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Abstract — Tissue culture studies have been conducted on the plant

species, Catharanthus roseus, Maytenus buchananii, Tryperygium wilfordii,

and Cephalotaxus harringtonia,which produce compounds having anti—tumor

properties.

It is well established that higher plants provide a fertile source of important medicinal
agents. In many instances, however, these plants are not readily accessible due to geo-
graphical location or alternatively the yield of the desired natural product is extremely
low, subject to seasonal variation etc. Attempts to alleviate these situations have led
numerous laboratories to consider studies with tissue cultures derived from such plants.
Successful research in these directions would clearly provide methodology for a controlled
and hopefully reproducible laboratory source for such compounds.

Plant tissue cultures have also been employed in biosynthetic investigations where incorpo-

ration levels of proposed precursors are generally higher than in the living plant and they
also provide potentially important media for biotransformation studies. A number of
books'4 and recent review articles5'6 provide excellent summaries of the previous studies
in the tissue culture area.

This lecture will summarize the most recent experiments which have been completed in our
program on tissue cultures generated from a variety of plant species which have produced
interesting compounds of importance in the cancer area.

The specific experiments which we have conducted concern the following plant species:

1) Catharanthus roseus L. C. Don; 2) Maytenus buchananii; 3) Tripterygium wilfordii;
4) Cephalotaxus harringtonia and Fig. 1 summarizes the target compounds which are involved
in our program.
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Fig. 1. Plant species under study and the target compounds involved.
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1) Studies in Catharanthus roseus

Several years ago we initiated a collaborative progran between our group at the University
of British Columbia and the group at the National Research Council of Canada, Prairie e—

gional Laboratory, Saskatoon. The direction of our program was influenced considerably
by our earlier studies on the synthesis and biosynthesis of bisindole alkaloids within the
vinblastine family. Vinblastine (3) one of the clinically important anti—tumor agents
isolated from C. roseus, represents an important member of these complex natural products
and synthetic routes to (3) from more readily available starting materials have been under
study for some years. The development of the biogenetic" approach in our7'9'' and
other8''2 laboratories and involving the coupling of catharanthine N—oxide (7) with vindo—
line afforded an important route to the bisindole system. Figure 2 summarizes our initial
studies in which the three bisindole products (8) — (10) were isolated. Under optimum
conditions, 3',4'—dehydrovinblastine (8) was obtained in respectable yield (>60%) and its
role as an intermediate toward a variety of bisindole alkaloids and derivatives is estab—
lished92. In a parallel study in our laboratory1315, and utilizing cell free extracts
from C. roseus, we were able to demonstrate that 3',4'—dehydrovinblastine (8) is also
formed enzymatically from catharanthine (1) and vindoline (2) (Figure 3) and that (8) is
subsequently transformed to the alkaloids vinblastine (13, R = CR3), leurosine (11) and
catharine (12) (Fig. 4).

An independent and simultaneous study by Scott16 provided results analogous to those out-
lined in Fig. 3.

The above studies clearly demonstrated the importance of the two monomeric alkaloids, vim—
doline and catharanthine, and these compounds became prime targets in our tissue culture
studies. The following discussion summarizes our experiments in this area. Details of
these studies are available in various recent publications1725.

Our initial study17'18 was undertaken to delineate the variability of serially cultured
callus and cell suspension cultures derived from highly uniform explants, i.e. anthers of
buds identical in developmental stage. The only variables introduced were the use of 3
periwinkle cultivars and treatment of buds with a mutagen. In a supplementary study the
synthesis and accumulation of alkaloids was related to the growth of those periwinkle cul-
tures which were selected for particular alkaloid content.
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Fig. 2. Summary of results when catharanthine N—oxide (7) is coupled with vindoline (2).
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Fig. 3. The biosynthesis of 3',4'—dehydrovinblastine (8) and leurosine (11) from
catharanthine (1) and vindoline (2) employing cell free extracts.
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Fig. 4. Enzyme catalyzed conversion of 3',4'—dehydrovinblastine (8) to leurosine (11),
catharine (12) and vinblastine (13, R = CE3) employing cell free extracts.

