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Cell suspension cultures of Cephalocereus senilis develop red 

pigmentation when infected by fungus. Previous work in our laboratory has 

established that chitin, a fungal cell wall component, can elicit the same response. 

These elicited cell cultures also produce several unusual flavonoids lacking the 

normal 4´-hydroxyl substitution in the B-ring, including the red pigment 

cephalocerone, a 4´-deoxyaurone. Previous enzymological studies showed that the 

elicited cell suspension cultures have the necessary enzymatic activities required 

for the conversion of L-phenylalanine to the 4´-deoxyflavonoids. Explanations for 

the 4´-deoxyflavonoid biosynthesis include (1) a bypass of cinnamic acid 4-

hydroxylase therefore leading to an accumulation of 4´-deoxy precursors 

available for the 4´-deoxyflavonoid production and (2) a dehydroxylation step 

within the flavonoid biosynthetic pathway.  
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The current biochemical investigations into the biosynthesis of the 

phytoalexin cephalocerone using HPLC metabolic profiling of isotope dilution 

experiments established the existence of a novel 4´-dehydroxylation step instead 

of a 4´-hydroxyl “bypass”. Our results strongly suggest that the metabolic flux 

involved in the selective production of 4´-deoxyflavonoids may be controlled by a 

specific enzyme activity that dehydroxylates the 4´-position of the 

tetrahydroxychalcone B-ring.  

 xii
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Chapter 1  

Introduction 

A. GENERAL COMMENTS ON SECONDARY PLANT CHEMISTRY 

Secondary plant metabolites play a major part in plants’ essential 

biochemical processes with numerous roles in plant growth and development and 

plant-pathogen interactions.  These natural products, most of which are derived 

from the phenylpropanoid, alkaloid, and isoprenoid pathways, are widespread 

throughout the plant kingdom and account for much of its biochemical diversity 

(Dixon, 1999). Much of the variation in plant secondary metabolism is under 

genetic control (Dixon, 1998). The secondary metabolic pathways give a chemical 

diversity in plants not produced by the more universal, uniformly organized and 

controlled primary metabolism (Hartmann, 1996,1999). One of the more 

interesting groups of natural products in this vast collection of secondary plant 

compounds are the flavonoid derivatives that perform a variety of important 

functions such as plant pigmentation, signal molecules in insect-plant interactions 

and as plant defense compounds or phytoalexins.  Phytoalexin biosynthesis in 

plant-pathogen interactions is initiated by elicitor compounds produced by the 

invading microorganism (see Appendix A for phytoalexin biosynthesis). The most 

common of the biotic elicitors are the components of the pathogen that are 

released exogenously; these may represent parts of the cell wall or metabolites 

that secrete out of the cell wall (Hammerschmidt, 1999,1999; Smith, 1996). 
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Compounds belonging to the exogenous biotic elicitor class include 

glycoproteins, lipids, and lipopolysaccharides, and the most studied group being 

the poly- and oligosaccharides (Figure 1.1).  

Different model systems have been developed to study the enzymology 

and biochemistry of phytoalexin biosynthesis. For example, alfalfa (Medicago 

sativa L.) cell suspension cultures, once treated with a fungal elicitor, 

immediately produces high concentrations of the phytoalexin medicarpin (Figure 

1.2), which is accompanied by an increase in extractable activities of all 

phenylpropanoid enzymes needed for its synthesis (Dalkin et al., 1990; Ni et al., 

1996). In soybean (Glycine max L.) cells, this rapid phytoalexin response system 

is characterized by the early and strong induction of PAL and CHS mRNAs upon 

elicitation and the production of glyceollin (Habereder et al., 1989) (Figure 1.2). 

The Mabry group, in collaboration with Dr. Richard Dixon’s lab at the Samuel 

Roberts Noble Foundation, established a novel system for investigating 

phenylpropanoid regulation and phytoalexin elicitation using cell cultures of the 

cactus Cephalocereus senilis (Haworth) Pfeiffer (Figure 1.3 and 1.4).  

 

B. THE PHENYLPROPANOID PATHWAY 

The first enzyme of the phenylpropanoid pathway is phenylalanine 

ammonia lyase (PAL), which catalyzes the deamination of phenylalanine to trans-

cinnamic acid, precursor of many phenolics and isoflavonoids (Figure 1.5).  The 

second step involves the hydroxylation of trans-cinnamic acid at C-4 to yield 

trans-p-coumaric acid. This reaction is catalyzed by a cytochrome P450- mixed 
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function oxygenase, cinnamate 4-hydroxylase (C4H), with the aid of O2 and 

NADPH as is common for such enzymes. It is trans-p-coumaric acid, with its 4-

hydroxyl group, that is the immediate precursor of lignin in all plants.   The 

enzyme 4-coumaroyl CoA ligase (4CL) uses trans-p-coumaric acid to produce 4-

coumaroyl CoA. This leads to the central reaction in flavonoid biosynthesis, the 

formation of the C15 skeleton resulting from the combination of 4-coumaroyl CoA 

(C9) with three molecules of malonyl CoA (3 x C2) catalyzed by chalcone 

synthase (CHS). Thus all flavonoid derivatives contain the phenylpropanoid 

nucleus (B-ring) from phenylalanine and a second aromatic ring (A-ring) derived 

from the three malonyl CoA molecules (Figure 1.5). Further modification to other 

flavonoid and isoflavonoid derivatives are then initiated by chalcone isomerase 

followed by isoflavone synthase (Goodwin and Mercer, 1983). A vast array of 

phenylalanine-derived intermediates such as flavonoids, isoflavonoids, 

coumarins, soluble esters, suberin, lignin and other cell-wall bound phenolics are 

produced via branching from the core reactions of general phenylpropanoid 

metabolism (Hahlbrock and Scheel, 1989) (Figure 1.6). 

 The phenylpropanoid pathway is complex and dynamic, controlled by a 

myriad of tightly coordinated signals at the transcriptional level (Dixon, 1998).   

Control mechanisms such as exposure to light, wounding, plant growth regulators, 

pathogens, and other biotic and abiotic factors are responsible for the induction of 

phenylpropanoid enzyme activity in most plants (Bucciarelli et al., 1998; Dixon, 

1999,2001).   
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C. PREVIOUS WORK ON THE CEPHALOCEREUS SENILIS ELICITOR SYSTEM  

Cephalocereus senilis, commonly known as “old man” cactus (Family 

Cactaceae, Tribe Pachycereae) is endemic to southern Mexico. Callus and 

suspension cultures of Cephalocereus senilis were developed from inner stem 

tissues of young plants (Bonness and Mabry, 1992). Cell suspension cultures of 

C. senilis turn red (Figure 1.4 and 1.7) and accumulate a set of 4´-

deoxyflavonoids (Figure 1.8) with phytoalexin activity upon fungal elicitation or 

treatment with chitin (Figure 1.1). A fungal species of Cladosporium and 

autoclaved cultures of other fungi as well as yeast extracts also show elicitor 

activity. Closely related oligomers of chitin such as chitosan turn the cultures red 

while their respective monomers do not (Liu, 1994). The elicited compounds so 

far identified were shown to be derived from L-[2,6-3H] phenylalanine as 

determined by HPLC with a radioisotope detector (Paré et al., 1992) (Figure 1.9). 

Elicitation was also correlated with increased activity of consecutive enzymes in 

the phenylpropanoid pathway including PAL, C4H, 4CL, CHI, and CHS (Liu et 

al., 1995; Paré et al., 1992). 

Most of the phenolics isolated and characterized from “old man” cactus 

elicited cell cultures lack the usual hydroxyl group at the 4´-position of the B-ring 

(Liu et al., 1993) (Figure 1.6). In contrast, only flavonoids with the expected 

hydroxylation pattern were isolated from healthy “old man” cactus plant material 

(Liu et al., 1994). Cephalocerone, a 4´-deoxyaurone, was isolated from the 

elicited cultures and was suggested to be responsible for the red pigmentation 

(Paré et al., 1991) (Figure 1.2).  Some of the isolated 4´-deoxyflavonoids, 
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including the red pigment aurone showed antibacterial activities in quantitative 

microbial assays just as expected for induced phytoalexin compounds (Paré et al., 

1991). Preliminary qualitative studies have shown the same red pigmentation 

response in whole C. senilis plants. The same response is also observed upon 

initiation of callus cultures and wounding.   

It has been shown that the elicited “old man” cactus cell suspension 

cultures contain the necessary enzymatic activities required for the conversion of 

L-phenylalanine to the B-ring deoxyflavonoids (Liu et al., 1995; Paré et al., 

1992). Further studies have determined that the enzymes do not show preferential 

activity on the usual substrates or on the deoxy precursors (Liu et al., 1995). The 

4´-deoxy phenomena may represent a form of metabolic compartmentalization 

involving the close physical association of consecutive pathway enzymes 

(Hrazdina and Jensen, 1992). The unique synthesis of B-ring deoxyflavonoids 

(Figure 1.6) from elicited cultures of C. senilis with normal induction levels of 

C4H activity suggests a form of metabolite channeling from PAL to 4CL that 

involves bypassing microsomal C4H (Liu et al., 1995) (Figure 1.10). Another 

alternative mechanism could involve the usual biosynthesis of 4´-

hydroxychalcones followed by the induction of a 4´-dehydroxylation activity 

allowing the selective formation of 4´-deoxyflavonoids. 
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D. TWO THEORIES FOR THE 4´-DEOXYFLAVONOID PHENOMENON  

1. Enzyme Complexes and the “Bypass” Theory 

The validity of the “bypass” theory for the production of 4´-

deoxyflavonoids in chitin-elicited “old man” cactus cell cultures depends on the 

formation of enzyme complexes in the phenylpropanoid pathway and the unusual 

activity of these enzymes to 4´-deoxy substrates. A single form of CoA ligase 

(4CL) was detected in the elicited cactus cell cultures. This enzyme showed 

activity to a variety of substrates including p-coumaric, caffeic, ferulic, 4-

methoxycinnamic acids and, unexpectedly, it also showed activity to trans- 

cinnamic acid (Liu et al., 1995). Chalcone synthase activity towards cinnamoyl 

CoA has been detected in Scots pine (Pinus sylvestris L.) (Fliegmann et al., 1992) 

and a similar CHS activity towards cinnamoyl CoA was observed in our cactus 

cell cultures (Liu et al., 1995). Two isoforms of chalcone isomerase (CHI I and II) 

were identified and both isoforms were able to activate 2´,4,4´,6´-

tetrahydroxychalcone (4´-hydroxy form) and 2´,4´,6´-trihydroxychalcone (4´-

deoxy form) as substrates (Liu et al., 1995) (chalcone conventional numbering is 

used, i.e. the number primes actually refer to the chalcone A ring; Figure 1.11),  

providing evidence that all the enzymes downstream of 4CL are capable of 

activating any 4´-deoxy substrates produced if C4H is bypassed (Figure 1.12).  

