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ABSTRACT.--.~ p-fluorophenylalanine-resistant tobacco cell line fTSi I and a wild- 
type culture i T S l ,  were compared biochemically. The  former yielded 6 times more 
cinnamoyl putrescines than the  la t te r ,  and the  main phenolic compounds of both 
cell iines were identified as caffeoyl-, feruloyl-, and p-coumaroyl putrescine. The  
increased accumulation b?- T I 1  cells was evidently due to increased enzyme activities 
of related enzymes, phenylalanine ammonia-lyase. trans-cinnamate 1-hydroxylase, 
p-coumarate-Co.4 ligase, ornithine and arginine decarboxylases, 

In rr.ost plant cell cultures, secondary patlin-ays are not well expressed. How- 
ever. it has been shon-n that high yielding strains can be obtained from lon- pro- 
ducing parent cultures bj- analytical or biochemical selection (1-6). ;i biochemical 
characterization of variant strains with different capacities in the synthesis and 
accumulation of secondary metabolites ma>- help to identify biochemical require- 
nients of high producing strains and to elucidate the enzyrno1og:- of secondar:. 
pathn-ap- .  The value of plant cell cultures for ,studying biochemical aspects of 
secondary pathways has been impressively demonstrated by the progress in the 
enzymologj- of flavonoids and indole alkaloids ( i - 8 ) .  

Palmer and Kidholm selected a p-fluorophenylalanine (PFP) resistant celi 
line (TX4j from a parent culture of S i c o f i a i i a  tabaczim L.cv.Xanthi (TXl )  (9). 
The resistant line accumulated 6 to 10 times more phenolic compounds, and its 
phenylalanine ammonia-lyase (P-iL) activity was coneiderably increased (10). 
From feeding of labeled precursors and from their uv-.spectra. the phenolic com- 
pounds n-ere tentatively regarded a.5 cinnamoyl putrescine derivatives (1 1).  
Prelimirmy results indicated that not only P-\L but also activities of other en- 
zymes of the proposed pathway n-ere increased i l l ) .  Here we report on a de- 
tailed identification of the cinnamoj-l putrescines of the tobacco cultures and on 
the activities of five enzymes involved in the biosyntlmis of these compounds in 
lox- and high producing cells. 

EXPERIIIESTa\L 
PL.*sr \ 1 ~ ~ ~ ~ 1 ~ ~ . - 1 l a i n t e n a n c e  and some characteristics of nild-type cells TS1 and the  

PFP-resistant cell line T S i  iSicotiiinn tnbncitni L. cv. S a n t  hi I have been described previousl3- 
19,10,12,13). Inoculum size was 1 g fr .wt.  per 70 nil 11s-medium (11) containing 2 p1l  2,1-D. 
Cells were harvested b3- vacuum filtration for fresh wt and dry  wt determinations and for 
biochemical analysis. 

I S O L A T I O S  OF cISs.~~foYL Pt-TRESCISES.-FreeZe dried cells were extracted tx ice  with 
11CW (methanol-chloroform-water, 12:5:31. The combined extracts were separated in two 
phases by the  addition of 3 ml chloroform and 3 ml water to 10 ml 1ICR-extract .  The chloro- 
form-phase was discarded, and the methanol -mter  phase was concentrated for chromatography 
in the  systems L l  (n-butanol-acetic acid-water, i : l : l j  Whatman 3 1111, cellulose or silca gel 
t lc) ,  L? iisobutylmethylketone-formic acid-water, 11:3:2, silica gel tlc I and L3 in-propanol- 
x+-ater-Tris-HC1 0.1 31 pH 8.0, 70:30:1, cellulose,. Paper chromatography with L1 separated 
caffeoyl putrescine (pale fluorescent) from feruloyl putrescine (blue fluorescent I and p -  
coumaroyl putrescine (dark absorbing).  The  hands were cut out and eluted with 505 methanol. 
Feruloyl putrescine and p-coumaroyl putrescine were further purified from each other by  t lc 
in the  systems L3 and L1 on silica gel. 