Callus grown from anthers generally originated at the cut of the filament and in the anther

walls, i.e. diploid tissue. When grown to a size of 1 — 2 g freshweight, about 2 cm in
diameter, the callus was cut into small pieces and serially subcultured on fresh agar
medium or transferred to liquid medium (Gamborg's B5 medium) giving rise to a cell sus-

pension. For large scale production Zenk's alkaloid production medium was employed.

All subcultures of cell lines grown in 7.5 liter Microferm bioreactors followed essen-
tially the pattern shown in Fig. 5. After incubation with actively growing cell suspen-
sion the mitotic index (MI) dropped to zero within 24 hours and remained there for 2 to 3

days. Thereafter the index rose sharply and reached its maximum (MI 1.8 — 3.0) within 2
days and declined again gradually over the following 10 — 15 days to zero. The cell dry—
weight over the culture period increased by a factor of 8 to 10 while the variation in pH
stayed within half a unit.

Analysis of 458 cell lines revealed 312 lines to accumulate alkaloids belonging to Cory—

nanthd, Strychnos, Aspidosperma and Iboga families.

In general, the alkaloids occurred in a variety of combinations. It was of interest that
the combinations were not random but certain combinations appeared at a higher frequency
than others. For example 6.73% had Corynanth—Strychnos alkaloids only; 13.78%, Strych—
nos—Aspidosperna only; 23.07%, Corynanth—Aspidosperma alkaloids only, while 13.14% con-
tained all three types of alkaloids. It should be noted that 9.6% had only Corynanth
alkaloids; 13.78% only the Strychnos type and 10.53% contained only the Aspidosperma type.
Of the 312 lines producing alkaloids, a total of 76.6% were capable of accumulating As—
pidosperma—alkaloids and 46.15% Strychnos while 56.71% yielded Corynanth type alkaloids.
Only several lines produced catharanthine (1), a member of the Iboga family.

Enzymes from
C. roseus

2

The alkaloid production varied with
from 0.1 — 1.5% of cell dryweight.
constant under conditions given and

the cell line and age of the subculture and ranged
The relative amounts of alkaloids produced was fairly
appeared cell line specific.
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Fig. 5. General growth pattern of C. roseus tissue culture in bioreactor.

During an 8 week culture period alkaloids have been found as soon as 2 weeks after inocula-
tion. Most cell lines showed a naximum accumulation of alkaloids in the 3rd — 5th week
of culture. Having established a large number of cell lines capable of alkaloid produc-
tion we proceeded to a more detailed study with several of the more promising lines. The
results from two such lines coded as "953" and "200GW" are summarized below.

a) The 953 line

Studies with this selected line were performed both in shake flasks and bioreactors employ—
ing the lBS medium for inoculum growth and then Zenk's alkaloid production medium. De—
tailed accounts of these experiments are published20'23 so only a brief summary is pro-
vided. On harvesting the culture, the water is removed by freeze drying and the alka-
loids are extracted in the conventional manner to provide the data summarized in Table 1.
The crude alkaloid mixtures were fractionated by intermediate scale reverse phase high

performance liquid chromatography (HPLC). Final purification by analytical reverse phase
HPLC. allowed the isolationof the following alkaloids, characterized by their physical
and spectral data and by comparison with authentic materials: ajmalicine (14), yohimbine
(15), isositsirikine (16), vallesiachotamine (17), strictosidine lactam (18), lochnericine
(19), htlvhammericine (20), hörhammerinine (21), vindolinine (22), 19—epivindolinine (23),
19—acetoxy—li—methoxytabersonine (24), 19—hydroxy—li—methoxytabersonine (25) and dimethyl—
tryptamine (26).

Since general alkaloid formation was not observed during the initial periods of rapid cell
growth, it was decided to examine whether the appearance, disappearance or build—up of
particular components could be observed over different time periods. The results are
given in Tables 1 and 2 and Fig. 6. These show that the percentage of alkaloid per gram
of cell weight increases with time, with optimum production at 3—4 weeks. Figure 7 sup-
ports this observation showing maximum cell dry weight occurring during the same period,
coinciding with a zero value of the mitotic index. With respect to the earlier periods
of culture growth1Fig. 8 demonstrates a more rapid increase in the biosynthesis of ajmali—

cine (14) and yohimbine (15) (Corynanth family) than observed for vindolinine (22) (Aspi—
dosperma family). That is, the simple Corynanth alkaloids ajmalicine (14) and yohimbine
(15) reach maximum concentration at a much earlier period in culture growth than the bio—