One explanation for the “bypass” pathway would be the lack of induction 

of C4H in the elicited cell cultures. However, this is not the case, in fact, C4H is 

strongly induced in the elicited cell cultures (Liu et al., 1995). Another possible 

mechanism for the “bypass” of C4H is the metabolic channeling of substrates 
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from PAL to 4CL, probably facilitated by a close association of PAL and 4CL. 

PAL and 4CL are cytosolic enzymes while C4H is a membrane-bound 

cytochrome P450 enzyme (Czichi and Kindl, 1975,1977; O'Neal and Keller, 

1970). A mechanism resulting in a substrate channel bypass of membrane- bound 

C4H may be induced in chtin-elicited cultures. While substrate channeling of 

trans-cinnamic acid usually occurs between PAL and C4H, it has been shown that 

this channeling is disrupted in elicited tobacco cell cultures (Rasmussen and 

Dixon, 1997,1999). The post-transcriptional organization of the phenylpropanoid 

enzymes, depending on different environmental cues, may result in the formation 

of different metabolic grids that would produce the necessary metabolic products 

(Dixon et al., 2001).  

The phenylpropanoid enzymes may be arranged in a linear fashion, 

localized in the endoplasmic reticulum (ER) and anchored to the membrane via 

cytochrome P450 enzymes such as C4H and flavanone 3´ hydroxylase (F3H) 

(Hrazdina and Wagner, 1985; Shirley, 1999). This model is a result of labeling 

studies performed on microsomes of potato (Czichi and Kindl, 1975,1975,1977) 

and cucumber cotyledons (Hrazdina and Wagner, 1985) showing evidence that 

PAL and C4H activities are co-localized in the ER membrane. These experiments 

also show that exogenous cinnamic acid is less preferred as substrate for C4H 

compared to the cinnamic acid already formed through PAL, suggesting a form of 

metabolic channeling in the conversion of L-Phe to p-coumaric acid (Czichi and 

Kindl, 1975; Hrazdina and Jensen, 1992; Hrazdina and Wagner, 1985). Also the 

addition of more PAL in the microsomes only converts L-Phe to cinnamic acid 
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and does not contribute to any increase in p-coumaric acid in the overall reaction. 

These biochemical studies laid a strong foundation for the metabolic channeling 

model and were further strengthened by evidence from modern transgenic studies. 

In Arabidopsis, almost all the enzymes of the general phenylpropanoid and central 

flavonoid pathways are encoded by single copy genes except for PAL (encoded 

by three genes) and flavonol synthase (encoded by five genes) (Shirley, 1999). 

These suggest that the single copy gene enzymes are already arranged in specific 

branched complexes that produce specific flavonoid derivatives and different 

isoforms of PAL, for example, turn these arrangements on and off, depending on 

the signals encountered by the plant (Shirley, 1999).  Different isoforms of PAL 

were isolated from tobacco microsomes and exhibit different levels of association 

with the membrane bound C4H (Rasmussen and Dixon, 1999). It is suggested that 

PAL isoforms can be deactivated through some form of phosphorylation carried 

out by a phenylpropanoid protein kinase (Allwood et al., 1999).  

In chitin-elicited “old man” cactus cell cultures, it could be that a PAL 

isoform that associates less with C4H and more with 4CL is activated thereby 

disrupting the channeling of trans-cinnamic acid for hydroxylation by C4H 

(Figure 1.10 and 1.12). This creates a cytosolic pool of trans-cinnamic acid that 

may be accessible to 4CL. Cinnamoyl-CoA (4´-deoxy) instead of coumaroyl-CoA 

(4´-hydroxy) is then formed from the activation of trans-cinnamic acid by 4CL. 

Cinnamoyl-CoA is then processed by CHS and CHI to initiate the formation of  

4´-deoxyflavonoids.  
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Other mechanisms of differential control maybe arranged in each plant by  

flavonoid enzymes that are multi-copy encoded for several isoforms.  In alfalfa, 

there are seven or more genes encoding for chalcone synthase (CHS) with the 

lack of gene duplications for the enzymes thereafter, suggesting that different 

isoforms of CHS could aid in controlling the flux of phenylpropanoid 

intermediates into several flavonoid pathways (Dixon, 1998). The flavonoid 

production process has been characterized to be more dynamic than linear, with 

different branches switching to specific end products as needed by the plant 

(Hartmann, 1996). 

Metabolic channeling in the phenylpropanoid pathway was hypothesized 

by Stafford (1974) and Hrazdina (1985) as a form of metabolic regulation 

involving close association of enzymes to form enzyme complexes. Although 

most studies are geared to characterize the regulation of transcriptional activation, 

a growing body of evidence confirms the Hrazdina hypothesis and suggests that 

the efficiency and plasticity of phenylpropanoid metabolism is spatially 

coordinated by the presence of inducible membrane-bound enzyme complexes 

(Allwood et al., 1999; Burbulis and Winkel-Shirley, 1999; Rasmussen and Dixon, 

1997,1999; Shirley, 1996; Shirley, 1999; Spivey and Ovadi, 1999; Stafford, 

1974). The use of transgenic plants in studying flavonoid biosynthesis has 

contributed new methods in determining how the metabolites in the 

phenylpropanoid pathway are being partitioned (Essenberg, 2001). Flavonoid 

pathway research over the past 30 years, strongly supported by classical 
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biochemical techniques, has laid a solid foundation for the macromolecular 

organization model (Hrazdina and Wagner, 1985; Shirley, 1999).  

 

2. A New Enzyme Activity for the 4´-Dehydroxylation Pathway  

The accumulation of 4´-deoxyflavonoids may not be due to metabolic 

channeling as discussed above but by the elicitation of a specific enzyme activity 

that catalyzes a 4´-dehydroxylation step (Figure 1.13). A novel dehydroxylase-

like enzyme, downstream of 4CL, could be induced by elicitation to remove the 

4´-hydroxyl group, thereby allowing the selective formation of B-ring 

deoxyflavonoids. A dehydroxylation step within the flavonoid pathway would 

still be consistent with the observed heightened activity of the phenylpropanoid 

enzymes in elicited “old man” cactus cultures (Liu et al., 1995; Paré et al., 1992). 

This means that the phenylpropanoid biosynthesis proceeds as expected, up to the 

production of the tetrahydroxychalcones. The tetrahydroxychalcones may then be 

converted by a “dehydroxylase” to a trihydroxychalcone lacking a hydroxyl group 

at the 4´-position of the B-ring. Although there is almost no known 

dehydroxylation activity for the 4´-position, removal of the hydroxyl groups at 

other positions in the A and B rings of flavonoids has been observed in various 

plant systems (Goodwin and Mercer, 1983).  

The basic hydroxylation pattern observed in chalcones is C-2´, 4´, 6´ for 

the A-ring and C- 4 for the B ring (chalcone numbering; Figure 1.11) and the 

same pattern is found in most flavonoids. Hydroxylation at the C-4-position of the 

B-ring is almost universally indicative of the phenylpropanoid residue being 
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derived from p-coumaric acid. The hydroxylation pattern most frequently 

encountered in ring A (C- 2´, 4´, 6´, chalcone numbering) is what is expected via 

the polyketide formation from three molecules of malonyl-CoA (Goodwin and 

Mercer, 1983). However, compounds with a missing hydroxyl substitution at C-5 

position in the A-ring (flavone numbering; see Figure 1.11) are known to exist, 

mostly in the isoflavones of Leguminosea; an example is calycosin from Baptisia 

calycosa Canby (Kimura et al., 2001; Markham and Mabry, 1968; Markham et 

al., 1968,1970; Markham et al., 1968) (Figure 1.14).  

Previous genetic studies suggest that the dehydroxylation at the C-5 

position (C-6´, chalcone numbering) probably occurs at the aromatic ring 

formation at the polyketide stage or at the chalcone stage at the latest because the 

presence of the step controlling the removal of the hydroxyl group results in all 

flavonoids being equally affected (Goodwin and Mercer, 1983; Kimura et al., 

2001) (Figure 1.14).  Flavonoid exudates in the roots are also known to be 

dehydroxylated by Rhizobacteria at the 3 and 3´-position (Pillai and Swarup, 

2002).    

The occurrence of 4´-deoxyflavonoids in plants exists but is uncommon as 

all flavonoids are known to be solely derived from p-coumaric acid in the 

phenylpropanoid pathway (Goodwin and Mercer, 1983). Baicalein, a major 4´-

deoxyflavonoid from roots of a skullcap (Scutellaria baicalensis Georgi; Figure 

1.2), is also found in other plants and is also one of the 4´-deoxyflavonoid 

compounds isolated from elicited “old man” cactus cell cultures (Liu et al., 1993; 

Rossi et al., 2001). Baicalein has been shown to exhibit biochemical activity 
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against certain types of cancer cells (Gao et al., 2001; Rossi et al., 2001), however 

the details of baicalein biosynthesis in plants are not well established (Kuzovkina 

et al., 2001).   

 

E. SIGNIFICANCE OF THE CURRENT STUDY 

The elicited cell suspension culture system of C. senilis is a well suited 

model for studying regulation of metabolic flux within the phenylpropanoid and 

flavonoid pathways, most especially in the biosynthesis of 4´-deoxyflavonoids. 

