons from 40 spinach 

sealbogs were ground in a pre-ccekd (O-4”) mortar in the 

pracacc of 0.2g inxolubk polychr AT. quartz sand and 

IO ml KPi bulTcr (100 mM. pH 7.6). The homogcnalc was poured 

into a precooked beaker, allowed IO stand for 3Omin with 
continuous stirring. then passed through Muacloth. and the 
filtrate centrifugal at 48ooOg for 20min. Sold (NH,),!% was 

addai to 1hc supernalant to obtain 30”: saln. The ppl was 

removed by antrifugatloo and the supcrna1an1 was raised to 

80% satn. The pptd protein was colkc~al by ccnrrrfugatloo and 

was finally filterad through Sephadex G-25 (Pharmacia PDIO 

columns). Protein contents were dctammcd by the melhod 

dcscnbcd IO ref. [28] using bovine serum albumin as standard. 

Enrymc assay. Unlcsl othcrwue slated the reaction mixtures 

contained rhc following components. Formation of 2~ 2OmM 

wso-lartaric Kd. ImM I-0-@coumoroyl~/I-glucose. 

IOOmM KK buffer (pH 7) ad-10 ~1 protein solution in a total 

vol. of 1004. Formalion of I: 0.52 mM X0.33 mM acctyl-Coh 

70mM KPi buffer @H 7.6) and lOpI protein soluuon m a toal 

vol. of loO/lr. The r-lions were started by the introduction of 
proteur soln and were stopped after incubation at 30” for IOmin 

by iransfcrriag rhc mixtures IO a freezer ( - 209 or by immcdia1c 

HPLC analyses. Enzyme assay with “C-labelkd donor (see 

Fig. 2) contained O.lEmM 2,O.lSmM acctyl-CoA. I.8 x IO’cp 

(I-l’C)ace~yl-CoA. 70mMKPi @H 7.6) rod 25~1 protein 

solution m a total vol of 1454. 

Derermi~rion o/ enzyme ocricirics. This was pcrfotmed with 

HPLC as described below and in Fig. 2. 

pH Ophwm. The followmp bulTer systems (0. I M csch) were 

used IO detminc the pH optimum of the acyl1ransfcrw activity: 

MES, 2-(N-m4~pholiao)cthanc sulphomc acid @H >7); KPi 

(pH 6 83; Tricmc. N-trls-(hydroxymethyl~merhylglycinc (pH 

7.5 9.5k &cme @H 9-l I). 

KinerL properries. Apparcnl K, and Y, valua were graph- 

tally atimatai &zcordinp IO Lmcwcavcr and Burk [29]. 

Isolurion Md purificorion oj 1. Coiykdons and leaves from 

7day-old and Qwcck-old JPiMCh plants. respectively. were cut 

into small pm and extraacd with 80% aq. McOH with an 

Ultra-Turrax homogenizer. After filirailon. the extract wasconcd 

under vacuum to a vol. of co IOml and was fractiona1cd on a 

polyamide column (CC6. 4 x 78an; Macherey-Nagcl, Diircn. 

Wat Gcmuny) uxmg H1O. McOH and O.O3’/b NH,OH in 

MeOH. Elution was monItoral continuously by UV absorption 

at 254 nm and frrtions of the elucnt showtnp high UV absorp 

tion were colJa%cd and examined by TLC (SSI and SS2). From 

the ammoniacal fraction OIK mayor absorbing compound (I), 

whichchanged to blue ~~~~IWCCIXC under UV h&t (35Onm)aftcr 

v~tment with ammonia vapour. was separarai from orher 

pbenolks by TLC in SSI. Puri6catioo was then ach~vad ini1ially 

with polyamide CC asdescribed abovcand finally with Scphackx 

LH-2OCC (2.5 x IOScm. Pharmacta. Uppsala. Swollen) twyx 

using .McOH as solvent. 

TLC. On microcrys1allmc ccllulosc (Avlcel. Machcrey-Nagelk 

(.%I) n-BuOH- HOAc H,O (6: I :2). (SS2) CHCI,-HOAc HI0 

(3:2, H1O saturated), (SS3) n-BuOH-EIOH, Ha0 (4: 1:2.2), 

(SS4) ~olwnc- HOAc-Hz0 (2: I. Ha0 saluratal), (SSS) n- 

BuOH formic acid- Hz0 (6.1:2), (=6) 
acetoneMcOH HOAc-HIO (4:2. I : I). 

IIPLC. Tbc HPLC apparatus (LKB) and the dau processor 

(Shimadzu) are described elscwhcrc [27]. The chromalographic 

column (250 mm long. 4.6 mm inner drametcr) was prepackal 

wl1h Shndon ODS (Hypcrsil 5 c) (Buchoff Analysentcchnik 

und -G&ire. Leonberg, Wesr Gamanyk detectIon a1 3101~x1: 

solvents: (A) 1.5% H,PO. m HzO. (B) l.S:, H,PO.. 20”, 

HOAC, 25 “/. McCN m water. elulion syskms for quantdication 
of p-coumarr rid esters: hacar grad1en1 wiihm 35 min from 

30% solvem B in (A + B) 10 solvm1 B @coumaroyl&cosc, R, 

6.7 min; 2 R, 9.6min; 1. R, 17.1 mm); cluuon syslcms for 

cnzyma~wmlly fonacd products: pcoumaroyltartrale (2) wuh a 

ltir gradient as described above, I with 60% solvcn~ B in (A 

+ B), propionyl-. bulyryl- and tsobuiyryl-@coumaroyIbtartarK 

acid with 80% B io (A + B), other products (se Tabk I) with 

solvcnc B, Bow ra1ea1 I mljmin. The HPLC radioactmly monitor 