synthetically more complex vindolinine (22). These are presumably derived from a common
key intermediate, strictosidine (27), reflecting the differences in complexity of their

biogenesis. Figure 8 also shows that at ca. 25 days, the concentration of these alkaloids
begins to equilibrate, coincident with the onset of cell autolysis (Fig. 7). Figure 6
shows HPLC. traces of the later stages of growth period (3—7 weeks). Each sample con-

tained ajmalicine (14) as the major component (. 15%). Furthermore, the analytical
traces indicate that the other identifiable components of the mixture remained the same
throughout this later period with only small changes in their relative concentrations.
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Table 1. Alkaloid Yields from Batches of 953 Line C. roseus Cell Cultures

Sample Culture method Weight of freeze Weight of basic
dried cells (g) fraction (g)

% Alkaloid

1 Bioreactor (10 days) 90.5 0.168 0.185

2 Bioreactor (11 days) 110.0 0.178 0.16

3 Bioreactor (22 days) 26.9 0.058 0.21

4 Shake flask (14 days) 40.6 0.065 0.16

5 Shake flask (21 days) 49.66 0.182 0.37

Table 2. Alkaloid Yields from 953 Line C. roseus Shake Flask Cultures

Cultivation Weight of freeze dried Weight of basic % Alkaloid

time cells (g) fraction (g)

3 Weeks 65.9 0.15 0.23

4 Weeks 51 0.15 0.29

5 Weeks 87.6 0.24 0.28

6 Weeks 19.8 0.125 0.63

7 Weeks 19.7 0.1 0.51

OH

O MecrO?CO2Me H coie CQ2Me H OM
22

The 200 GW line

Another particularly interesting cell line under recent investigation is coded as "200GW".

The general procedures concerning tissue propagation, HPLC analyses etc. are very similar
to those discussed above. However this line is uniquely different from the 953 line and
produces its own "spectrum" of alkaloids as summarized in Table 3. Of particular interest
is the alkaloid catharanthine (1, 0.005% dry cell wt) isolated for the first time in our
studies. This line originally provided this alkaloid in amounts ca three times that
normally obtainable from C. roseus plant material. Indeed, recent optimization studies
with this line have shown even a further improvement.

2) Studies in Maytenus buchananii

Another plant species under recent investigation in our laboratory is Maytenus buchananii
(Loes) R. Wilezek, one of the several members of the Celastraceae from which the antitumour
agent maytansine (4) has been isolated2628. Our initial studies with plant tissue cul-
tures from the plant have not produced maytansime but several other cytotoxic agents have
been isolated and characterized.
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Fig. 6. Reverse phase HPLC. of alkaloid mixtures obtained after different growth periods.

Table 3. Alkaloids isolated from the 200GW Cell Line

Alkaloid % Yield from dry cell wt. % of crude alkaloid mixture

1 0.005 1.35

17 0.015 4.05

epimer of 17 0.026 7.02

14 0.006 1.62

20 0.002 0.54

21 0.005 1.44

22 0.002 0.54

23 0.002 0.54

18 0.224 60.48

% figures refer to isolated yields.
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A large number (>200) of explants were cultured onto a wide variety of media. M. buchan—

.:a:i: tissues from all sources readily formed calluses on B5, PRL—4, MS and SH basic media,

variously supplemented with indoleacetic acid, napthylacetic acid, 2,4—dichlorophenoxy—
acetic acid, 4—aminobenzoic acid, kinetin, 4—chlorophenoxyacetic acid, thiamine hydro—
chloride and coconut water. With the exception of MS medium containing 6 x iO M indole—
acetic acid with 1.9 x lO M kinetin, and B5 medium containing no phytohormone supple—
ments, all media and conditions promoted rapid induction and growth of calluses. Calluses

appeared to be of heterogeneous composition as indicated by green, black, yellow and orange
regions. Many of the calluses bore a profusion of roots.

A number of calluses were chosen for suspension culture. Typically after 3 — 6 weeks,
suspensions of mixed aggregate and single cells were produced. The most rapidly growing
of these cultures achieved mass doubling times of approximately 3—4 days. Cell yields
were in the order of 12—16 g dry weight of cells per litre of culture.