The techniques developed and information gathered from this study are not only 

relevant for the “old man” cactus metabolic system but for other metabolic 

systems as well. The methods developed for metabolic profile screening and 

isotope feeding experiments under various conditions can be applied in studying 

similar systems such as the cinnamic acid derivation of salicylic acid in tobacco 

(Nicotiana tabacum L.) (Leon et al., 1993; Raskin, 1992) and the biosynthesis of 

baicalein (a 4´-deoxyflavonoid well studied for its biochemical activity against 

certain types of cancer) in Scutellaria baicalensis (Chen et al., 2000; Kuzovkina 

et al., 2001).  The enzymatic events that control the biosynthesis of salicylic acid 

and baicalein are yet to be determined.   

The “old man” cactus 4´-deoxyflavonoid phenomenon represents a useful 

model on how plants control their metabolism in general. This study may provide 

evidence about how plants organize their metabolic grid in response to internal 

and external signals. On a larger scale, the information derived from the 

enzymology and organization of biosynthetic pathways and the molecular 
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“switches” that plants use to make their metabolic “choices” may lead to a better 

understanding of how pathways can be engineered, especially in crop plants, to 

increase flux into specific compounds for improved nutrition and plant defense. 

Most of the research on metabolic compartmentation in flavonoid 

biosynthesis has focused on crop plants such as alfalfa and tobacco (Dixon et al., 

1995; Rasmussen and Dixon, 1997,1999). Aside from their immediate economic 

importance, it is also easy to perform transgenic studies on these crop plants 

because of their physiological characteristics and short generation time.  

Arabidopsis has also been a good source of information on flavonoid enzyme 

complexes (Burbulis and Winkel-Shirley, 1999). However, little is known about 

the “phytoalexin response” in desert-adapted plants such as “old man” cactus. The 

details of the surprising formation of the B-ring-deoxyflavonoids (Paré et al., 

1991) remain unclarified and the relationship of this culture pathway to whole 

plant pathways in both “old man” cactus and related species has not been 

determined. The 4´-deoxy phenomenon is unusual in flavonoid formation as most 

flavonoids contain the hydroxyl group at the 4´ -position in the B-ring in most 

plant systems. 

 

F. OUTLINE OF THE PRESENT DISSERTATION 

The present dissertation includes the investigation of the molecular and 

cellular processes involved in the production of 4´-deoxyflavonoids in chitin-

elicited cultures of “old man” cactus. This research is summarized as follows:  
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1). Cephalocerone, a phytoalexin-type 4´-deoxy aurone was isolated from 

the elicited cultures and is responsible for the red pigmentation (Paré et al., 

1991). Metabolic profile studies of cell cultures in elicited “old man” 

cactus were made to compare the observed pigment responses. Profile 

analyses also provide evidence whether or not the 4´-deoxy phenomenon 

in the “old man” cactus is a result of the flavonoid pathway induction in 

general or whether such unusual flavonoids are a specific response to 

chitin-elicitation and microbial infection. 

 

2).   Most of the investigations on the biosynthetic control of the 

production of 4´-deoxyflavonoids in elicited “old man” cactus have dealt 

with induction and substrate specificity of the phenylpropanoid enzymes. 

Incorporation of radiolabeled L-phenylalanine and unlabeled precursors 

cinnamic and coumaric acids in a pulse-chase experiment were conducted 

to follow their levels of incorporation into the phenylpropanoid pathway 

and to investigate the cellular and metabolic system that leads to B-ring 

deoxyflavonoids. Metabolic profile studies of these isotope dilution 

experiments allow the testing of the 4´-hydroxy “bypass” and the 4´-

dehydroxylation hypotheses. 
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Figure 1.1. Representative Elicitors of Phytoalexin Synthesis.  

(a) The hepat-β-glucoside from the β-glucan chain of Phytophthora 
megasperma; (b) an N-acetylchitooligosaccharide from chitin and its 
deacetylated derivative (c) Chitosan oligosaccharide. In both chitin and 
chitosan, oligosaccharides with elicitor activity have an n value of 5 or 6.  
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Figure 1.2. Examples of Phytoalexins.  

Medicarpin, from Medicago sativa (alfalfa), glyceollin from Glycine max 
(soybean), baicalein from Scutellaria baicalensis (skullcap) and 
cephalocerone from Cephalocereus senilis (“old man” cactus). Baicalein 
and cephalocerone are 4´-deoxyflavonoids.  
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Figure 1.3. “Old Man” Cactus (Cephalocereus senilis).  

(Photograph courtesy of Richard Ryon, owner of 
www.oldmancactus.com)    
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Figure 1.4. “Old Man” Cactus Callus and Cell Suspension Cultures.  

Chitin-elicited (red) and normal (yellow).   
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Figure 1.5. The Phenylpropanoid Pathway.  

Starting with general phenylpropanoid metabolism and leading to the 
major subgroups: the chalcones, aurones, flavonoids, anthocyanins, etc. 
Enzyme names are abbreviated as follows: phenylalanine ammonia lyase 
(PAL), cinnamate 4-hydroxylase, 4-coumaroyl-CoA ligase (4CL), 
chalcone synthase (CHS), and chalcone isomerase (CHI). All flavonoid 
derivatives contain the phenylpropanoid nucleus (B-ring) from 
phenylalanine and a second aromatic ring (A-ring) derived from the 
polyketide formed from three malonyl CoA molecules. 
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Figure 1.6. Natural Products from the Phenylpropanoid Pathway. 

Reaction scheme illustrating the production of different natural products 
leading from the core reactions of the phenylpropanoid pathway. 
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Figure 1.7. Mold-Infected Callus Cultures of “Old Man” Cactus.  
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 Figure 1.8. Structures of Major 4´-Deoxyflavonoids from Elicited “Old Man” 
Cactus Cell Suspension Cultures.  
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Figure 1.9. HPLC Profile of Radioactive Compounds Extracted from Elicited 
“Old Man” Cactus Cultures.  

Compounds were extracted at 0, 8, 12 and 24 hr after feeding 50 µl L-[2-6- 
3H] phenylalanine; 50 µl of the phenolic extract were injected into the 
HPLC (Paré et al., 1992).  
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Figure 1.10. Metabolic “Bypass” of Cinammate 4-Hydroxylase.  

Suggested form of metabolic channeling from PAL to 4CL bypassing 
microsomal C4H (Liu et.al., 1995).  
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Figure 1.11. Numbering Convention Scheme for Phenylpropanoid Derivatives.  

 31



 

Figure 1.12. Suggested Bypass Pathway in Elicited “Old Man” Cactus Cell 
Suspension Cultures vs. Usual Phenylpropanoid Pathway. 

The suggested 4´-deoxy “bypass” pathway leading to the production of 4´-
deoxyflavonoids including the phytoalexin cephalocerone involving a 
bypass of the C4H hydroxylation step. The “bypass” pathway is contrasted 
with the usual phenylpropanoid pathway. 
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Figure 1.13. Proposed Dehydroxylation Pathway of 4´-Deoxyflavonoids in 
Chitin-Elicited Cell Suspension Cultures of C. senilis.  

Enzyme names are abbreviated as follows: phenylalanine ammonia lyase 
(PAL), cinnamate-4-hydroxylase, 4-coumaroyl:CoA ligase (4CL), 
chalcone synthase (CHS) and chalcone isomerase (CHI).  
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Chapter 2 

Results: Novel Dehydroxylation Pathway in Elicited Suspension 
Cultures of Cephalocereus senilis  

A. COMMENTS ON THE TEST SYSTEM: CHITIN-ELICITED C. SENILIS CELL 
SUSPENSION CULTURES 

A novel system with the production of B-ring 4´-deoxyflavonoids in 

chitin-elicited cell suspension cultures of Cephalocereus senilis (“old man” 

cactus) suggests an unusual form of metabolic activity (Liu et al., 1993). The 

attachment of the B-ring 4´-hydroxyl group is catalyzed by C4H prior to the 

formation of the C15 flavonoid skeleton in the phenylpropanoid pathway. The 

usual B-ring hydroxylation pattern is found in flavonoids isolated from healthy 

whole plants of  “old man” cactus. Some of the elicited compounds so far 

identified were shown to be derived from L-[2,6-3H] phenylalanine as determined 

by HPLC with a radioisotope detector (Paré et al., 1992) (Figure 2.1). In 

collaboration with the group of Dr. Richard Dixon, it has been shown that the 

elicited suspension cultures have all the necessary enzymatic activities needed for 

the conversion of L-phenylalanine to the B-ring deoxyflavonoids, a single form of 

CoA ligase that is unusually active with cinnamic acid, a chalcone synthase 

exhibiting activity towards cinnamoyl CoA, and two isoforms of chalcone 

isomerase showing activities to the 4´-hydroxychalcone and 4´-deoxychalcone 

(Liu et al., 1995; Paré et al., 1992). The simplest explanation would be a reduction 

in the activity of C4H, but enzymatic studies in Dr. Mabry’s group has shown that 
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C4H activity is not significantly reduced in elicited cactus cultures (Liu et al., 

1995). This result suggests metabolic channeling, specifically a “bypass” of 

microsomal C4H in the biosynthetic pathway from PAL to CoA ligase with the 

possibility that a different isoform of PAL is induced, that is, an isoform that 

interacts directly with CoA ligase rather than with C4H. It is also a possibility that 

a novel B-ring dehydroxylation step after 4CL is induced in the phenylpropanoid 

pathway for B-ring deoxyflavonoid biosynthesis in chitin-elicited C. senilis cell 

suspension cultures. 

 

B. RESULTS AND DISCUSSION 

Here we describe the biochemical methods used to provide evidence, from 

in vivo labeling experiments, for the lack of metabolic channeling among the 

early enzymes in the phenylpropanoid biosynthetic pathway of C. senilis and 

support for a dehydroxylation step in the initial stages of flavonoid biosynthesis. 

Application of unlabeled precursors, cinnamic and coumaric acids, in a pulse-

chase experiment were conducted and their levels of incorporation with respect to 

the deoxyaurone were followed into the phenylpropanoid pathway and the cellular 

and metabolic system that leads to B-ring deoxyflavonoids was investigated.  

