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Abatrmt -The activities of tryptophan dazarboxylasc (TX) and strictosldinc synthase (SS) have bacn compared with 
the production of quinolinc alkaloids in lighl-grown and dark-grown suspension cul~urcs of Cinchona ledgeriana 
transformed with Ayrobacferiwn rumefaciens. Enzyme activities and alkaloid production were both substantially 
greater in the dark-grown cultures than in the light-grown cultures. Under the conditions of assay, SS was in all cases al 
kast 80 times more active than TDC and did nol vary very substantially over a 22day culture period. In contrast. TDC 
activity in the dark-grown cells rose rapidly 10 a maximum after 13 days and then declined. Total alkaloid production 
was largely growth-rclatal. but the allular alkaloid content declined sharply (on account of rckasc into the malium) 
within the first 4 days after subculture. prior IO the rise In TDC achvity. TDC acl~v~ty over the 22day period was only 2- 
IO 3-fold greater than rhar required to account for alkaloid production and is therefore potentially rate-limiting under in 
cicu, conditions. 
.- - - . _. - - ---_- - ----.- - ---- ._ .- - - 

INlnODUCmON 

The quinoline alkaloids of Cinch are known 10 be 
derived from tryptophan and the terpcnoid glucosidc 
sazologanin [l]. Tryptophan daarboxylasc (TDC; 
EC 4.2.1.27) and strictosidinc synthasc (SS). which con- 
denses the daarboxylation product. tryptamine, with 
sccologanin IO form the glucoalkaloid. strictosidine.arc of 
particular interest since they catalyse the two initial 
metabolic reactions committed to alkaloid synthesis and 
have been studied in detail in purified preparations from 
ail cultures of Catharanfhus tosew [24]. In cul~um of 
this species [S] and of Peganw harwwla 163, the increased 
formation of indok alkaloids following transfer of the 
cultures 10 so~allal ‘production media’ is in some cases 
aocompankd by substantial increases in the activity of 
TDC, though not of SS [S], leading IO 0~ suggestion that 
TDC activity is an important factor regulating the 
biosynthesis of iodok alkaloids derived from lryplophan. 
In cell cultures of Cinchona pukscens VahL there have 
bctn reports that exogenous rryptophan stimulates quin- 
olinc alkaloid production [7] and that this e&cl is also 
associated with a greater activity of TM3 181. In root 
organ suspension cultures of C. ledgeriana Moeas (sus- 
pensions of clusters with roor-like projections), a S-fold 
stimulation of quinine and quinidinc production by 
tryptophan has recently been reported 191: 500 mg/l. of L- 
tryptophan increased the levels of both alkaloids. 
measured al IS days. from co 100 ,lH)rB/l. to co 
500-650 pg/I. 

Current work in this laboratory is concerned with the 
physiological and biochemical limitations lo quinolinc 
alkaloid production in Cinch ceil CUIIUKS [l&12]. 
Using a suspcnsioo culture line of C. Iedgeri4M trans- 
formed with Agrobacfrrium rume/ocietts (and hence 

capabk of growth in the absence of exogenous plant 
growth regulators) we have demonstrated a reversible 
stimulation of quinohne alkaloid production by transfer- 
ring the cultures 10 darkness [ 131. Here, we examine Ihe 
relationship between quinolinc alkaloid production and 
the actlvlGcs of TDC and SS over a 22day period in dark- 
adapted and light-adapted cultures of this line In order IO 

discover whether the activity of either of these enzymes 
could be a limiting factor in alkaloid production. 

RkMJLTS AND DLSCUS!5lOf’i 

The activities of both TDC and SS were substantially 
greater in the dark-grown aUs than in the light-grown 
alls and in each case SS activity greatly exceeded TDC 
activity (Fig. I). Whereas the activity of SS in the dark- 
grown ails was almost constant at about 20.30 pkal/mg 
of extract protein, the activity of TDC in the same ails 
was scarcely detectable in the iooculum, rose quite sharply 
10 0.34 pkat/mg of protein after I3 days and then declined 
lo about 0.11 pkat/mg after 22 days. In the light-grown 
ails, SS activity varial between 2 and 5 pkat/mg of cxtracl 
protein, whereas TDC was again scaraly dctcctabk in the 
inoculum, rising lo about 0.02 pkat/mg after 8 day-s and 
declining slighlly beyond 18 days. 

