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Abstract-Some properties of a preparation of an enzyme, lunularic acid decarboxylase, from the liverwort Con- 
occ~~riacictn conicutu are ~escrikci. Tk enzyme is wxmdKy bound and caukl he s&uhi<ized wick Tricaan K- (QQ: 
at keas’l some 03 >bhebounh becarhox_$ase aciky9 zgpeal-s lobe assodmeb w'h c%oro$asls. For ‘mnu>ai,c ad~b 
the enzyme has K, 8.7 x lo- 5 M (pH 7.8 and 30”). Some substrate analogues have been tested but no other 
substrate was found. Pinosylvic acid is a competitive inhibitor for the enzyme, Ki I.2 x 10e4M (pH 7.8 and 
30’). No product inhibition was observed. Lunularic acid decarboxylase activity has also been observed with 
a cell-free system from Lunulariu cruciata. 

INTRODUCTION 

THE DIHYDROSTILBENE carboxylic acid, lunularic acid (I), is a natural growth inhibitor and 
dormancy factor of liverworts. I,2 Livercvorts contain no detectab1e abseisic acid (2)” 
which has a similar function in higher plants.’ Investigations of the biosynthesis4 and 
further metabolism5 of lunularic acid in the thallose liverwort Lwdaria cruciata have 
shown 1bhat 1hhe ~bserveb varjatiDn in the amDun 03 ex’lrac>a~>e 5unu\aric ac’)f, with phi- 
toperiod“ is probably due to regulation of the biosynthetic pathway. Further metabolism 
of administered lunularic acid proceeded at very similar rates and to the same products 
in both light and dark.5 These time-course studies of the catabolism of lunularic acid in 
th&> IBEX&- ,?c Z. a-itiu~~ S&GW c.+ ZE& &V&VX~ I h&m k7 tiw &q&5?333n5 ~UUVC- 
larin (3), was the first step.5 We have now been able to prepare a solubilized crude prep- 
ar &&330 C35 %3e ,i3&~Si&Y U&X%wn CXS..V~SXC, <C$KIGiii% k3r &Gs AEe&m+d,b,~, ,Ulxcd,L A. t'n-h 'mn,,Ar ; P 

acid decarboxylase (LiVtt-decarboxylasej., from fAe fhallose Iiverwort Conocephalum con- 
icum and report here some of its properties. To the authors’ knowledge this is the first 
investigation of an aromatic decarboxylase from green plants. Aromatic decarboxylases 
of microorganisms and animals have been investigated.’ In particular, orsellinic acid (4) 
decarboxylase from the fungus GIiocldium I.OSPU~~ and the lichen Umhilictrritr p~.s~ulatu.~ 

1 PRYCE. R. J. (I 972) PFzytochemistry 1 I, I759 and references therein. ^ ^. 
2 VALIO, 1. i? M., BURDEN, R. S. and SCHWABE. %%? %+? (I?&/ 8am-r m3 1 ix. 
3 RYBACK, G. ((972) J. C. S. Ciietn. Comm. 1 I90 for revised sfereochemisfry of abscisic acid 
4 PRYCE, R. J. (1971) Phytochemistry IO, 2679. 
5 PRYCE. R. J. (1972) Phyrochw~istry If, 1355. 
’ VALIO, I. F. M. and SCHWABE. W. W. ((5J7Uj J, Eq. Botany ZI, 138. 
’ PETERSON, G. (1965) Acta Churn. Stand. 19, XII3 and rekrences therein. 
8 MOSBACH, K. and EHRENSV~RD. U. (1966) Biochern. Biophys. Res. Cornmun. 22, 145. 
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and 6-methylsalicylic acid (5) decarboxylase from Pcwicillirrm pc~tuhr~” involve substrates 
of related structure to lunularic acid. 