Extensive thin layer chromatography analysis of both the crude extracts and chromatographic
fractions did not reveal the presence of the target compound in any cultures. The TLC
assay was shown by use of standard solutions to have a detection limit of 10 ng of maytan—
sine. However bioassay by the KB cell assay29 showed some of the crude extracts to con—
tam cytotoxic components (ED50 < 5 x iO ug/ml). This compares with an ED50 value of
2 x lO1 ug/ml for crude plant extracts containing maytansine (see Table 4).

Table 4.

Maytansine* 2 x iO
Crude plant extracts containing maytansine* 2 x 1O
Crude extracts from tissue culture MYT lel 3.8 x i0
Tingenone 2.7 x 101
22—hydroxytingenone 2.5 x 10°

tED5O is expressed in ug/ml and is the calculated effective concentration which inhibits
growth of 50% of control growth. Assay was done using KB cells (human epidermoid
carcinoma of the nasopharynx).

*
Data from Dr. M. Suffness, National Cancer Institute, National Institutes of Health.

In order to determine the nature of the cytotoxic components of the culture extracts, one
suspension culture was scaled up to a 10 1. volume to provide sufficient material for
natural product isolation.

For isolation, the crude alcohol extract of the cells was partitioned between ethyl acetate
and water, and then petroleum ether and 10% aqueous methanol. —Sitosterol was the major
component of the petroleum ether fraction. Column chromatography followed by preparative
layer chromatography of the aqueous methanol phase yielded polpunonic acid (28), tingenone
(35) and 22—hydroxytingenone (36) in yields of 0.043, 0.005 and 0.005% of dry weight of
cells respectively. The acid (28) was characterised as its methyl ester (29) and identi-
fied by direct comparison with authentic samples. The two orange pigments tingenone and
22—hydroxytingenone were identified by their mass and PMR spectra. Tingenone (35) was
also compared with an authentic sample. Tingenone and 22—hydroxytingenone gave KB assay
ED50 values of 2.7 x 101 and 2.5 x 10° ug/ml respectively, and these may account for the
KB activity of the crude culture extracts.

Partial purification of the more polar components of the culture extract as their methyl
esters yielded a complex mixture of triterpene esters which gave six peaks on GLC as their
TMSi derivatives. Due to the limited amount of material available at this time further
investigations were not pursued. Possible biosynthetic relationships between the above
isolated compounds and other naturally occurring quinone—methides are summarized in Fig. 9.
A detailed publication on these studies is available30.

3) Studies with Tripterygium wilfordii

Tripdiolide (5, R = OH) and triptolide (5, R = H) are interesting diterpene triepoxides
with significant activity in vivo against L—1210 and P—388 leukemias in the mouse and in
vitro against cells derived from human carcinoma of the nasopharynx (KB)31. The plant,
Tripterygium wilfordii, in which they occur in low concentration (0.001%), is not readily
accessible and thus studies with tissue cultures were of interest in our program.

Plant tissue culture cells were grown in callus and in suspension employing modified B—S
and PRL—4 media. Experiments with shake flasks over varying time periods revealed upon
subsequent analysis, the presence of tripdiolide and other components. An extensive study
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concerned with varying parameters (media, various additives, tine of growth etc.) for the
culture growth has been undertaken and will be published elsewhere. It is sufficient to
mention here that, in general, tripdiolide appears in the culture after several weeks (4—7
weeks) and its concentration depends on the media and other parameters. Large scale ex-
periments both in shake flasks and in bioreactors have been completed and an extensive in-
vestigation of the natural products present has been undertaken. In addition to tripdio—
lide, fourteen other compounds have been isolated and some of the established structures
are summarized in Figure 10. Some of these are quinone methides similar to those encoun-
tered in the above studies with M. buchananii, while others are di— and triterpenoid in
nature. At present, celastrol (30), polpunonic acid (28), oleamolic acid (40) and —
sitosterol (41) have been definitely established by appropriate comparisons with spectral
data and authentic samples.

It is important to note that in the present tissue culture studies the concentration of
tripdiolide is significantly higher than in the plant and recent optimization studies have
provided levels 20 times that in the plant.

The isolation of dehydroabietic acid (38) and the unsaturated ester (39) provides interest-

ing information about the possible biosynthetic pathway leading to the tripdiolide system
(Fig. 11). It is suggested that 38 and the unsaturated carboxylic acid 42 are possible

biosynthetic intermediates leading to tripdiolide. Appropriate experiments are presently
underway.