The total content of quinolinc alkaloids (i.e. in alk and 
medium) was, in common with the cnzynu activities. 
substantially greater in the dark-grown cultures than in 
the light-grown cultures. Expressed on a fr. wt basis. the 
values foe total alkaloid content of 2&35&g (dark- 
grown) and 2-5 wg (light-grown) did not show suktan- 
tial variation over the 22day period (Fig. 2al The final 
total alkaloid contents of the culture &rL& after 22 days 
were about 240 pg (dark-grown) and 24 or% (light-grown), 
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Fig. I. Actintxs of (a) TDC and (b) S!S in all extracts from culture tlasks grown In tbc light (A) axe! the dark (A) 
OHI a 22day period. Valua are means z s.d. for rcpliclte tlasks. Dupbca~e determmallons were done on each Auk. 

representing an approximately 4- to S-fold Increase from 
the inoculum value (data not shown); sina the fr. WI of Ihe 
c&s increased by about 3- 10 Qfold over the same period, 
total alkaloid production was largeIy growth-related, as 
imp&l by the near-constant values in Fig. 2a. However, 
the values for the alkaloid content of the cells u/one. 
cxprrsfed as &g fr. wt, were by no means constant over 
the 22day period (Fig. 2b). The alkaloid antent of the 
dark-grown cells decreased sharply from an inoculum 
value of 24 rg/g fr. wt to CCJ 8 rg/g fr. wt after 4 days and 
then rose approximately linearly lo 22 @g fr. wt after 22 
day-s; a similar, though less pronounced, pattern was 
observed with the light-grown cells. The initial fall in 
cellular alkaloid content was in each case balanced by the 
a- of alkaloids in the culture medium and 
apparently retkcted simply the release of alkaloids from 
the inoculum upon transfer to fresh medium (data not 
shown). 

The contents of individual qumoline alkaloids in the 
dark-grown cultures (i.e. in cells plus medium), expressed 
as rg/g fr. wt. are given in Table I. A qualitatively similar 
spearurn of alkaloids was produced by the light-grown 
cultures (data not shown). In the preponderance of 
alkaloids lacking methoxylation (cinchonine, cincho- 

nidine and dihydroctnchoninc) and the nearcquivaknce 
betwan 8R,9S and 8&9R stereoisomers cinchonine and 
cinchonidine. the results are similar 10 thost previously 
obtained with untransformed C. ledgeriana suspension 
cultures [ 10. 1 I J. 

From a comparison of Figs. la and 2a. it is possibk to 
calculate that whilst the activity of TDC in the dark- 
grown ails was adequate to account for alkaloid produc- 
tion, it was not greatly in excess. Assuming a mean TDC 
activity over 22 days of co 0.16 pkat/mg of protein, a mean 
fr. wt over the same period of co 4 g and a protein content 
for the extracts of 1.6 me/g fr. wt. the activity could 
account for the decarboxylation of co 2 Hmol of tryto- 
phan. compared with a total alkaloid content after 22 days 
ot’co 0.8 pmol (i.e. co 250 pg, assuming an M, of 300 for 
quinoline alkaloids). A similar calculation for the light- 
grown cultures gives a value of co 0.2 firno of tryptophan, 
compared with a final alkaloid content of co 0.08 pmol. 
Therefore, whereas SS would be very unlikely to limit 
alkaloid formation in view. synthesis could be limited by 
TDC. the activity of which was at least 80 times lower 
(Fig. I). This would depend upon the rates of other 
potentially limiting reactions in the pathway and also 
upon the conantration of lryptophan. In Cofhoronfhus 
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Fig. 2. ‘Total alkaloid (a) in cells and medium sod (b) in cdb alone expressed per g fr. wt ofalls from culture asks 
grown m the tight (A] and the dark (A) over a 22day period. Values from replicate Rasks am shown. Tbc mean total 
alkahd contents of the tlasks (volume SO ml) at maculation were 4.8 c(g (light-grown) and 33 p# (dark-grown) and 

after 22 days were 24.4 pg (I&t-grown) and 241 pg (dark-grown) 

roseus. the K, value of TDC for tryptophan is co 0.1 mM 
[ 21 and preliminary observations indicate a similar value 
for the C. ledger&au enzyme (S. E Skinner, unpublished 
results). This is well below the value of 0.5 mM used for 
assay and indicates that were the tryptophan concentra- 
tion to fall below the K, concentration, TDC would 
become rate-limiting. 

Thcmarkcdi ncrcasc in TDC activity in the dark-grown 
cells occurred after a sharp fall in the alkaloid content of 
the cells (Fig 2b), and the bchaviour of the light-grown 
cells was similar though much less pronounced. One 
posJiblc explanation is that the stimulation of TDC 
activity was in response to a lower intracellular alkaloid 

content and,convcrscly, that the decline in activity after 13 
days was caused directly or indirectly by a rising intra- 
cellular alkaloid content; on the other hand, more tran- 
sient and spzctacular increases in enzyme activity follow- 
ing subculture to fresh medium have long been shown in 
other systems; for cxampk, for ths enzymes of gtntral 
pbenylpropanoid metabolism in parsley cdl suspension 
culturca [ 141. No effect of quioolinc alkaloids on the assay 
of TDC activity has been observed (R. J. Robins, un- 
pubhshed ruultsk howenr, whether alkaloids added to 
CinchoM czll cultures can affect the extractabk TDC 
activity has yet to be investigated. 