?‘-’ OH 

(1) 

OS Ho& H;;rd,,, 

(2) (3) (4) 

Initially, LNA-decarboxylase activity ~~1s detected in the 1000 y supernatant fraction 
from a cell-free system of L. ~‘rlrc’iufil thalli. The LNA-dccai-bo~ql~ls~ activity of this prep- 
aration recluircd none of the added co-fktors. ATE’, NADF’H, NASH or Mg’ 7 Similarl>. 
6-methylsalicylic acid and orscllinic acid decarbox~lascs have no co-fktor require- 
ments.’ ‘) No metabolites other than the decarboxylation product. lunularin (3) could be 
observed with the L. cwrciuta system using lunularic acid-[lJC] as substrate. The common 
thallose liverwort Co/loc.c~p/rcrl~lrn cao/lic.llnz was chosen as a source of LNA-dccarboxylasc 
for the more detailed investigation which follows. Lunularic acid had previousI> ’ Ixen 
shown to occur in thalli of C. conic*u/n and now the predicted’ co-occurrence of lunularin 
(3) has been confirmed by GC MS analysis of extracts. It is probable that lunularin’ and 
LNA-decarboxylasc are of uidcsprcad occurrence in liverworts. as seems to he the cast’ 
with lunularic acid itself.’ Lunula-in has also ken show~l to be present in L. c.r.lrc,itrtrr’ 
and Mtrrhntk po1y~~~o~piu~. “’ 

LNA-decarboxylase activity in cell-free homogenates of C. co~~ia~)z is completely preci- 
pitated at 105000 ~1. therefore it is not a “solul~le” cnzJ,me. Solubiliation of the enzyme 
activity could be efticientl~ (RI 75”~,,) eRected b> Triton X-100 treatment of the 105000 (1 
pellet. This solubilizcd preparation of LNA-dearbox\ last is the preparation whose 
properties are described below. A typical preparation had a specific act ivit? of 14 x I!) ’ 
U,‘mg (at pH 7.X and 30 ): this and other results were determined I~\ ;I GLC’ assay and 
lunularin was the only detected product (GC MS). For reasons of suhstralc solubility and 
the amounts of substrate required for the GLC assay. assa>~ of the solubilircd LNA-decar- 
boxqlasc were conducted at pH 7.X. Houcvcr, prncticall\ no ditkrcncc in activity of the 
preparation was observed at pH 6.0 when ;I small amount of acetone was used as co-sol- 
vent for the substrate. The stoichiometry of the LNA-decarbox~las~ reaction (1 = 3 + 
CO,) was determined by a combination of Warburg manometrg to mcasurc carbon diox- 
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ide evolution and GLC analysis to measure disappearance of lunularic acid and appear- 
ance of lunularin. Good Michaelis-Menten kinetics were shown by the solubilized LNA- 
decarboxylase preparation which had K, for lunularic acid 8.7 x lo- ’ M (at pH 7.8 and 
300). 

The structurally related aromatic carboxylic acid, 6-methyl-salicylic acid (5) was not 
cbecaiDo$~dreb’pv ‘fne Xiih -heca~~ox~~ase~r~~a~~~~on anb n&ner was ‘Sne even mme 
closely Pelated stilbene c;lrbox$ic acid, pinosylvic acid (6). However, pinosylvic acid is a 
so&, c~~~&i<i~e in?&i<QX of LW_-&ca&oxylase, Ri $2 x 5G - ’ $X <a< p!S P;5 ancl SW<. 
Although pinosylvic acid’ 1 is as yet unknown as a natural product it has been proposed 
z!S a &V?SjiY&& fiYXWSsrsv?r & ?& I%? -??’ -4 n -+ +;%, UI up auc Sr~~u4~(XiX?S~~?~~~ tt,, krSu%alu njG?rXhT 

h A* 1-A '0, _t ~.7+y h t' 

product.‘2,‘3 6-Methylsalicylic acid does not inhibit the decarboxylation of lunularic acid 
by the decarboxylase, neither does abscisic acid (2) whose structural similarities with lunu- 
laric acid have been noted elsewhere;’ abscisic acid was apparently unaffected by the 
LNA-decarboxylase. Therefore, the inhibition of liverwort growth caused by abscisic acid 
is probably not due to blocking of LNA catabolism by inhibition of the decarboxylase. 
No inhibition of LNA-decarboxylase was observed with the decarboxylation product, 
lunularin (3). 

The location of the apparently bound LNA-decarboxylase within the liverwort cell 
remains uncertain. However, an experiment did indicate that at least some of the bound 
activity was associated with chloroplasts. 