Several publications concerning the above studies are available323.

ç5cOH
GERAWYL-GERAN(OL
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38 ABIETANE

HOOC96

Fig. 11. Proposed biosynthetic pathway leading to tripdiolide.

4) Studies with cell free systems

Plant tissue cultures can provide excellent media for biosynthetic studies either directly
with whole cells or with enzyme mixtures available from cell free systems. We have ini-
tiated some investigations with such systems in the hope of understanding the biosynthetic
pathways involved with the above—mentioned natural products and, in particular, to attempt
an evaluation of the enzymes responsible for optimum production of such target compounds.
Experiments involving C. roseus will be presented here although similar methodology is
being applied to T. wilfordii tissue cultures.

Brief mention has already been made (Figures 3 and 4) of earlier experiments'315 with cell
free systems prepared from C. roseus leaves but a more detailed discussion is now approp-
riate in order to relate the results of the most recent investigations.
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The purification procedure employed in all of the experiments concerned with C. roseus
leaves and/or tissue cultures is summarized in Figure 12.

C.roseus teaves—
homogenized in 0.1 M potassium ,. Ho01

phosphate buffer, pH 6.3 1J1INH2 +

Me 02C

centrifuged at 30,000 xg for 4 3 44
20 mm.

crude enzyj. en?yrnes from

ammonium sutfate precipitation
(70% saturation) dialysis

I N
DEAE-cellulose chromatography

I 0H
Sephadex G-200 thomatography

MeO OAc

Me CO2Me

2

partially purified enzyjj

Fig. 12. General procedure for preparation of Fig. 13. The enzyme catalyzed synthesis of
cell free systems from C. roseus vindoline (2) from tryptamine (43)
leaves and/or tissue cultures. and secologanin (44).

The crude enzyme thus obtained was utilized in the experiments portrayed in Figs. 3 and 4
where important information concerning the late stages of the biosynthetic pathway of he
bisindole alkaloids was obtained. In another series of experiments concerned with the
biosynthesis of vindoline (2), we were able to demonstrate that this crude enzyme mixture

was capable of transforming tryptamime (43) and secologanin (44) to 2 (Figure 13).

Based on these earlier results, we proceeded to refine the methodology and obtain more in-
formation concerned with the enzymes involved in such conversions. Of particular interest
to us was the enzyme(s) involved in the coupling of catharanthine (1) and vindoline (2) to
the bisindole alkaloid (8) and its subsequent transformation to the other bisindole alka-
loids (Figs. 3 and 4). Thus we have initiated a study directed at the recognition and
purification of the relevant enzyme(s) involved in this coupling reaction.

The coupling enzyme activity was determined by monitoring the formation of 3',4'—dehydro—
vimblastine (8) and leurosine (11) using radiolabelled tracer techniques with (Ar—3H)
catharanthine and vindoline as substrates. We also applied HPLC methodology to analyse
the protein contents of the cell free enzyme mixtures. The HPLC system employed two pro-
tein columns (Waters Associates 1—250 and 1—125) which were calibrated with a number of

standard proteins. Table 5 lists the retention times for the respective protein under
the conditions used for the analyses of the cell free extracts.

Figure 14 shows the HPLC profile of the crude enzyme from C. roseus leaves as prepared ac-
cording to the procedure outlined in Fig. 12. It will be noted that a mixture of proteins

varying in molecular weights of approximately 15,000 — 450,000 are present. In order to
establish a relationship between the molecular size of the enzyme(s) involved in the coup-
ling of catharanthine and vindoline to the bisindole system, we proceeded to further

Table 5. HPLC analysis of standard proteins (molecular weight versus retention time)

protein molecular weightS log (m.w) retention time (mm)

Ferritin 450,000 5.65 12.67
Catalase 240,000 5.38 14.07
Aldolase 158,000 5.20 14.60

Albumin (bovin serum) 68,000 4.83 14.66

Albumin (hen egg) 45,000 4.65 15.33

Horseradish peroxidase 40,000 4.60 16.51

DN ase 31,000 4.49 16.91

Chymotrypsinogen A 25,000 4.40 20.74

Cytochrome C 12,500 4.09 28.35
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separate the cell free extract (crude enzyme) by precipitation, dialysis and chromatographic
techniques to a "partially purified" enzyme stage (Figure 12).