These labeling studies show a novel dehydroxylase activity for the synthesis of 

the phytoalexin 4´-deoxyaurone in the elicited C. senilis system.   
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1. Analysis of the Phytoalexin Red Pigment 

Analysis by HPLC photodiode array of extracts from cell suspension 

cultures of C. senilis sampled 24 hr after elicitation, revealed one major peak 

absorbing in the UV range 200-400 nm. This compound had a retention time of 

20.7 min and its UV spectra generated by the photodiode array showed 

absorbance peaks at 280 and 315, consistent with the UV spectra of the previously 

isolated red phytoalexin cephalocerone (Paré et al., 1991) (Figure 2.2). The 

identity of the peak at 20.7 min was further confirmed by LC/ESI-MS analysis of 

the extracts which showed a major ion with a molecular mass of 283, also as 

expected for the previously identified 4´-deoxyaurone. Accumulation of the red 

pigment cephalocerone is not observed in non-elicited cell suspension cultures 

and the aurone peak does not appear in its extracts (Figure 2.3). HPLC metabolic 

profile analysis of both elicited and non-elicited cell cultures show that the 

production of the 4´-deoxyaurone is a very specific response to chitin or fungal 

elicitation, and its accumulation is not just a biochemical artifact of the usual 

phenylpropanoid pathway induction. Cephalocerone has phytoalexin properties 

and may be produced in whole plants as a defense mechanism against pathogen 

infection (Paré et al., 1991). 

 

2. Metabolic Fate of trans-Cinnamic Acid in “Old man” Cactus Cell        
Suspension Cultures 

Enzyme organization into membrane-bound macromolecular complexes, 

instead of free-floating cytosolic proteins in metabolic pathways, is the central 
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feature of primary metabolism and has now become evident in secondary 

metabolic pathways (Burbulis and Winkel-Shirley, 1999; Ovadi and Srere, 1996, 

2000).  Flavonoid biosynthesis competes directly with a number of pathways 

branching from the phenylpropanoid core reactions and different environmental 

cues “switch” the branches to favor one metabolite from another. This 

phenomenon, which was suggested by H. Stafford as early as 1974, is referred to 

as metabolic channeling, the direct transfer of metabolites in active sites, via 

access to a common substrate pool or through the formation of multienzyme 

complexes (Hrazdina and Wagner, 1985).  

Substrate channeling occurs when reaction intermediates do not 

equilibrate freely with exogenously applied intermediates. Different intermediate 

pools may be formed as a result of different environmental cues although these 

pools may or may not result from metabolic channeling. However, if externally 

applied intermediates equilibrate freely with biosynthetic intermediate pools, 

there would be a strong possibility that metabolic channeling does not occur. 

Therefore we use elicited “old man” cactus cell suspension cultures to study the 

existence of different phenylpropanoid intermediate pools that constitute the 

metabolic grid leading to the synthesis of cephalocerone, a B-ring deoxyaurone. A 

metabolic profile using 3H-L-Phe showed that elicited and non-elicited cultures 

accumulate various labeled phenolic compounds with 15% of the total extractable 

label belonging to the cephalocerone peak at 20.7 min (Figure 2.4).   

 Because of its unusual B-ring deoxy functionality, the production of the 

4´-deoxyaurone may require selective substrate channeling of trans-cinnamic acid 
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to give a chalcone lacking the B-ring hydroxyl group. Studies have shown that the 

downstream enzymes of cactus cell suspension cultures exhibit an unusually high 

activity towards B-ring deoxy intermediates (Liu et al., 1995). These enzymes, 

4CL, CHI and CHS, also show no selectivity between 4´-deoxy and 4´-hydroxy 

substrates. Therefore, a bypass in the C4H hydroxylation step in the 4´-deoxy 

pathway may account for the selective formation of 4´- deoxyflavonoids (Figure 

2.5). This means that trans-cinnamic acid is accessed directly by 4CL instead of 

p-coumaric acid, which is its usual substrate. If “old man” cactus cell suspension 

cultures possessed only a single pool of trans-cinnamic acid by which 4CL 

derives its substrates from, then the presence of excess unlabeled trans-cinnamic 

acid in 3H-L-Phe fed cell suspension cultures would result in a lower specific 

activity of tritium in cephalocerone as compared to the values of tritium activity 

in the aurone in the absence of the unlabeled trans-cinnamic acid.  

To examine the metabolic fate of trans-cinnamic acid in the above 4´- 

deoxy hypothesis, chitin-elicited “old man” cactus cell suspension cultures were 

simultaneously fed 3H-L-Phe and two different concentrations (10-4 and 10-5 M) of 

unlabeled  trans-cinnamic acid. The exogenous substrates were fed at 12 hr and 

16 hr post elicitation, at the start and at the height of (hydroxyl)-cinnamate:CoA 

ligase (4CL) activity, respectively, as determined by Liu (1996; Figure 2.6). 

Cephalocerone accumulation also starts at 12 hr and maximizes at 16 hr (Paré et 

al., 1991). Results are expressed as the ratio of incorporation of 3H-L-Phe 

(determined as counts per minute; CPM) in the phenolic product (Iproduct; in this 
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case, cephalocerone) to its absorbance (Aproduct(280nm); milliabsorbance units; mAu) 

per g fresh weight of culture collected. 

Figure 2.7 shows the results from such series of isotope dilution 

experiments in chitin-elicited “old man” cactus cell suspension cultures. In the 

absence of externally applied unlabeled trans-cinnamic acid, the cephalocerone 

Iproduct/Aproduct ratio (ratios are in units of CPM/mAu·g fresh wt) in elicited cell 

cultures is relatively high at around 0.006 for precursors added at 12 hr which is at 

the start of the increase in 4CL induction. Non-elicited cell cultures have a zero 

value for their ratio because no red pigment cephalocerone is produced. 

Significant ratio reduction by about 47% is observed when 10-4 M unlabeled 

trans-cinnamic acid is added to the elicited cell cultures. Ratio reduction, 

although present, is less significant at a lower concentration (10-5 M)  of 

externally added trans-cinnamic acid. A higher ratio of about 0.016-0.018 is 

observed in cell cultures where precursors are added at 16 hrs, at the height of 

4CL activity, when more incorporation of 3H-L-Phe in elicited cell cultures is 

expected. The ratio reductions are more pronounced at the 16 hr and 3H- labeling 

of cephalocerone is significantly higher (Figure 2.7).  

These results on the 3H-L-Phe pulse-chase experiments support time 

induction studies (Liu et al., 1995) on phenylpropanoid enzymes in elicited “old 

man” cell suspension cultures that show the start of increased specific activities 

12 hr after elicitation and leveling off after 16 hr. These results also indicate that 

externally added unlabeled trans-cinnamic acid dilutes isotope incorporation into 

the red pigment 4´-deoxyaurone, suggesting that the phenylpropanoid enzymes 
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have access to external cytoplasmic pools. However, this does not directly prove 

the lack of metabolic channeling nor does it indicate the presence of a single 

endogenous pool of trans-cinnamic acid in the absence of an externally fed 

compound.  

 

3. Metabolic Fate of p-Coumaric Acid in “Old Man” Cactus Cell Suspension 
Cultures  

To increase the sensitivity and specificity of the isotope dilution profile 

studies, the above-mentioned in-vivo labeling experiments were repeated with  

cell suspension cultures elicited by chitin 16 hr before simultaneous addition of   
3H-L-Phe and unlabeled trans-cinnamic or p-coumaric acid. Figure 2.8 (raw data 

in Appendix B and C) shows the incorporation ratios of these dilution 

experiments (for this experiment, labeling measurements were done in 

disintegrations per minute, DPM; ratio is expressed as DPM/mAu·g fresh wt).  

Both precursors are able to dilute the isotopic label on the 4´-deoxyaurone. 

Isotopic dilution by the two concentrations of trans-cinnamic acid shows similar 

results to earlier studies (Figure 2.7) as expected. Figure 2.8 also shows that even 

if the amount of 3H-specific activity of cephalocerone is reduced through the 

addition of unlabeled intermediates, a significant amount of 3H-L-Phe is still 

channeled through the pathway. However, if B-ring deoxyflavonoid production is  

a result of the selective substrate channeling of trans-cinnamic acid, assuming that 

the phenylpropanoid pathway has only one cytoplasmic pool of each precursor 

present, the externally added unlabeled p-coumaric acid should not dilute the 3H 

isotopic label significantly on the 4´-deoxyaurone. If unlabeled p-coumaric acid is 
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disrupting the pathway then the amount of 4´-deoxyaurone produced by the 

elicited cultures should be lower because a 4´-hydroxyl phenyl precursor such as  

p-coumaric acid is being accessed by the downstream phenylpropanoid enzymes 

in the production of the 4´-deoxyaurone. Figure 2.9 (raw data in Appendix B and 

C) shows that the amount of 4´-deoxyaurone does not change significantly with 

the addition of unlabeled trans-cinnamic and p-coumaric acids. Incorporation of 

unlabeled trans-cinnamic acid is not expected to change the amount of 4´-

deoxyaurone produced since it is a 4´-deoxy precursor. However, the addition of 

unlabeled p-coumaric acid, if it is indeed incorporated into the 4´-deoxy bypass 

pathway, should lower the amount of 4´-deoxyaurone accumulated because it is a 

4´-hydroxylated precursor.  But the amount of 4´-deoxyaurone produced by the 

elicited “old man” cactus cell cultures is not reduced with the addition of 

unlabeled p-coumaric acid (Figure 2.9). Figure 2.8 and 2.9 also show a greater 

efficiency of incorporation of unlabeled p-coumaric acid into the 4´-deoxyaurone 

compared to unlabeled trans-cinnamic acid, without changing the amount of 4´-

deoxyaurone produced. The similarity in the isotope dilution behavior of p-

coumaric acid and trans-cinnamic acid show that the synthesis of the 4´-

deoxyaurone requires a 4´-hydroxylated precursor (p-coumaric acid). This 

implicates a novel dehydroxylase activity for the 4´-deoxyflavonoid biosynthesis 

in the elicited “old man” cactus cell culture system. 
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4. The Proposed 4´-Deoxyflavonoid Bypass Theory 

The formation of secondary compounds is known to be characterized by 

low steady-state dynamics and often do not undergo rapid turnover (Hartmann, 

1996). This means that synthesis of secondary metabolites is regulated differently 

compared to the straightforward and feedback regulated primary metabolism (i.e. 

glycolysis and Kreb’s cycle; Figure 2.10). The existence of a “metabolic grid” in 

flavonoid metabolism seems reasonable since constitutive secondary metabolism 

intermediates must be synthesized and stored to be available to the cell when 

necessary (e.g. phytoalexin production in plant defense; Hartmann, 1996). 