EXPERIMENTAL 

Lunularic acid for this work was prepared by hydrogenolysis’ of hydrangenol, it recrystallized from EtOH/ 
HZ0 with no solvent of crystallization m.p. 194-200” (decomp.) (Found: C. 70.2; H, 5% Calc. for C15H1404: 
C, 69.8; H, 5.5%). The sample of pinosylvic acid was recrystallized before use.’ ’ Conocephalum conicum was culti- 
vated on compost in humidity boxes at 23-25’ under 12 hr light/day (450 Ix from G.E.C. daylight fluorescent 
lights). Buffers used were 0.05 M KH2P0,/K2HP0, pH 5.5 (pH 5.5 phosphate buffer) and 0.05 M Tris-HCl 
pH 7.8 (pH 7.8 Tris buffer). The preparation and all manipulations of the enzyme solutions were carried out 
at 4’. Protein determinations were carried out by the method of LowryI using bovine serum albumin as stan- 
dard. 

Lunularin (3) iN C. conicum. Fresh, washed thalli of C. conicum (470 g) were extracted as before’ to give a 
“weak acid” fraction (94 mg), an aliquot of which was methylated and analyzed for lunularin by GLC5 and GC- 
MS” as previously described. The presence of lunularin was confirmed. 

LNA-decarhol~lnsrf,orn C. conicum; soluhilized LNA-decarhoxylase. Fresh thalli of C. conicum (5.8 g) were 
homogenized in a Potter homogenizer in pH 7.8 Tris buffer (5 ml). The homogenate was filtered through a double 
layer of cheese cloth and the filtrate and washings (buffer 2 x 2.5 ml) were collected. The total filtrate was centri- 
fuged at 100 q for IO min and the pellet was discarded; the supernatant was then centrifuged at 105000 a for 
1 hr to give ai active pellet and inactive supernatant. After resuspending the 105000 y pellet & pH 7.8 Tris b;ffer 
containing 0.3% Triton X-100 (10 ml) it was stirred for 18 hr, then centrifuged at 105000 y for 1 hr. The final 
supernatant which contained cu 757: of the LNA-decarboxylase activity (the pellet contained the remainder) was 
then passed through a column (51 x 2 cm) of Sephddex G25 (medium). made up in pH 7.8 Tris buffer. to remove 
Triton X-100. Elution of the column was with pH 7.8 Tris buffer. The green fractions coming off the column 
in its void volume contained all the decarboxylase activity and these were combined and brought to 9096 satu- 
ration with (NH&SO+ The protein that precipitated was collected by centrifugation at 15000 9 for 10 min, 
then it was redissolved in PH 7.8 Tris buffer (5 ml) to eive the soluble LNA-decarboxvlase preparation of the 
type used below. This present preparation contained 1 “g protein/ml and had a specifii activitybf 1.59 x lo-* 
U,img under standard assay conditions. A preparation of this soluble LNA-decarboxylase has been stored in the 
dark at 4’ for up to 2 months with no detectable loss of activity. 

I1 HARRIS. T. M. and CARNEY. R. L. (1967) J. Am. Chem. Sot. 89,6734. 
I2 BIRCH. A. J. and DONOVAN, F. W. (1953) Australian J. Chem. 6. 360. 

I3 HILLIS, W. E. and YAZAKI, Y. (1971) Phytochemistry 10, 1051. 
l4 LOWRY. 0. H., ROSEBOUGH, N. J., FARR, A. L. and RANDALL. R. J. (1951) J. Biol. Chem. 193,265. 
” PRYCE. R. J. (1973) Phytochumistry 12, 507. 
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Lh’A-tlc,carhoxvlu,sc~l~om ch/oropltr.sts. Fresh thalli of C. cokum (6.8 g) were homogcmred as above in pH 7.8 
Tris buffer containing 04 M sucrose and the cheese cloth filtrate was collected as above. This filtrate was centri- 
fuged at 100 .r/ for 10 min and the pellet was discarded. In this account the decarboxylase activity. dctermincd 

under standard assay conditions, of the subsequent fractions referred to is quoted in parenthesis (as /moles LNA 
reacted 01. pmoles lunularin formed). The 100 c, supernatant (IO.8 ml) was crntrifugcd at 2000 q fol- IO min to 
give a pellet which was resuspended in the Tris sucrose butfcr abobe (10.X ml), and a supcrnatant (10.X ml) (0036 