The mechanism underlying the incmascd enzyme ac- 
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Tabk I l’otal comenls of md~vrdual qumohne alknlods 

m dark-grown cultures 0. 13 and 22 days after subc~~lturc 
Values arc rg of alkalold:g fr. wl ofcells and are means of 
duphcara (I3 and 22 days) or mchvldual values (0 days) 

- -- ..- -- - - -. _- _ 

Trmc after subculture (days) 

Alkalord 0 I3 22 
-. - - .- _- -- - - _ 

Cinchonrw x.5 I?5 15.4 
Crnchomdmc 9.x x.x IO 3 
L)rhydrocmchonmc 3.6 3.3 4.0 
Qumldinc 0.6 I2 I.3 
Qumme 06 1.4 I.1 
Dihydroqulnldlne 0.3 04 0.4 
Uhydroquuunc 0 0.4 OS 

- - - -_ -- - -. _. _ 

rivitia and alkaloid production of dark-grown cells in 
rclatlon to light-grown cells is prcscntly under invcsti- 
gation. II is possible that the kvcls of a number of 
lryptophan-related enzyme activities may bc increased in 
dark-grown cultura. No effect of darkness on alkaloid 
production has been observed in cultures of the rehtcd. 
unlransformcd line (J. Payne. R. J. Robins, and M. J. C. 
Rhoda. unpublished results). It is not known whcthcr the 
cffcr-t may bc a dirccc or an indirect conscqucncc of 
transformation by Agrohacterium tume@iens. 

The present observations are in some rcspccts similar I0 
those of Knobloch er al. [S], who found that TDCactivity 
rose rapidly following the transfer of a Corhoronrhus 
roseus suspension culture IO an alkaloid production 
medium whereas the SS activity remained virtually con- 
stant at a higher level. In this cast. the incrcasc in TDC 
activity was closely related, kinetically, to the production 
of alkaloids. II has rcccntly been shown in this system that 
mRNA for TDC is dctcctablc only in alls grown in the 
production medium [IS]. On the other hand, the corrc- 
htion bcrwccn TDC activity and indolc alkaloid produc- 
tion noted by Knobloch et ol. [S] is by no means universal 
[ 16. 171. showing that other potentially limiting factors 
may bc involved. One such factor is the supply of 
sccologanin for the synthesis of strictosidinc, and a 
htimulation of alkaloid production by the addition of 
sccologanin to the medium has rbccntly been observed in a 
culture of C. roseus in which no correlation between TDC 

activity and alkaloid production was apparent [18]. Thus, 
howcvcr. contrasts with carlicr work by Zonk el 01. [ 191. 
who faikd to show any apprcciabk stimulation of 
alkaloid synthesis in c‘. roseus culIurcs by fccdmg 
sccologanin. 

In comparison with Corharonrhus, there is Icu: Informa- 
tion availabk on the factors which limit alkaloid synthesis 
in Cinchona cultures. A stimulation of quinolinc alkaloid 
formation by supplying exogenous Iryptophan has been 

observed by two groups [7-Y] and in one cast. usmg 
C. pubpscens all cultures grown In air-lift fcrmcntcrs. It 
was chmcd that cxogcnous lryptophan caused increased 
TDCactivity (81. In fact, thccorrclation bttwezn alkaloid 
production and TDC activity was not conslstcnt. since 
during the first 4 days of culture, the Iryptophan- 
supplemented cvlturc prod& more alkaloid but con- 
tained LcssTDCactlvity then the unsuppkmentcd culture. 

II is ckar that iI is not possible IO identify biochemical 
factors which arc unicersul in limiting the productlon of 

tryptophandcrivcd alkaloids by individual all cultures. 
This should not bc surprising, bearing in mind the large 
number of cru.ymc reactions involved in the formation of 
strictosidinc and iIs metabolism to indok and quinolinc 
alkaloids and the necessity for Ihcsc enzymes to bc 
synchronously actlvc in cultures which may show genetic 
and cpigcnctic variation. 

c’hnnicols. Secologarun was a generous gift from Dr. R. T. 

Brown. Dcpartmenr of Chcrnuiry. Unlversiiy of Manchester. 
U.K. [Sde-choin 2-“C]tryp~amine bistinatc was obaaincd 
from New England Nuckar. Southampton, U.K. 