The crude enzyme extract was brought to 70% saturation with ammonium sulfate. The preci—
pitate thus formed was dialysed against phosphate buffer (pH 6.8) and the dialysate was
applied on a DEAE—cellulose column equilibrated with potassium phosphate buffer (20 mM, pH
6.8). The elution profile of the DEAE—cellulose chromatography is shown in Figure 15.

EC0w
CsJ

D
C)
C)C0.0
0
U).0

a 1'5 20
Retention time (mm

Fig. 14. HPLC analysis of cell free extract prepared from C. roseus leaves

Fractions 21 to 30 were found to possess the coupling enzyme activity and were therefore
combined into Fraction II, and concentrated to a small volume by ultrafiltration. This
concentrate was then subjected to Sephadex G—200 chromatography which exhibited two peaks
as monitored by the uv absorbance at 280 nm (Figure 16). The fractions corresponding to
the two peaks 11—1 (fractions 9 to 22) and 11—2 (fractions 23 — 29) were collected and
analysed by HPLC (Figure 17) as well as assayed for coupling enzyme activity. Fraction
11—1 which possessed the desired coupling enzymes activity was further fractionated by HPLC.
Three fractions (A, B and C (see Figure 17)) corresponding to elution peaks of different
retention times were collected and the results of their coupling enzyme activity determina-
tion are shown in Table 6.

It is clear from these investigations that the enzyme system(s) involved in the biosynthesis
of 8 and 11 from the appropriate monomeric alkaloids are present in the short HPLC retention
time region (11—20 mm, Fraction A in Figure 17). From the calibration standards (Table
5) this indicates proteins of molecular weight greater than 25,000.

All of the above studies were performed with cell free systems obtained from C. roseus

plants. We felt that a more preferable source would be tissue cultures in which a con-
trolled and reproducible source of the enzymes could be available. Our most recent studies
have taken this direction and some interesting results are already available. Crude en-
zyme extracts were prepared from various C. roseus tissue culture lines and HPLC analyses
according to the above—mentioned method were performed. Figure 18 summarizes the results
of four well—developed C. roseus lines from which various alkaloids have been isolated and
characterized. The spectrum of alkaloids from the lines coded as "953" and "200GW" was
discussed earlier. The "916" line is somewhat unique in that it exhibits normal growth
characteristics but does not produce any of the alkaloids normally found in the other lines.
A subline coded as '91601" and developed from "916" does produce alkaloids and the HPLC
enzyme profiles, particularly in the region of 7—15 minutes retention time, are strikingly
different. Such data are of considerable value in developing tissue culture lines with
optimum production of target compounds and are also useful in biosynthetic investigations.

[n summary, this lecture has provided some of the potentially important avenues in which we
believe that plant tissue cultures will serve a valuable role. This aspect of biotech-
nology will continue to expand and provide interesting challenges not only to academic
researchers but to those scientists involved in the commercial production of pharmaceutical

agents.
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The author serves merely as a spokesman for the enthusiastic group of researchers who have
made possible the above presentation. The studies with C. roseus represent a collaborative
program between the author's laboratory and the National Research Council of Canada, Prairie
Regional Laboratory in Saskatoon. The senior collaborators in Saskatoon are Drs. W.G.W.
Kurz and F. Constabel and they along with their associates, K.B. Chatson, K.A. Busch, H.
Evans, P. Gaudet - La Prairie, L. Leland, G. Mickelson, J. Parkes, S. Rambold and B.P. Vier-
heilig are responsible for all of the development of the cell culture methods and large
scale production of the natural products. Development of all the analytical methodology
(hplc, etc.) and the subsequent isolation and characterization of the various alkaloids
discussed was performed in the author's laboratory through the efforts of L.S.L. Choi, P.
Kolodziejczyk, S.K. Sleigh, K.L. Stuart and B.R. Worth.