/lmol). The resuspended 2000 y pellet 1% as \h ashed 2 x in Tris sucrose buffer I IO.8 ml) by tuo sequences of centri- 
fugation at 2000 g for IO min and rrsuspcnsion of the pellet in the Tris sucrose butfer (10.X ml) euccpt that after 
the last wash the pellet was resuspended in pH 7.8 Tris buffer (10.X ml) alone. The activities of the washings were: 

first \vash (0.011 {tmol), second (000.~ ilmol). An aliquot (I ml) of the wa&ed resuspended “chloroplast pellet” 
wils taken for electron microscopy and standard cnqme assay. To the remaming aashcd resuspended “chlorop- 

last pellet” (9.X ml) (0.009 Amlo]) wa:, added Triton X- IO0 (2 drops to make (‘(1 t).3”,, ~111) and it was then stirred 
for 1X hr before centrifuging it at IO5000 g for I hr. The 105000 g pellet thus obtained was discarded. lhc 105000 
61 supernatant was pas>cd down a column of Sephadex G-15 as aho\-c. and the PI-orcm coming elf in the void 
volume was collected by (NH,);SOS preclpitatlon as above to sivc a solubllired preparation from the \vashed 

chloroplast pellet in pH 7.X l‘ris hulrcr 19.X ml) (0~006 jtmol. W,, of the activity of the if ashcd rcsuspcnded chlor- 
oplast pellet above). Flectron mlcrobcopy of the washed chloroplaat pcllct shoued minor contamination ulth 
what appeared to be cell u.ali fi-agments. 

.l.~r\- od I,,~‘,1-c/c,~,cl~hou~./~/,\(‘. All incubations kverc conducted at 30 Substrate and engmc solns ptl 7.X Tris 
hulTc~- ~et-c cquil~hr:~tcd for IO min at 70 before mixing. Kcaction:, \+cre stopped h! ;~dd~t~n of 1 K I1C’l (I ml) 
thctl c\tracted ~lth f.t,\Oc (.< x I ? ml) and the EtOAc c\t~~ct drt~cl I Ua~SO,} hctorc s\ap~lr;ltrng II IO d~-!ncs~ 

iti I‘CIW) at 30 In the ca\c of the h-metl~~ls~~lic~ltc ac~l mcuhvtion bclo~. t.t10 \\;i\ used ft)r the c\tractmn to 
avoid evaporating any /II-crcsol decarbox~lation prodtlct. The extracts in MeC)H ~crc methylatcd for 48 hl- at 

room temp. with excess CH,N,,Ft,C) to ensure complete meth~latmn. thcy\\erc then tllssolicd 111 M&H (?()()/~I) 
for GLC analysis. Control-incubations of the cnryme preparation above and the substrate or inhibitors alone 
\+crc always carried out. Uo subatancc similar in CiLC‘ retention time to substratcc. products or inhibitors was 
noted with the cn7yme alone anti. unles\ othcl-\vlre noted. no chullge in \uhsti-ate\ or inhibitors \\:I\ noted (Ci1.C 

analksij) 111 the absence of the cnrjme. G1.C‘ of meth>lated extract\ wl;i\ carried 0111 with a Vai ian aeropraph 
1400 instrument fitted with an FID detector and a silanved glas.\ column ( I ,! 1 i ,,,m Id.) pxhcci \I llh I(‘,) OV 
17adsorbcdonto Gas C‘hromQ ( 100 120 mesh). Thccolumn o\cn temp. \\;I\ 300 and Injector and tletccior heaters 
were kept at 250 , N, llow rntc WJS 35 ml min. Under these conditrons the K,s of the full> meth>latcd drrivatlves 
of the compounds described were as follows: lunularic acid (1, I I.0 min). lunularin (3. 11.75 min). plnosylvic acid 