Therefore, the exact metabolic fate of a particular intermediate is not easily 

determined. The disappearance of a metabolite in a certain part of the pathway is 

not strong evidence for its degradation as the compound can be converted to 

another intact compound in different cytoplasmic pools. 

If strict metabolic channeling such as the phenomenon defined by 

Hrazdina and Wagner (1985) occurs, incorporation of externally added unlabeled 

precursors into the final product should not take place. The above dilution effects 

indicate that free equilibration of substrate pools occur. It is possible that there 

exists more than one pool of each precursor which the different phenylpropanoid 

pathway enzymes can “tap”. The relative stability of reaction intermediates in the 

phenylpropanoid pathway allows for the equilibration of these intermediates with 

other cytosolic compartments or even for the possibility to form redundant 

substrate pools. The fact that the level of 4´-deoxyaurone accumulation is not 

lowered (Figure 2.9) may mean that all of the enzymes in the 4´-deoxy pathway 
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have the ability to access the different reaction intermediate pools by which they 

can maximize the production of cephalocerone. Phenylpropanoid intermediates in 

the “old man” cactus chitin-elicitor induced 4´-deoxypathway either have several 

pools or one pool that is accessible to the bulk compartment of the cell. These 

pools are assumed to be present even before 3H-L-Phe is introduced. Upon 

addition of 3H-L-Phe, a new labeled pool of L-Phe may be created or the 

externally added 3H-L-Phe may equilibrate with the initial pool of L-Phe already 

present in the cell suspension cultures. The assumption is since L-Phe is the first 

substrate of the core phenylpropanoid pathway only a single pool of L-Phe is 

present. However, it is known that different isoforms of PAL exist (Shirley, 1999) 

and it is possible that these isoforms have their own pools of L-Phe.  Multiple 

genes encode the early enzymes and lack of gene duplication for the more 

downstream enzymes are observed in some plants (Shirley, 1999). Gene 

multiplicity for certain enzymes may confer plasticity in the phenylpropanoid 

pathway because different isoforms of the same enzyme (e.g. PAL) may occur 

depending on environmental cues (Dixon, 1997; Dixon et al., 1995; Ozeki et al., 

2000; Shirley, 1996; Shirley, 1999).  

In elicited “old man” cactus cell cultures, PAL and C4H activity is 

relatively high and downstream enzymes 4CL, CHS and CHI do not discriminate 

between 4´-deoxy and 4´-hydroxy precursors (Liu et al., 1995; Paré et al., 1992). 

A different PAL isoform may exist in “old man” cactus elicited cell cultures and 

this isoform may be the enzyme that preferentially passes its trans-cinnamic acid 

product to 4CL instead of giving it to C4H for hydroxylation. Data from the 
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isotope dilution studies show the incorporation of the cinnamate. However, higher 

isotope dilution ratios from the addition of a more downstream 4´-hydroxylated 

intermediate p-coumaric acid in the pathway without affecting the amount of 4´-

deoxyaurone that is produced do not support the bypass of C4H. 

The observed isotopic dilution from the addition of a 4´-hydroxylated 

intermediate, p-coumaric acid may be due to the disruption of 4CL’s pool of 3H-

trans-cinnamic acid which forces 4CL to find an alternate cinnamic pool that 

happens to be unlabeled.  It is possible that the external addition of p-coumaric 

acid dilutes the 3H-labeled cinnamic pools and forces 4CL to find its cinnamic 

acid source from a different pool. This “switch” may dilute the 3H-label in 

cephalocerone but should not affect the amount of cephalocerone produced in the 

cell. However, it is known that accumulation of trans-cinnamic acid is highly 

unlikely because it is known to inhibit PAL (O'Neal and Keller, 1970). (Note, 

however that the addition of 10-4 M trans-cinnamic acid in our isotope dilution 

studies did not appear to inhibit metabolic flux via the PAL reaction in vivo, as the 

tritium label from externally added 3H-L-Phe was observed to be incorporated into 

various phenylpropanoid compounds including the 4´-deoxyaurone.) Earlier 

studies provide evidence that trans-cinnamic acid is metabolized quickly to 

prevent its accumulation in the phenylpropanoid pathway (Noe et al., 1980; Noe 

and Seitz, 1983). It is therefore highly unlikely that multiple trans-cinnamic acid 

pools exist to allow substrate pool “switching” of 4CL as a compensation for 

dilution.   
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5. Evidence for the 4´-Dehydroxylation Step Leading to the Biosynthesis of 
Cephalocerone  

The synthesis of 4´-deoxyflavonoids is highly unusual and exists only in a 

very few plants. Baicalein, a 4´-deoxyflavonoid from skullcap (Scutellaria 

baicalensis), and also one of the 4´-deoxyflavonoid compounds isolated from 

elicited “old man” cactus cell cultures, is widely studied for its biochemical 

effects on certain types of cancer but its biosynthesis is not well studied (Hsu et 

al., 2001; Lazinsky et al., 2001). It has been shown recently that elicitation with 

methyl jasmonate increased baicalein production in skullcap root cultures but 

details of the pathway induction are not known (Kuzovkina et al., 2001). A group 

of unusual 3-deoxyflavonoids is also found in apple (Malus domestica Borkh) and 

pear (Pyrus communis L.) and is known to confer both plants’ resistance to 

fireblight (Erwinia amylovora Burrill) (Rommelt et al., 1999; Treutter, 2001). A 

chemosystematic study of Greyiaceae discusses the lack of B-ring subsititution in 

some flavonols isolated from the leaf surface of three species of Greyia (Bohm 

and Chan, 1992). However, lack of hydroxy-substitution in the different positions 

of the B-ring other than the 4´-position is not uncommon because the B-ring is 

mostly only 4´-hydroxylated at the beginning of flavonoid biosynthesis (Goodwin 

and Mercer, 1983). While there are specific enzyme activities that remove 

hydroxyl groups in the A and C ring, no activity has been studied extensively for 

the 4´-dehydroxylation of the B-ring (Goodwin and Mercer, 1983; Kimura et al., 

2001).  

The production of B-ring deoxyflavonoids in elicited C. senilis cultures 

may not be due to the strict preference of the enzymes for 4´-deoxy substrates in 
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the elicited phenylpropanoid pathway. Our results strongly suggest that the 

metabolic flux involved in the selective production of 4´-deoxyflavonoids may be 

controlled by a specific enzyme activity that dehydroxylates the 4´-position of  the 

tetrahydroxychalcone B-ring. The 4´-dehydroxylation step appears to be induced 

by elicitation because 4´-deoxyaurone accumulation is not observed on non-

elicited cultures (Figure 2.3). The isotope dilution experiments clearly establish 

the metabolic fate of externally added p-coumaric acid in chitin-elicited cultures. 

The incorporation of exogenous unlabeled p-coumaric acid leading to the dilution 

of 3H-isotopic label in cephalocerone suggests the presence of a 4´-

dehydroxylation step within the phenylpropanoid pathway downstream of 4CL. 

The addition of unlabeled compounds in pulse-chase experiments may not 

provide direct evidence whether or not metabolic channeling occurs because 

external addition of the precursor may affect metabolic flux. However, we show 

that the amount of extracted cephalocerone from the elicited cell cultures with or 

without addition of unlabeled precursors remains the same.  

A dehydroxylation step within the flavonoid pathway would still be 

consistent with the observed heightened activity of the phenylpropanoid enzymes 

in elicited “old man” cactus cultures (Liu et al., 1995; Paré et al., 1992). It has 

been determined from earlier enzymatic studies that all the phenylpropanoid 

enzymes can activate both 4´-deoxy and 4´-hydroxy precursors (Liu et al., 1995). 

This means that the usual phenylpropanoid biosynthesis can proceed up to the 

production of the tetrahydroxychalcones. The tetrahydroxychalcone may then be 

reacted on by a “dehydroxylase” thus producing a trihydroxychalcone lacking a 
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hydroxyl group at the 4´-position of the B-ring. Figure 2.11 suggests a model for 

the chitin-induced biosynthesis of the 4´-deoxyaurone in elicited cell suspension 

cultures of C. senilis.  

General dehydroxylation activity is not unique to “old man” cactus cell 

cultures. Flavonoids lacking the usual hydroxyl substitution pattern at the 5-

position of the A-ring were isolated from several species of Baptisia 

(Leguminosea) (Markham and Mabry, 1968; Markham et al., 1968,1970; 

Markham et al., 1968).  The dehydroxylation activity at the C-5 position (C-6´, 

chalcone numbering) probably occurs at the aromatic ring formation during the 

polyketide stage or, at the latest, at the chalcone stage because the presence of the 

step controlling the removal of the hydroxyl group results in all flavonoids being 

equally affected (Goodwin and Mercer, 1983; Kimura et al., 2001). Baicalein, a 

major 4´-deoxyflavonoid from skullcap roots (Scutellaria baicalensis), is also one 

of the 4´-deoxyflavonoid compounds isolated from elicited “old man” cactus cell 

cultures (Liu et al., 1993; Rossi et al., 2001). Baicalein has been shown to exhibit 

biochemical activity against certain types of cancer cells (Gao et al., 2001; Rossi 

et al., 2001), however the biosynthesis of baicalein in plants is not well 

established (Kuzovkina et al., 2001). The conversion of purine and pyrimidine 

nucleotides by ribonucleotide reductases to deoxynucleotides in DNA replication 

and repair is an example of a well characterized dehydroxylation step that is 

present in all organisms (Stubbe et al., 2001). The existence of different types of 

dehydroxylation activity for the production of essential deoxy-compounds (Figure 
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2.12) in some biosynthetic pathways is evidence that the same activity such as the 

proposed 4´-dehydroxylation step in “old man” cactus can occur.  