Studies with M. buchananii and T. wilfordii represent a collaborative program between the
author's laboratory and that of Prof. P.M. Townsley, Dept. of Food Science at this univer-
sity. The development of the cell culture methods was performed jointly at Food Science
by P.M. Townsley, W.T. Chalmers, D.J. Donnelly, K. Nilsson and F. Webster; G.G. Jacoli,
Canada Dept. of Agriculture, Vancouver; and by P.J. Salisbury and G. Hewitt at the Chemis-
try Department. Analytical methods and all subsequent isolation of the natural products
were pursued at the Chemistry Department by M.H. Beale, R. Duff in, N. Kawamura, T. Kurihara,
R.D. Sindelar, K.L. Stuart and B.R. Worth. The enzyme studies were performed by T. Sato,
K.L. Stuart and B.R. Worth. It is a particular pleasure to acknowledge the efforts of
these colleagues.

We are grateful to Prof. G.B. Marini—Bettolo, Universita Cattolica, Rome for samples of
polpunonic acid, methyl polpunonate and tingenone and to Dr. Mildred Broome, Arthur D.
Little and Co., Cambridge, Mass. for the KB assays.

Financial aid at this university for the C. roseus program was provided by a grant to the
author from the Natural Sciences and Engineering Research Council of Canada and an NRC
Research Contract under the Fermentation Technology Program (OO—310—SX—8—3011).

Financial aid for the studies on Maytenus and Tripterygium was provided by the National In-
stitutes of Health (Contract NO1—CM—87236) and the Natural Sciences and Engineering Research
Council of Canada.

Crude enzyme extroct __________
953 line

Fig. 18. HPLC profiles of crude enzyme extracts from several C. roseus tissue culture cell lines



2536 J. P. KUTNEY

References

1. "Tissue Culture, Methods and Applications" ed. P.F. Kruse, Jr., and M.K. Patterson,
Jr., Academic Press, New York, 1973.

2. "Tissue Culture and Plant Science 1974" ed. H.E. Street, Academic Press, New York,
1974.

3. "Plant Tissue Culture and its Bio—technological Application" ed. W. Barz, E. Reinhard
and M.H. Zenk, Springer—Verlag, New York, 1977.

4. "Frontiers of Plant Tissue Culture 1978" ed. T.A. Thorpe, The Bookstore, University of

Calgary, Calgary, Alberta, Canada, 1978.
5. W.G.W. Kurz and F. Constabel in "Microbial Technology" 2nd ed., ed. H.J. Peppler and

D. Perlman, Academic Press, New York, 1979, Vol. 1, p. 389, and references cited
therein.

6. W.G.W. Kurz and F. Constabel in "Advances in Applied Microbiology" , ed. D. Perlman,
Academic Press, New York, Vol. 25, 1979, p. 209, and references cited therein.

7. J.P. Kutney, T. Hibino, E. Jahngen, T. Okutani, A.H. Ratcliffe, A.M. Treasurywala and
S. Wunderly, Helv. Chim. Acta, 59, 2858 (1976).

8. N. Langlois, F. Gueritte, Y. Langlois and P. Potier, J. Am. Chem. Soc., 98, 7017

(1976).
9. J.P. Kutney, "Bioorganic Chemistry, Substrate Behavior" ed. E.E. van Tamelen, Academic

Press, New York, 1978, Vol. El, p. 197 and references cited therein.
10. J.P. Kutney, J. Heterocyclic Chem., Suppl. Issue, 15, 559 (1978) and references cited

therein.

11. J.P. Kutney, T. Honda, P.M. Kazmaier, N.J. Lewis and B.R. Worth, Helv. Chim. Acta, 63,
366 (1980) and references cited therein.

12. P. Mangemey, R. Zo Andriamialisoa, N. Langlois, Y. Langlois and P. Potier, J. Amer.

Chem. Soc., 101, 2243 (1979).
13. K.L. Stuart, J.P. Kutney and B.R. Worth, Heterocycles, 9, 1015 (1978).
14. K.L. Stuart, J.P. Kutney, T. Honda and B.R. Worth, Heterocycles, 9, 1391 (1978).
15. K.L. Stuart, J.P. Kutney, T. Honda and B.R. Worth, Heterocycles, 9, 1419 (1978).
16. A.I. Scott, F. Gueritte and S.L. Lee, J. Amer. Chem. Soc., 100, 6253 (1978).
17. W.G.W. Kurz, K.B. Chatson, F. Constabel, J.P. Kutney, L.S.L. Choi, P. Kolodziejczyk,