(6, 309 min). pinosylvin (7. 6.4 min). abscisic acid (2. 3.6 min). h-mcth~lsnlic~lic acid (5. 1 1% min at IOtl 1. /,I-cresol 
(0.7 min at 100 ). Quantitative GLC analysis was b\ peak arca measul-emcnts. The rclatlvc FID detector response 
for fully methylated lunularic acid and lunularm was calibrated using a series ofmeth\latcd mlxturcs containing 
diErent known amounts of the t\\o compuunds and it ~a.\ found that: ITI& fraction oi’lunularic ;lcid dccarhoxy- 
kited or mole fraction oflunularin fol-med = 0.96 (lunularin peak area) (lunulal-in + lunulal-K .ICI~ pc:lk areas). 
GC’ MS of en/~me mcuhat~or extr;icts confirmed Iunularin as the sole obscr\ed ptoduct firom I~II~I~II-K acid. 

One cnrqme unit. L. IS dcfincd as the amount of protein that cataljscs the d~c;~rboz!lation of 1 !mlol ~>1’ ILIIIU- 
laric acid per min under the standal-d assay conditions. 

The .sr~/ndu~c/ ~Z.SQ,J’ rcfel-red to aho\-c M~S the incubation for 75 min at 30 of th i‘ cnzy~ic solution (0.1 ml). 
the subslrate (lunulal-ic acid) soln (~0 I.5 mM. 0.2 ml) both in pH 7.X Tris buffer. and pH 7.X Tris huller (0.2 ml). 
Work up and GLC assay were always as described above. Under these standard conditions but barying the 
amount of the soluble LNA-dccarboxylasc solution (I.59 x IO ’ Lf mg protein. I.00 mg protein, ml1 from 0 to 

0.2 ml a linear plot of jtmoles lunularlc acid decarboxylated vs ml of enqmc soln w,i% obtained up to 0.1 5 ml 
of the cn/)me so111 uhcre 0.18 pmol of lunularic acid had reacted (initIalI! 0.31 /mo,i (>I’ lunularic acid put into 
the assay). In an assay consisting of the enLymc soln just described (04 ml). pH 7% Tri\ bull’cr (W ml) and lunu- 
laric acid [I.24 /Imolcs in pH 7.8 Tris buffer (0.X ml)] incubation for diKerunt tunes save a good line;ir- plot of 
lcmoles of lunularic ticid reacted vs time for up to X0 min reaction when 0.51 ~rmol or 3?“,. of th< lunularic acid 
had been decarboxylated. With the same enrjmc solution above (0.4 ml). pH 7.S Trls buJYel (1.5 ml). and lunularic 
acid /().I6 pmol in pH 7.X Trls buffer (WI ml)] the plot of lunularlc acid lreactcd 1s tmlc \!a~ linear OIII) up to 
10 min of incubation &hen 0.047 junoi or i?“,, of the lunularlc acid had been dccarbox!latcd. I‘nless otherwise 
stated. in all other assayh the total volume ofthc ass;,\ was kept a: 0.5 ml b> adlu\t~ng the ~lumcs of \ubstrate. 
cn/!me and bulTer solns. 
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same assay mixture was subjected to Warburg manometry (enzyme initially in the side-arm of reaction flask) 
to measure CO, evolution in 75 min at 30’. GLC analysis gave 0.28 Alrnol of lunularic acid decarboxylated and 
0.28 {lrnol of lunularin produced during the incubation and Warburg manometry gave 0.25 pm01 CO, evolved 
for the parallel incubation. The working pH of both incubations was pH 6.0. 

K, determination. Six incubations were carried out at 30‘ for IO min each consisting of LNA-decarboxylase 
(0.1 ml, 1.59 x IO-’ U/mg, 1.00 mg protein/ml in pH 7.8 Tris buffer), six different lunularic acid solutions pH 

7.8 Tris buffer (0.05-0.40 ml, 0.078-062 pmol) and pH 7.8 Tris buffer to 0.5 ml total incubation volume. Line- 
weaver-Burk plots of three such experiments gave a mean value for K, 8.7 x lo-” M and V,,,,, 1.8 nmolimin. 
The maximum amount of reaction observed was 14.6”;, under these conditions. 