 

6. Comments on the 4´-Deoxyflavonoid Phenomenon in Cephalocereus senilis 

Biochemical and enzymological studies on the “old man” cell suspension 

cultures began in the early 1990’s upon a serendipitous discovery in Mabry’s lab 

that the cell cultures turn red upon fungal infection. Paul Paré conducted the 

initial biochemical studies and more detailed enzymological investigations were 

continued by Qin Liu in collaboration with Richard Dixon’s lab at the Noble 

Foundation. The 4´- deoxyflavonoid phenomenon continues to draw two schools 

of thought, the 4´- hydroxylation “bypass” pathway and the 4´-dehydroxylation 

route. Below are the comments contributed by Mabry and Paré: 

Mabry’s comments 

I have favored the “bypass” theory (bypassing a hydroxylase in the 
phenylpropanoid pathway) to form the 4’-deoxyflavonoids in chitin-
elicited C. senilis cultures because of the simplicity of requiring only a 
modification at the cellular-membrane transport system to execute the 
“bypass”. In contrast, the removal of the 4’-hydroxyl group from a 
flavonoid is almost not known presumably because the 4’-hydroxyl is one 
of the most acidic groups in flavonoids playing a significant role in most 
of the metabolic reaction of these compounds. To generate a 
dehydroxylase seems to me to be highly unlikely because it probably 
requires activation of a dehydroxylase gene not previously reported.  

Gani’s findings support the dehydroxylase theory and set the stage for a 
new round of labeling experiments which we hope to jointly conduct with 
Paul Paré, Texas Tech University. 
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Paré’s comments 

The cactus aurone, cephalocerone is devoid of the usual 4' hydroxyl group 
in the B-ring. Gani’s experimental data with radiolabeled precursors 
indicates that the p-coumaryl CoA serves as the precursor for deoxy-
aurone synthesis. Such a dehydroxylation step is not unprecedented. In the 
case of ribonucleotide reductase both purine and pyrimidine nucleotides 
are converted to deoxynucleotides via a dehydroxylation step. Three 
radical reaction mechanisms have been proposed for the separate classes 
of reductases that generate the monomeric precursor for DNA replication 
and repair. Each of the enzyme reactions catalyzes the dehydroxylation of 
the 2' hydroxy in the ribose ring to form the deoxyribose DNA backbone 
(Stubbe et al., 2001). A substantive distinction between ribonucleotide 
reductase and the proposed dehydroxylase reactions is that the reductase is 
converting a preformed precursor while aurone formation requires almost 
a back to back hydroxylation/dehydroxylation set of reactions. The loss of 
methyl units can also occur during the "building" of  molecules.  In the 
case of cholesterol synthesis, the A-ring methyl groups at position 4 are 
removed by a 3-step process involving the successive intermediates 4"-
hydroxymethyl and 4"-formyl sterols (Nes and McKean, 1977). 

 

C. EXPERIMENTAL 

1. Plant Material 

Callus cultures of Cephalocereus senilis were initiated from inner stem 

tissue of greenhouse-grown plants and cultured on a medium containing MS 

minimal organic salts, 3% (w/v) sucrose, 0.2% (w/v) Phytagel, 4.5 µM 2,4-

dichlorophenoxyacetic acid, 4.4 µM N-6-benzyladenine, with the pH adjusted to 

5.7 (Figure 2.13). Suspension cultures were initiated from callus material and 

grown on a rotary shaker at 118 rpm in the dark in the same medium but in the 

absence of gelrite (Figure 2.13). Cultures were subcultured every fourth day by 

mixing 150 ml of suspension culture with an equal amount of fresh medium. 
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Four days after subculturing, dark-grown “old man” cactus cell suspension 

cultures (25 ml batches) were added to 5 ml of fresh media and  treated with 5 ml 

of a sterile chitin suspension (8 mg chitin ml-1 fresh media). The chitin-elicited 

cells were harvested at various times after elicitation and control cells were 

treated with the same amount of fresh media. 

 

2. Chemicals 

 3H-L- 2,3,4,5,6-Phe (124 Ci/mmol) was supplied by Amersham (Little 

Chalfont, United Kingdom). Unlabeled trans-cinammic acid and p-coumaric acid 

were obtained from Sigma.  

 

3. Precusor Dilution Experiments 

 “Old man cactus” cell suspension cultures (25-ml batches) were incubated 

4 days after subculturing with 50 µl of 3H-L- 2,3,4,5,6-Phe (124 Ci/mmol) with or 

without unlabeled trans-cinnamic or 4-coumaric acid (10-4 and 10-5). After 24 hr, 

the cells were filtered through a nylon mesh and cooled in liquid N2.  The soluble 

phenolics were extracted with 25 ml of chilled acetonitrile by sonication for 10 

min and centrifuged at 14,000 rpm for 18 min. The residue was re-extracted with 

25 ml of 50% (v/v) aqueous acetonitrile and centrifuged at 16,000 rpm for 20 min.  

The combined extracts were evaporated to dryness in vacuo. The concentrate was 

redissolved in 5.0 ml of 0.01 N HCl, and the solution was acidified with 20 drops 

of 1 N HCl.  
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The following solid phase extraction steps were performed using a 

Supelco Visiprep vacuum manifold (Supelco, Bellefonte, PA). The acidic solution 

was applied to C-18 Sep Pak Plus cartridge (Waters Associates, Milford, MA; the 

C-18 Sep Pak was equilibrated first with 1 ml of acetonitrile followed by 1 ml 

H2O). After washing the cartridge with 4 ml of 0.01 N HCl, the phenolic fraction 

was recovered by eluting the Sep Pak with 3 ml of H2O:acetonitrile (6:4). 

Aliquots (50 µl) were separated by HPLC (as described below) and radioactivity 

was monitored with a Beckman 171 Radioisotope detector (32 Karat system 

software, Beckman-Coulter Inc., Fullerton, CA). The radioactive peaks were 

identified by co-migration with isolated standard samples and authentic standards 

(Sigma).  A quench curve with 25% acetonitrile in pH 3.0 water (pH adjusted 

with glacial acetic acid), spiked with tritium labeled phenylalanine, showed 

optimal counts at 4:1 cocktail: effluent ratio with ReadyFlow III scintillation fluid 

(Beckman-Coulter Inc., Fullerton, California). Aliquots of 3H-labeled 

phenylalanine were injected into the HPLC system to calculate the total amount of 

radioactivity (DPM) administered to cultures.  

 

4. Separation of Phenolics by Reverse Phase HPLC 

 HPLC analysis was performed by using a modification of the method of 

Burbulis (1996). The Beckman chromatography system (Beckman-Coulter Inc., 

Fullerton, California) is composed of a model 126 solvent module/dual pump 

system, model 507e autosampler, model 168 photodiode array detector and a 

model 171 radioisotope detector (Figure 2.14). System operation and data 
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collection were managed by Beckman 32 Karat® system software on an IBM 

300PL (IBM Corp., White Plains, NY) with Windows NT (Microsoft, Redmond, 

WA). Plant or cell suspension phenolic fractions (50 µl each) were applied to an 

Allsphere ODS-2 reverse phase HPLC column (5 micron particle size, 4.6 x 250 

mm; Alltech, Deerfield, IL) and eluted in HPLC-grade water (Solvent A; pH 3.0 

adjusted with glacial acetic acid) with an increasing acetonitrile (Solvent B) 

concentration gradient (starting with 5% [v/v] B; 0-2 min, 0-10% B; 2-27 min, 

10-50% B; 27-29 min, 50-100% B; 29-31 min, 100% B; 31-33 min, 100-5% B) at 

a constant flowrate of 1.0 ml min-1 (Burbulis et al., 1996). Elution was monitored 

at 280 nm, based on absorbance maxima of the cephalocerone, although similar 

profiles were obtained at 255 and 330 nm.  

 

5. Liquid Chromatography Electrospray Ionisation Mass Spectrometry 
(LC/ESI-MS) analysis 

ESI-MS has been used for routine mass spectrometric analysis of a wide 

range of biomolecules including flavonoids. ESI-MS is considered a soft 

ionization technique that allows an accurate molecular weight measurement of 

both fragile and non-volatile biomolecules. Cell suspension extracts were 

analyzed at the University of Texas at Austin Mass Spectrometry Laboratory with 

a Finnigan LCQ, an ion trap mass spectrometer equipped with electrospray 

ionization (ESI) and atmospheric pressure chemical ionization (APCI) ion sources 

(Figure 2.15; Thermo Finnigan, San Jose, CA).  
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6. Other Experimental Activities 

It should be noted that only the final experimental procedures are 

presented; the development of these procedures each required dozens of trial runs 

and refinement over several years. Also not included here were numerous 

investigations not relevant to this dissertation: 

 

(a). Further characterization of the red pigment.  

Attempts were made to re-isolate the red pigment for use in metabolic 

profiling as a standard and for further molecular studies. Light microscopy 

was also used to determine localization of the red pigment in the cactus 

cultures. An organic synthesis procedure for cephalocerone was developed 

with Didier Villemin (Ecole Nationale Superieure d'Ingenieurs de Caen 

ISMRA, Universite de Caen, France) but has not been carried out due to 

time and budget constraints.  

 

(b). Development of cell suspension cultures from Opuntia and 

Mammalaria callus cultures.  

Numerous attempts were made to develop cell suspension cultures from 

other cacti species to survey the 4´-deoxyflavonoid phenomenon. Time 

and budget constraints did not allow for a long term maintenance of the 

new cultures because metabolic profiles were being developed for the C. 

senilis system.  

 

 54



(c). HPLC- radiolabeling experiments using 14C-labeled trans-cinnamic 

and p-coumaric acid.  

Synthesis of trans-cinnamic acid and p-coumaric acid were successful but 

the yield from each synthesis procedure was so low that the radioactivity 

levels were undetectable in isotope experiments using these labeled 

precursors (see Chapter 3).  
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Figure 2.1. HPLC Profile of Radioactive Compounds.  

Radiolabeled metabolic profiles from elicited “old-man” cactus cultures at 
0, 8, 12 and 24 hr after feeding 50 µl L-[2-6- 3H] phenylalanine; 50 µl of 
the phenolic extract were injected into the HPLC (Paré et al., 1992).  
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Figure 2.2. HPLC Online Absorption Spectra of Cephalocerone. 
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Figure 2.3. HPLC Metabolic Profiles of “Old Man” Cactus Cell Suspension 
Cultures.  