S.K. Sleigh, K.L. Stuart and B.R. Worth, Phytochemistry, 19, 2583 (1980).
18. J.P. Kutney, L.S.L. Choi, P. Kolodziejczyk, S.K. Sleigh, K.L. Stuart, B.R. Worth,

W.G.W. Kurz, K.B. Chatson and F. Constabel, Phytochemistry, 19, 2589 (1980).
19. J.P. Kutney, L.S.L. Choi, P. Kolodziejczyk, S.K. Sleigh, K.L. Stuart, B.R. Worth,

W.G.W. Kurz, K.B. Chatson and F. Constabel, Heterocycles, 14, 765 (1980).
20. W.G.W. Kurz, K.B. Chatson, F. Constabel, J.P. Kutney, L.S.L. Choi, P. Kolodziejczyk,

S.K. Sleigh, K.L. Stuart and B.R. Worth, Helv. Chin. Acta, 63, 1891 (1980).
21. J.P. Kutney, L.S.L. Choi, P. Kolodziejczyk, S.K. Sleigh, K.L. Stuart, B.R. Worth,

W.G.W. Kurz, K.B. Chatson and F. Constabel, J. Natural Prod., 44, 536 (1981).
22. F. Constabel, S. Rambold, K.B. Chatson, W.G.W. Kurz and J.P. Kutney, Plant Cell

Reports, 1, 3 (1981).
23. J.P. Kutney, L.S.L. Choi, P. Kolodziejczyk, S.K. Sleigh, K.L. Stuart, B.R. Worth,

W.G.W. Kurz, K.B. Chatson and F. Constabel, Helv. Chim. Acta, 64, 1837 (1981).
24. W.G.W. Kurz, K.B. Chatson, F. Constabel, J.P. Kutney, L.S.L. Choi, P. Kolodziejczyk,

S.K. Sleigh, K.L. Stuart and B.R. Worth, Planta Medica, 42, 22 (1981).
25. J.P. Kutney, B. Aweryn, L.S.L. Choi, P. Kolodziejczyk, W.G.W. Kurz, K.B. Chatson and

F. Constabel, Heterocycles, 16, 1169 (1981).
26. S.M. Kupchan, Y. Komoda, G.J. Thomas and H.P.J. Hintz, J. Chem. Soc. Chem. Comm.,

1065 (1972).
27. S.M. Kupcham, Y. Komoda, W.A. Court, G.J. Thomas, R.M. Smith, A. Karim, D.J. Gilmore,

R.C. Haltiwanger and R.F. Bryan, J. Amer. Chem. Soc., 94, 1354 (1972).
28. S.M. Kupchan, A.R. Branfman, A.T. Sneeden, A.K. Verma, R.G. Dailey Jr., Y. Komoda and

Y. Nagao, J. Amer. Chem. Soc., 97, 5294 (1975).
29. KB assays were performed by Dr. Mildred Broome, Arthur D. Little and Co., Cambridge,

Mass. as described in Cancer Chemotherapy Rep., Part 3, 3, 1 (1972).
30. J.P. Kutney, M.H. Beale, P.J. Salisbury, K.L. Stuart, B.R. Worth, P.M. Townsley, W.T.

Chalmers, K. Nilsson and G.G. Jacoli, Phytochem., 20, 653 (1981).
31. S.M. Kupchan, W.A. Court, R.G. Dailey, C.J. Gilmore and R.F. Bryan, J. Amer. Chem.

Soc., 94, 7194 (1972).
32. J.P. Kutney, M.H. Beale, P.J. Salisbury, R.D. Sindelar, K.L. Stuart, B.R. Worth, P.M.

Townsley, W.T. Chalmers, D.J. Donnelly, K. Nilsson and G.G. Jacoli, Heterocycles, 14,
1465 (1980).

33. J.P. Kutney, R.D. Sindelar and K.L. Stuart, J. of Chromatography, 214, 152 (1981).
34. J.P. Kutney, G.M. Hewitt, T. Kurihara, P.J. Salisbury, R.D. Sindelar, K.L. Stuart,

P.M. Townsley, W.T. Chalmers and G.G. Jacoli, Can. J. Chem., 59, 2677 (1981).
35. K.L. Stuart, J.P. Kutney, T. Honda, N.G. Lewis and B.R. Worth, Heterocycles, 9, 647

(1978).