IDESXFICATIOS OF CISSAMOYL P L - T R E S C I S E S . - . ~ ~ ~  isolated compounds were compared with 
chemically synthesized cinnamoyl putrescines (l5j  as h>-drochlorides. 
a; C a f f e o y l  putrescine.-The isolated product had an identical uv-spectrum with the syn- 

thesized compound (Xmas 320, 295, Xmin 260 in joyc I I eOI I i ,  showed a bathochromic 
shift with XaOH (Xmas 365j, and a similar shift q- i th  AICIP (Xmax 328, 352 s h ) ,  and was 
ninhydrin positive. Mass spectroscopy of the synthesized, as  well as the isolated com- 
pound, did not provide a molecular ion nor ani- t?-pical fragmentation pattern.  Therefore 

L2 was mainly used to  check for other impurities. 
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both compounds were refluxed in 2 ml acetic acid anhydride for 10 min. After evaporat,ion 
to dryness, a mixture of tri-, tetra- and pentaacetyl derivatives was detected b y  chroma- 
tography in ethyl acetate-methanol, 9:l (silica gel). The  mixture was boiled in ethanol 
for 2 min to  give only the  triacetyl derivative (Rf=0.2).  h i s ,  m/z (%) 376 (hi+, 10) 334,(8), 
317(4), 292(92), 233(16), 163(100). The  nmr-spectra of the  two triacetyl derivatives 
were also identical (15). 
Feruloyl putrescine.-The isolated product and the  synthetic compound showed identical 
uv-spectra (Xmax 320, 295, Xmin 260). The  bathochromic shift by  alkali (Xmax 358) was 
smaller than for caffeoyl putrescine and the  uv-spectra were not altered by  AlC13. The  
compound was ninhydrin positive. The  purified compound (L1 , cellulose, silica gel) 
was directly analyzed by mass spectroscopy. The  fragmentation pattern was identical 
with the  synthesized compound and d a t a  published b y  Wheaton and Stewart  (16): MS, 
m/z (yc )  264 (hfL, ll),  177(83), 145(55), iO(100). The  isolated compound and the  synthetic 
compound were also analyzed by gcims a s  trifluoroacetyl derivatives (TFA.4, 60°C for 
30 min) :  MS, m / z ( % )  552 (Mi, lo ) ,  455(4), 273(100), 245(3), 176(15). Gc-conditions: 
15, x 0.25 mm i.d. fused silica capillary column coated with SE 30, carrier gas helium 
0,65 bar,  split ratio 1:30, temperature program 200-300"C 6"C/min, detection FID. 
I=2435 according to  the  Kovats  retention index (17). 
P-Coumnroyl putrescine.-The uv-spectra of t he  isolated compound (L1 Whatman 3 MM; 
L3 cellulose; L1 silica gel) and the  synthesized compound were identical (Xmax 302, 289 
Xmin 245). The  bathochromic shift to  Xmax 340 by  KaOH indicated the  free phenolic 
hydroxyl group and the  positive ninhydrin reaction the  free amino group. Since the  ms  
pattern of the  synthetic compound m / z ( % )  234 (hi-, 3 ) ,  147(100), 119(31), 91(27), 70(87) 
was observed in the  mass spectrum of the  isolated product only in addition to  signals 
from impurities, the isolated and synthetic compounds were also compared by  gc/ms as 
their  trifluoroacetyl derivatives (conditions see above) I=2275. M S ,  m/~(7~)  522 (M+, 3),  
425(1), 243(100), 215(5). 
QUASTIFICA~ION OY OIL PUTREScISES.-The absorption coefficients for the  hydro- 

chlorides in 50% meth re for caffeoyl putrescine € a z o =  18600, feruloyl putrescine t3*0= 
19630 and p-coumaroyl putrescine e302=18750. The  crude MCW-extracts of T X 1  and T X 4  
cells showed uv-spectra typical for caffeoyl/feruloyl putrescine. Since the  ratio of isolated 
caffeoyl-feruloyl-coumaroyl putrescines was roughly 8 : l : l  in both cell lines, t he  quantification 
from MCW-extracts was based on the  ~ ~ ~ o - v a l u e  of caffeoyl putrescine. Equivalent levels 
were found by  quantifying cinnamoyl putrescines by the  Folin-method (10). 