(a) Non-elicited cell cultures and (b) chitin elicited cell cultures. 
Cultures were harvested 24 hr after elicitation and extracts of soluble 
phenolics were separated through HPLC. Cephalocerone peak at 20.7 min 
in elicited cultures was identified by comparison of UV absorption spectra 
and retention times in literature (Paré, 1991) and the molecular weight was 
confirmed through LC/ESI-MS. mAu, milliabsorbance units. 
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Figure 2.4. HPLC Traces Showing Incorporation of Tritium from 3H-L-Phe into 
Phenylpropanoid Compounds in Elicited “Old Man” Cactus Cell 
Suspension Cultures. 

(a) HPLC absorbance spectra. mAu, milliabsorbance units. 
(b) Radioisotope activity spectra. DPM, disintegrations per minute. 
Cultures were treated with 50 µl of 3H-L-Phe 16 hr post-elicitation. Cells 
were harvested 24 hr after elicitation.  Extracts of soluble phenolics were 
separated by HPLC. Radioactivity was measured using an online 
radioisotope detector. Cephalocerone peak is at 20.7 min. 
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Figure 2.5. Suggested Bypass Pathway in Elicited “Old Man” Cactus Cell 
Suspension Cultures vs. Usual Phenylpropanoid pathway. 

The suggested 4´-deoxy pathway leading to the production of 4´-
deoxyflavonoids including the phytoalexin cephalocerone involving a 
bypass of the C4H hydroxylation step. The 4´-deoxy pathway is contrasted 
with the usual phenylpropanoid pathway. 
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Figure 2.6. Induction of 4CL Activity in “Old Man” Cactus Cell Cultures.  

4CL activity in elicited (•) and non-elicited (o) cultures of C. senilis. 
Activities were determined with p-coumaric (pCA; A) and trans-cinnamic 
acid (tCA; B) as substrates. (Figure adapted from Liu et.al., 1995) 
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Figure 2.7. In Vivo Labeling Experiments Demonstrate 3H-Isotope Dilution in 
Cephalocerone Upon Addition of trans-Cinnamic Acid in Elicited 
“Old Man” Cactus Cell Suspension Cultures.  

Results are expressed as the ratio of incorporation of 3H-L-Phe 
(determined as counts per minute) in the phenolic product, cephalocerone 
(Iproduct), to its absorbance per g fresh weight (mAu/g fresh wt; Aproduct)of 
culture collected (CPM/mAu⋅g fresh wt). Effects of the addition of 
unlabeled trans-cinnamic acid at 12 hr and 16 hr post-elicitation on the 
ratio of Iproduct to Aproduct are shown. Results shown are the means ± SD of 
the replicates of two independent experiments. Compounds were extracted 
24 hr after elicitation.  
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Figure 2.8. In Vivo Labeling Experiments Demonstrate 3H-Isotope Dilution on 
Cephalocerone Upon Addition of Unlabeled trans-Cinnamic and 
para-Coumaric Acids in Elicited “Old Man” Cactus Suspension 
Cultures.   

Results are expressed as the ratio of incorporation of 3H-L-Phe 
(determined as disintegrations per minute) in the phenolic product, 
cephalocerone (Iproduct), to its absorbance (mAu) culture  (Aproduct) per g 
fresh weight of culture collected (DPM/mAu⋅g fresh wt). Effects of the 
addition of two different concentrations(10-4 M and 10-5 M) of unlabeled 
trans-cinnamic acid (tCA) and para-coumaric acid (pCA) at 16 hr post-
elicitation on the ratio of Iproduct to Aproduct are shown. Results shown are 
the means ± SD of two independent experiments. Compounds were 
extracted 24 hr after elicitation. (Raw data in Appendix B and C) 
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Figure 2.9. Amount of Cephalocerone in In Vivo Labeling Experiments.  

Results are expressed in mAu per g fresh wt of culture. Effects (or lack 
thereof) of the addition of two different concentrations (10-4 M and 10-5 
M) of unlabeled trans-cinnamic acid (tCA) and para-coumaric acid (pCA) 
at 16 hr post-elicitation on the extractable amount of cephalocerone are 
shown. Results are the means ± SD of two independent experiments. 
Compounds were extracted 24 hr after elicitation and extracts were 
analyzed by HPLC. (Raw data in Appendix B and C) 
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Figure 2.10. Primary and Secondary Pathways.  

A to C= intermediates of basic pathway; P= product or key intermediate; 
P1 to P5= transformation products (adapted from Hartmann, 1996). 
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Figure 2.11. Proposed Dehydroxylation Pathway of 4´-Deoxyflavonoids in 
Chitin-Elicited Cell Suspension Cultures of C. senilis.  

Enzyme names are abbreviated as follows: phenylalanine ammonia lyase 
(PAL), cinnamate-4-hydroxylase, 4-coumaroyl:CoA ligase (4CL), 
chalcone synthase (CHS) and chalcone isomerase (CHI).  
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Figure 2.12. Compounds Produced from Dehydroxylation Biosynthesis. 

 Cephalocerone, a 4′-deoxyaurone from Cephalocereus senilis.  
Baicalein, a 4′-deoxyflavonoid from Scultellaria baicalensis and also  

isolated from C. senilis. 
 Calycosin, a 5-deoxyflavonoid from Baptisia calycosa. 

2-deoxynucleoside-5′-diphosphate from the reduction of ribonucleotides  
(N= adenine, uracil,guanine, and cytosine) 

 Arrows indicate dehydroxylated position. 
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Figure 2.13. Tissue Culture Propagation of “Old Man” Cactus. 

Callus cultures and (B) Cell suspension cultures.
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Figure 2.14. HPLC with Radioisotope Detector. 
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Figure 2.15. Liquid Chromatography/Electrospray Ionisation- Mass Spectrometry. 

 (LC/ESI-MS; Department of Chemistry, University of Texas at Austin).  
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Chapter  3 

Conclusions and Summary 

A. STUDIES COMPLETED 

The flavonoid biosynthetic pathway of Cephalocereus senilis, “old man” 

cactus, serves as a useful model for studying metabolic regulation. The unusual 

production of 4'-deoxyflavonoids in elicited liquid cultures of “old man” cactus 

suggests a novel 4'-dehydroxylation step in the elicited phenylpropanoid pathway. 

HPLC metabolic profiles and isotope labeling studies were developed, and the 

mechanism leading to the 4'-deoxyaurone, cephalocerone, was proposed and the 

“bypass” theory is considered to be highly unlikely (Figure 3.1).  

 

1. Metabolic Profiling 

Previous studies on C. senilis chitin-elicited cell suspension cultures 

demonstrate that a group of 4'-deoxyphenolics was synthesized de novo through 

the phenylpropanoid pathway (Paré et al., 1991).  In addition to cephalocerone, 

eight other 4'-deoxyflavonoids were isolated from chitin-elicited “old man” cactus 

cell suspension cultures (Liu et al., 1993; Liu et al., 1994; Liu et al., 1993). 

Consequently, only 4'-hydroxylated flavonoids were isolated from whole stems of 

C. senilis (Liu et al., 1994). A method in extracting cell cultures was established 

to reflect an accurate metabolic profile with cephalocerone identified as the major 

peak. Cephalocerone, aside from being a 4'-deoxyflavonoid, also has phytoalexin 
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properties and may be abundantly produced by “old man” cactus cell suspension 

cultures as a defense response to pathogen infection (Paré et al., 1991).  

Identification of cephalocerone in the metabolic profiles was made through 

known UV absorption spectra and retention times in literature (Paré et al., 1992) 

and confirmed by LC/ESI-MS.  

 

2. Evidence for the Novel Chitin- Elicited 4´-Dehydroxylation Step  

It has been shown that the elicited suspension cultures have all the 

necessary enzymatic activities needed for the conversion of L-phenylalanine to 

the B-ring deoxyflavonoids, a single form of CoA ligase that is unusually active 

with cinnamic acid, a chalcone synthase exhibiting activity towards cinnamoyl 

CoA, and two isoforms of chalcone isomerase showing activities to the 4´-

hydroxyl- and 4´-deoxychalcones (Liu et al., 1995; Paré et al., 1992). The 

simplest explanation would be a reduction in the activity of C4H, but enzymatic 

studies in Dr. Mabry’s group has shown that C4H activity is not significantly 

reduced in elicited cactus cultures (Liu et al., 1995). This result suggests 

metabolic channeling, specifically a “bypass” of microsomal C4H in the 

biosynthetic pathway from PAL to CoA ligase (Figure 3.1). Another possibility 

could involve the normal biosynthesis of the 2´,4,4´,6´-tetrahydroxychalcone with 

subsequent induction of a specific 4´-dehydroxylase to remove the 4´-hydroxyl 

group thereby allowing selective formation of the B-ring deoxyflavonoids upon 

elicitation (Figure 3.1).  
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Although dehydroxylation reactions in different biosynthetic pathways are 

not unprecedented, the 4´-dehydroxylation step in the flavonoid pathway is almost 

not known. A 4´-hydroxylation “bypass” seems much simpler (see Mabry’s 

comments in Chapter 2) but it has more extensive implications because of the role 

of the 4´-hydroxylation by C4H in the formation of lignin. Conversion of 

cinnamic acid and other phenolic acid derivatives to the alcohol monomers that 

incorporate into lignin (Figures 3.2 and 3.3), is a process crucial to lignin 

formation since the 4´-hydroxyl groups are directly involved in the linkages of 

lignin (Freudenberg and Neish, 1968; Whetten and Sederoff, 1995). It appears 

more unlikely that the 4´-hydroxylation step in the phenylpropanoid pathway is 

bypassed as this bypass would probably affect lignin formation as well. From an 

evolutionary point of view, the 4´-hydroxylation step may be genetically 

constrained. For a plant to accumulate a set of defense compounds, it would make 

more sense to have back to back hydroxylation/dehydroxylation reactions (see 

Paré’s comments in Chapter 2) than to bypass an important hydroxylation step 

that may affect and downgrade an important function such as lignin biosynthesis.  