Plaru mcurnu/. Dark-adapted and light-adapted cultures (line 
FRIN-CLZA6) of Cm&no l&eriono transformed wcth 
Agrobocrerium rumrfoc~rru were ataMish and maIntained as 
dcscnbed ekcwhcrc [ 131. A stcrik ptantkt ofC. ledgtrumo (clone 

QC. Lmdly supplied by Dr C. S. Hunter, Brlslol Polytechnic. 

Bristol, U.K.) was infectal betwan nodes with A. rurn+ciens. 

strain A6 (kindly supphal by Dr. J. L. Firmi% John lnncs 
Insu~u~c. Norwich. U.K.) and the crown gall prod& was 
ascp~kally cxcrsed and transferred IO Gamborg BS nutrient 

medium. without hormones, containing 27; (w/v) sucrose, 

0.25 mg/ml vammycin and 0.2s m&ml carbenicilhn and solidi- 
fied with 19; (w:v) Difco bacto-agar The tumour callus was 
maintained on this maJium al 26‘and s&cultured fortmghily for 
tin transfers bfore the antibiotia wtre omrttcd. Liqud suspcn- 
Slon culrure was alablishcd from the callus in sttik, hormone- 

free Gamborg BS nutrient medium containmg 27, (w/v)sucrose. 
and cultures were subsqucnrly maintamed in 25Oml Basks 
contaming SO ml of me&urn and an incculum of co 2 g fr. wt of 
cell clumps. finely chopped. Subcvlturmg was ai Zgday intervals 
and culture Rarks were ~ncubarcd at 25’ with shakmg. tight- 
grown culrurcs rtival a 24 hr cyck of I6 hr lighr (8a) lx) and 
8 hr darkness. The light-grown and dark-grown cultures were 
mamtainal (with subculruring) for a1 kas~ I year before use. 

EvrdcI~~ for transformation was owned from the synthcsu 
of [nurht.ontnc-“S]-NJ-( I-carboxyc~hyl)mcIhionmc from [“S]- 
melhiomne supplied IO sampks of callus. as described by Flrmin 

cr al. [20]. except that analysis was pcrformcd by HPLC using a 
Wnisil IOSAX column (Whatman Ltd, Ma&one. Kcnr, U.K.) 
elutal with a linear gradient of K-Pi, pH 5 (5 400 mM; 2 ml:mm; 

3 S$min)and connected to a flow-through radmac&ty dctcctor. 
Thts pseudo-oplnc’ methionmc de&alive [2O] was not pro- 

duc+d by callus of the untransformed line from which the CL2A6 

line was derrvcd. 

Cell cxrrocrs were preparal from cells frozen IO liquid N, and 

stored a1 - 2OO”. Celb were homogenized from 0~ frozen s(~te ia 

2 vols. of chilkd 5OmM HEPESNaOH. pH 7.5. contaming 

5 mM dithiothralol (extractin bulier) and 0.05 g Kollidon and 

0.1 g Polyclar per g fr. WI of tissue. After passage through two 

layers of Miracloth. the cxlracl was &r&d by czntnfugation at 

0’ (19OC06i. 20 min)and 5 ml of the supcmatani soln was passed 

through a column (25Omm x IS mm) of Sephadex425 

(Pharrnana FmcChcm&s, Lmla, SwadenAqmlibrabzd with 

the crtracrion buffer. The protuncontammg eluate was finally 

concentrated ca 5 x tn an Amicon BIS conczntralor (Amkon 

Corporarron, Lcxingron, MA, U.S.A.) 
Enzyme (LIY~S. TDC was assayed m a vol. of 2 ml contammg 

50 mM HEPES NaOH. pH 7.5.5 mM dithiotbratol. O.WY% Na 

azidc. I mM pargyhne. IOpM pyndoxal phospha~c. 0.5 mM L- 
tryptophan and cell CXWXX. Control mixtures lacked rryptophan 
or cxtrBct, or were sropped prior (0 mcubarion. Assay Mxturu 
were incubated for I6 hr aI 30’ and then stopped with loO/rl 

3.6 M NH.OH. (Proportlonahty between tryplamme pr&~- 



uon and both incubation period and extra~l concn was es- 

tablishad.) Tryptamine was extracted wrth EtOAc (2 x 5 ml) and 

the combined EtOAc phaxes were evaporated under vacuum. The 

raidue was redusolved in 0.2 ml HPLC runntng bufTcr 

(Hz0 THF-HOAc MeCN. 455:3.6:5:45. pH 3.6) and tryp- 
~orninc wax determined by reverse-phase HPLC (Waters or 

Bondapak Cl8 column. 300 mm x 3.9 mm Waters Asoocrsla. 

Mllford, MA. U.S.A.. solvent as above. flow rate of I.5 ml;mm. 

detection by absorbancc at 2711 nm) usrng tryptamrnc as an 

external standard. 
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