Suhsrrtrtc trrltrlocq~,r tr~ltl irlllrhltor uut/ic,\. h-Mcthqlsaliqlic acid (5) and pinos!lvlc acid (6) were incubated under 
the standard assay conditions above with LNA-decarboxylase (0.2 ml, 1.59 x IO .A U;mg, IQ0 mg/ml). No reac- 
tion occurred with h-mcthylsalicylic acid and no decarboxylation of pinosylvic acid to pinosylvin (7) was 
observed above that in the control (1 “‘Q<, decarboxylation of 6); longer incubation (75 mln) with pinosylvic acid 
gave a similar result. In a similar experiment to the K, determination above and another parallel experiment 
in which to each incubation was added pinosylvic acid in pH 7.8 Tris buffer (@l ml, 0.15 pmol) and LNA-decar- 
boxylase (0.1 ml, 1.31 x IO-’ Uimg, 1.25 mg protein,‘ml) a Lineweaver-Burk plot showed that pinosylvic acid 
was a competitive inhibitor, K, I.2 x 10m4 M. The same Ki was obtained in a confirmatory experiment when 
0.075 pmol of pinosylvic acid was added to each incubation. Similar experiments to this K, determination but 
with abscisic acid (2) (0.15 pmol) and 6-methylsalicylic acid (5) (0.19 jtmol) showed no inhibition of LNA-decar- 
boxylase; abscisic acid was apparently (GLC) unaffected by the decarboxylase. No inhibition of LNA-decarboxy- 
lase, in a standard assay, could be detected in the presence of lunularin (0.43 pmol). Work-up in this latter case 
was accompanied by the addition of a known amount of n-octacosane as an internal GLC standard to facilitate 
measurement of the change in the amount of lunularin in the presence of the excess of lunularin added to the 
assay. 

LJJA-decarbo.uylasr activity jhrn L. cruciata. Fresh thalli tips (4 g) of short-day I.. cruciad and sand (8 g) 
were ground together in a mortar with pH 7.8 Tris buffer (4 ml) then filtered through 4 layers of cheese cloth. 
The filtrate was centrifuged at 1000 y for 5 min. Three incubations were carried out for 1 hr each at 30” with 
the 1000 q supernatant (0.35 ml each) and lunularic acid-r’4C1 (I.52 x IO4 dpm each. 2.32 x 10h dpm,!Nmol, 
labelled biosynthetically from L-phenylalanine-[U-‘4Cl~~s) added dry to each incubation tube. The thrde incuba- 
tions. which were all of final volume 0.5 ml in uH 7.8 Tris buffer. contained the followine. additions: incubation 
(1) 1 mM in each of the cofactors ATP, NADP’H, NADH, MgCl, and sucrose, and 3 mM-in 2-mercaptoethanol; 
(2) the cofactors above only; (3) 2-mercaptoethanol above only. A fourth incubation [(4)] was as (1) above except 
that the 1000 y supernatant had been kept in a boiling water bath for 10 min prior to the incubation. Each incuba- 
tion was stopped and worked up as for the C. crphalurn assay above to give an EtOAc extract which was subjected 
to SiOZ TLC-radioautography as previously described“,’ using EtOAc-XHCI,--HOAc (15: 5: 1) as developing 
solvent. The radioautograms of each of the incubations (lh~(3) showed only two peaks which corresponded to 
lunularic acid and lunularin (also seen by the UV fluorescence) and the percentage of lunularin formed was esti- 
mated from the areas of the radioautogram peaks: (1) 15%. (2) 13’:“. (3) IX,,. The incubation (4) with boiled 
enzyme showed no conversion to lunularin. The band corresponding to lunularin in the above TLC of incubation 
(1) was extracted4 and rechromatographed using the developing solvent diisopropyl ether-HOAc (19: 1) and 
radioautography showed only one radioactive component coincident with the lunularin peak (UV fluorescence 
detection). This latter band corresponding to lunularin-[“C] was extracted and rechromatographed using the 
developing solvent Bz -MeOH -HOAc (20:4: I) and again radioactivity was coincident with the lunularin band. 
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