EXTRACTIOZ A K D  ASSAYS OF EszriiEs.-Extraction and measurement of phenylalanine 
ammonia-lyase (EC 4.3.1.5: PAL) ,  L-ornithine decarboxylase (EC 4.1.1.17; ODC) and L- 
arginine decarboxylase (EC 4.1.1.19; ADC) have been described previously (10,13). Fo r  the  
determination of 4-coumarate:CoA ligase (EC 6.2.1.12) and trans-cinnamate 4-hydroxylase 
(EC 1.14.13.14) 2.5 g (fr.wt.) cells were homogenized with quartz sand and 5 mlO.1 h i  Tris-HC1, 
p H  7.5, containing 7 m l 1  2-mercaptoethanol and 15% glycerol in the  presence of 0.4 g buffer 
saturated Polyclar AT. After centrifugation (20,ooO g, 20 min) the  supernatant was chroma- 
tographed on Se hadex G 25 equilibrated with the  same buffer. From the  eluate the  activity 
of 4-cournarate:8oL4 ligase was measured according t o  (18) with an altered CoASH concentra- 
tion of 0.2 mhi.  Cinnamic acid 4-hydroxylase was measured according to  (19) from a micro- 
s3mal fraction prepared from the  enzyme extract after gel filtration by  centrifugation a t  100,ooO 
g for 70 min. The  pellet was resuspended in 0.5 ml 0.1 hi Tris-HC1, p H  7.5, containing 3 mhl  
2-mercaptoethanol. Protein was determined by the  L o m y  method (20). 

RESULTS A S D  DISCUSSIOK 

pose of our work was to investigate biochemical differences between tobacco cell 
lines with low (TX1) and high (TX4) accumulation of phenolics. After purifica- 
tion by paper and thin-layer chromatography, the phenolic compounds have now 
been identified as caffeoyl-, feruloyl- and p-coumaroyl putrescines by their uv- 
spectra, their chemical reactions (e.g. to ninhydrin and Folin-reagent'), and their 
mass fragmentation in comparison with authentic material (see Experimental), 
I n  particular, caffeoyl putrescine caused some problems during identification since 
it was not possible to obtain mass spectra from the isolated product. After chemi- 
cal synthesis of the compound (15), it was noted that only derivatives of caffeoyl 
putrescine resulted in typical mass fragmentation patterns. Caffeoyl putrescine 
is a rather sensitive compound. Thus, the compound was destroyed by chroma- 
tography in systems above pH 9 or on silica gel plates. Light caused t'rans-cis- 
isomerization (21) and, therefore, often tx-o bands were found in second or third 
chromatography systems. Due to the lack of an ortho-hydroxyl group, feruloyl- 
and p-coumaroyl putrescine were even stable in basic chromatographic systems 
like n-propanol-ammonium hydroxide solution (7 :3) on cellulose and were also 
eluted from silica gel plates. M7hile we were able to separate the three synt'hesized 
compounds on tlc-plates (L3) for direct quant'ification by a Shimadzu-TLC-scanner, 

b) 

c )  

IDENTIFICATION A N D  QUASTIFICATIOS OF CINSAMOTL PUTRESC1SES.-The pur- 
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this n-as only possible from plant extracts after several purification steps. Sepa- 
ration and quantification of the three compounds as their trifluoroacetyl deriva- 
tives by capillary gc proved to be unsuccessful since caffeoyl putrescine gave an 
unstable product for gc and up to  50% decomposition products were found for 
feruloyl- and p-coumaroyl putrescines. Therefore our quantification was based 
on the fact that caffeoyl putrescine was the main compound (fig. 1). From the 
quantities of isolated compounds, a ratio of S:1:1 (caffeoyl-feruloyl-p-coumaroyl 
putrescine) was calculated. Therefore direct measurement of MCW-extracts a t  
320 nm was sufficient for our purposes. 

We have observed the productivity of TX1 and TX4 cells for more than 6 
years. It is now evident that the p-fluorophenylalanine resistant cell line TX4  
is a very stable line with regard to its resistance and its productivity in the absence 
of the selective agent. A typical kinetic curve for grorvth and production over a 
grou-th cycle is given in fig. 1;  but. as in all cell culture systems, variations were 
occasionally observed. Thus, TX4 cells had levels between 5-10yc and TX1 
betueen 0,3 to 1,5yc cinnamoyl putrescines on a dry weight basis over the years. 
However, the difference betv een TX1 and TX4 cells always remained 6 to  IO-fold. 
Conqidering the good growth of TX-l cells (fig. 1) [30O g fresh wt liter in 20 liters 

g d r y  weight  
A n A 0 

f’ 0-l 
o m  0 

d h) w 
0 0 0 0 

mg caffeoyl putresc1ne.g dry weight- ’  

FIG. 1. Growth kinetics of T X l  (070) and TX4 
(.+) cells and accumulation of caffeoyl 
putresclne by TX1 (3+) and T X I  (E--3) 
cells. 

air-lift fermenter (unpublished)] this line classifies in the list of high producing 
cell cultures ( 2 2 )  with a yield of caffeoyl putrescine of 0,6-1,0 g,liter. The oc- 
currence of caffeoyl-, feruloyl- and p-coumaroyl putrescine in callus cultures of a 
different Sicot iai ta  tabacum variety has already been described (23) .  More 
recently such hydroxycinnamic acid amides have also been found in intact plants 
of tobacco (24). I t  has been wggested that these amides may play an important 
role in flowering processes ( 2 5 )  and male sterility (26). The presence of bound 
putrescine may also be related to  the biosynthesis of nicotine in tobacco (23) .  
This alkaloid nas  not found in our cell lines. 

E s z n i o L o G i  OF C I S S A ~ I O Y L  PUTREscI?iEs.-our main interest if-as directed to 
the question of what is the biochemical basis of the increased productivity of 
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TX4 cells. Therefore the activities of enzymes involved in the phenylpropanoid 
pathway and those involved in the formation of putrescine were compared in TX1 
and TX4 cells (fig. 2). The activities of the first three enzymes of the general 
phenylpropanoid pathway, according to Hahlbrock the “group I” enzymes (27), 
were increased manifold in TX4 cells. The changes in activities during the growth 
cycle indicated a coordinated regulation of these three enzymes. A coordinated 
behavior of these enzymes has also been noted in several other systems (27). We 
have recently shown that the conjugate putrescine may be formed via arginine or 

I A B 

A ‘! 

A ’. 
5 10 

days 

FIG. 2. Comparison of enzyme activities involved in the biosynthesis 
of cinnamoyl putrescines in TX1 (filled symbols) and TX4 
(open symbols). 
A) Enzymes of general phenylpropanoid metabolism: 

phenylalanine ammonia-lyase (O-C), cinnamate 4- 
hydroxylase (A-A), p-coumarate: CoA ligase (5-51. 

B) Enzj-mes of putrescine biosynthesis: ornithine decar- 
boxylase (A-A) and arginine decarboxylase (3-3). 

ornithine decarboxylation (13). The activities of both enzymes n ere significantly 
increased in TX4 cells. However, the pattern of ornithine and arginine decarbo- 
xylase activities differed from that of the enzymes of the phenylpropanoid path- 
way. I n  cell lines accumulating no cinnamoyl putrescine similar changes in the 
activities of arginine decarboxylase were found (28). The formation of cinnamoyl 
putrescines by TX1 cells was greatly increased when the cells were transferred to 
a medium devoid of phosphate and 2.4-D (29). In  these medium-induced TX1 
cells, the activity of phenylalanine ammonia-lyase, but not of ornithine decarbo- 
xylase, shou-ed a close correlation with increased product accumulation compared 
with non-induced cells (29). Therefore, it is concluded that the activities of the 
decarboxylases and of the enzymes of the general phenylpropanoid pathway are 
regulated independently, the former having less influence on the regulation of 
product formation. 

We also tried to find a hydroxycinnamoyl-CoX :putrescine hydroxycinnamoyl- 
transferase in TX1 and TX4 cells. Under conditions allowing conjugation with 
quinate or shikimate (30,31), we failed to detect such an enzyme in our cell lines. 
However, feeding experiments with putrescine clearly indicated that TX4 cells 
should have a higher activity of a conjugating enzyme (13). Thus, one may con- 
clude that the increased accumulation of cinnamoyl putrescines by TX4 cells is due 
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to the increased activities of many enzymes related to this secondary pathway. 
From results n-it h the P-IL-inhibitor a-aminooxy-fi-phenylpropionic acid or t'he 
5-enolpyruvylshikiniate-3-phosphate synthase inhibitor glyphosate (32), it can be 
concluced that no regulatory alterations in phenylalanine supply had occurred 
in TS4 cells ( 3 3 ) .  The productivity of cell cultures evidently depends very much 
on the activity of related enzymes. In  T S 4  cells all of the tested enzymes were 
increased considerably. K e  have re- 
cently ;hewn that tlie bios\-nthesis of indole alkaloids by Catharaizfhus cultures 
wi s  induced n-lien lo-day-old cells \yere transferred into an 8% sucrose solution 
(34). The actkit!- of strictosidine synthase was not enhanced in the induction 
medium. whereas the activit?. of tr\-ptophan decarboxylase n-as increased mani- 
fold during the period of rapid alkaloid sccuniulation (34). Thus, the competence 
of cell cultures for production may already be achieved if the activity of the first 
enzynieia) diyerting priniarJ- metabolites are increased. If we know that the 
increased activitiei: of the enzyme;: leading into the secondary pathways are a 
prerequisite for high yielding cell line>. one may contemplate biochemical selection 
sy.-tems for high producing .strains which ma!- give rise to  quite stable high yielding 
cell lines. 
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