A detailed investigation on the biosynthesis of 4´-deoxyflavonoids was 

conducted using isotope dilution experiments on elicited “old man” cactus cell 

cultures. Timed isotope dilution studies with simultaneous addition of 3H-L-Phe 

and unlabeled trans-cinnamic acid at 12 hr and 16 hr post-elicitation show more 

incorporation of unlabeled trans-cinnamic acid at 16 hr. This confirms past 

enzymological studies that indicate an increased enzyme activity starting at 12 hr 

and maximizing at 16 hr after elicitation with chitin. There is no metabolic 
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channeling between PAL and C4H, and PAL and 4CL since exogenous unlabeled 

trans-cinnamic acid and para-coumaric acid equilibrated with the endogenous 3H-

labeled precursor pools. Addition of unlabeled para-coumaric acid diluted the 3H-

isotopic label on cephalocerone without changing the amount of cephalocerone 

produced. This shows that the cinnamic acid-4-hydroxylase bypass does not occur 

and metabolic channeling between PAL and 4CL does not exist. Our results show 

evidence for the existence of a novel dehydroxylation activity downstream of 

4CL, probably involving a dehydroxylase that removes the 4´-hydroxyl group 

from a tetrahydroxychalcone before conversion to the 4´-deoxyaurone (Figure 

3.1). 

 

B. FUTURE RESEARCH 

1. Isolation of 4´-Deoxyflavonoid Standards 

A more accurate metabolic profile of elicited “old man” cactus cell 

cultures will be more informative if most, if not all, HPLC metabolic profile 

peaks are accounted for. A significant amount of flavonoid standards from both 

elicited and non-elicited cultures will be isolated in order to characterize 

metabolic profiles.  

2. Metabolic Profiling with Other Labeled Precursors 

While metabolic profiles of 3H-L-Phe fed elicited “old man” cactus cell 

cultures were obtained for data presented in this dissertation, metabolic profile 

experiments using 14C- labeled trans-cinnamic acid and p-coumaric acid were 
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unsuccessful. The synthesis procedures used for both compounds provided low 

yield, not just in compound amounts but in the radioactive label obtained as well. 

For example, the radioactivity of commercially available 3H-L-Phe used in this 

project is at 124 Ci/mmole which is relatively high compared to 56 mCi/mmole of 

the commercially available 2-14C-malonic acid  used as a precursor in the 

synthesis of p-coumaric acid. The literature values for the yield of the p-coumaric 

acid synthesis procedure is at 1-14% and the values obtained in the lab are 

calculated at 5%. In order for us to get close to the level of the 3H-L-Phe used, we 

would need about 5 ml of the labeled malonic acid to do a complete experiment. 

This will not be feasible because the cost of 2-14C-malonic acid is beyond our 

budget at $1400/ml (ICN Pharmaceuticals, Costa Mesa, CA).  In general, plants 

incorporate labeled compounds very poorly, often as little as 10-2 to 10-4 percent. 

This can be increased to 1 percent in cell suspension cultures and to as much as 10 

percent in cell free in vitro experiments with the use of microsomes (Mann, 

1987). Microsome isolation procedures for “old man” cactus cell cultures will be 

developed and metabolic profile studies using labeled trans-cinnamic acid and p-

coumaric will be conducted using these microsomes. Microsome studies will need 

lesser amount of labeled compounds compared to isotope experiments done on 

cell suspension cultures. 

 

3. Dual-Labeling Experiments 

Metabolic flux through the phenylpropanoid pathway can be further 

characterized in detail using co-administration of differentially labeled 
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compounds. Microsomes from “old man” cactus cell suspension cultures will be 

used in dual-labeling studies and 3H/14C incorporation ratios from the various 

metabolites will be obtained to investigate metabolic channeling in the system. 

For example, cell suspension cultures will be treated with both 3H- trans-cinnamic 

acid and 14C-p-coumaric acid. If  3H/14C incorporation ratios are less than one, the 

preferential utilization of p-coumaric acid versus  trans-cinnamic acid would be 

indicated and provide more evidence for the 4´-dehydoxylation step. 

  

5. 4´-Deoxy-Biosynthesis Enzymes 

The specific enzymes for aurone biosynthesis are not known. Studies 

show that chalcones are the precursor of aurones (Wong, 1966). It has been 

suggested that a peroxidase-like enzyme converts chalcones into aurones but this 

reaction step is not well characterized (Goodwin and Mercer, 1983). The 

enzymatic details of the dehydroxylation step (whether a specific dehydroxylase-

like enzyme is induced) to the 4´-deoxyaurone also needs to be established. 

Incorporation of labeled chalcones in metabolic profile studies will help provide 

evidence for the location of the 4´-dehydroxylation step. Skullcap (Scutellaria 

baicalensis) cell cultures and whole plants are known to produce 4´-

deoxyflavonoids (e.g. baicalein) (Kuzovkina et al., 2001). 4´-deoxy biosynthesis 

studies will also be extended to skullcap for comparison with the “old man” 

cactus 4´-dehydroxylation pathway.  
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 6.  4´-Deoxyflavonoid Survey 

It is not known whether the 4´-deoxyflavonoid biosynthesis is exclusive to 

cell cultures of “old man” cactus. Opuntia is known to be susceptible to fungal 

infection (Russell and Felker, 1987). Phytoalexin and 4´-deoxyflavonoid 

biosynthesis research will be extended to Opuntia species and possibly to other 

cactus species closely related to “old man” cactus.  

 

7. Molecular and Genetic Studies 

Signal transduction events underlying 4´-deoxyflavonoid biosynthesis will 

be determined by using molecular techniques investigating the molecular 

“switches” that are activated by chitin elicitation. For example, once the 4´-

dehydroxylation step is fully characterized, cDNA clones of the different 

phenylpropanoid enzymes including the dehydroxylase will be obtained by 

screening elicited cell culture libraries with heterologous probes. Once clones are 

obtained, in vitro experiments on enzymatic activity can be executed and 

compared to the enzyme activities in vivo. If substrate specificities and Km values 

obtained from these molecular studies are different from those in vivo,  a more 

complex regulatory mechanism such as phosphorylation or metabolic 

compartmentation  of the enzymes may exist and will be investigated further. 
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Figure 3.1. The Proposed 4′-Dehydroxylation Pathway vs. the Unlikely C4H 
Bypass Pathway.  

Enzyme abbreviations are as follows: phenylalanine ammonia lyase(PAL), 
cinnamic acid 4-hydroxylase (C4H), coumaroyl/cinnamoylCoA-ligase 
(4CL), chalcone synthase (CHS).  
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Figure 3.2. Synthesis Pathway of Lignin Monomers from Phenylpropanoid 
Precursors.  

Enzyme abbreviations: C4H, cinnamate 4-hydroxylase; 4CL,  
4-coumaroyl-CoA ligase.   
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Figure 3.3. Partial Structure of Spruce Lignin.  

 
(Figure adapted from Freudenberg and Neish, 1968).  
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Appendix A 

Phytoalexin biosynthesis 

 The chemical structures of phytoalexins are diverse and no pathway is 

known to be solely responsible for their synthesis. Most of the phytoalexins are 

derived from the phenylpropanoid and terpenoid pathways with phytoalexin 

pathway-specific enzymes branching out from the major pathways 

(Hammerschmidt, 1999). The shikimic acid pathway yields essential vitamins, 

cofactors and the aromatic amino acids, tyrosine, tryptophan and phenylalanine. 

L-Phenylalanine is the first substrate of the phenylpropanoid pathway and is the 

B-ring source for all flavonoids and its derivatives (Goodwin and Mercer, 1983). 

Phytoalexins from the phenylpropanoid pathway are usually derivatives of the 

isoflavonoids formed by chalcone synthase with malonyl CoA and coumaroyl 

CoA as substrates (Hammerschmidt, 1999).  Medicarpin, an anti-microbial 

compound (Figure 1.3) from alfalfa (Medicago sativa L.) is produced via 

branching from this pathway (Paiva et al., 1991).   

 

A. ELICITOR SIGNAL 

 The phytoalexin defense response is induced by a variety of signals, most 

of them divided into two groups, the abiotic and biotic elicitors.   

Stresses with elicitor activity that are not derived from natural sources are 

abiotic. This group of elicitors includes fungicides, detergents, heavy metal salts, 
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and DNA-intercalating agents (Smith, 1996). The production of phytoalexins can 

also be observed in a variety of plant stress responses such as UV exposure, 

starvation, and wounding.  

 Phytoalexin synthesis in plant-pathogen interactions is initiated by 

compounds produced by the invading  micro-organism. The most common of the 

biotic elicitors are the components of the pathogen that are released exogenously; 

these may represent parts of the cell wall or metabolites that secrete out of the cell 

wall. Compounds belonging to the exogenous biotic elicitor class include 

glycoproteins, lipids, and lipopolysaccharides, and the most studied class being 

the poly- and oligosaccharides.  

 Fungal cell walls are composed mostly of polymers rich in glucan, chitin 

and sugars such as galactose and mannose. Many exogenous elicitors are 

derivatives of these saccharides (Hamdam and Dixon, 1986).  The glucan elicitor 

from the mycelial walls of Phytophthora megasperma Drenchs. var. sojae 

Hildeb., a branched β - 1,3-1,6- linked glucan that has 6- and 3,6- linked glycosyl 

residues (Figure 1.1), is the most studied among the polysaccharide elicitors 

(Ayers et al., 1976).  This hepta-β-glucoside elicitor system in soybean (Glycine 

max L.) is very structure specific and it induces the synthesis of the phytoalexin 

glyceollin (Figure 1.3). Variation of the heptaglucoside structure in various 

elicitation studies show the importance of the β-1,6- linked backbone and the β-

1,3 side chain residues in achieving the appropriate response (Smith, 1996). Strict 

structural requirements are equally critical in other carbohydrate elicitors such as 

chitin and its deacetylated derivative, chitosan (Figure 1.1). Both elicitors are also 
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major components of many pathogens including fungi. The chitosan elicitor 

system has been widely studied in peas while chitin is a major elicitor in rice (Ren 

and West, 1992). Chitin and chitosan lack the branching complexity of the 

heptaglucosides from P. megasperma var. sojae indicating that much of the 

elicitor activity is determined by the degree of polymerization (DP) of the 

glucosamine residues (Smith, 1996; Svitil and Kirchman, 1998; Walker-Simmons 

et al., 1983). The minimum oligomer size of chitin critical for biological activity 

in rice is the tetramer, with the N-acetylchitooctaose showing most potency 

(Shibuya et al., 1993).  

 

B. ELICITOR RELEASE 

 The release of lower molecular weight oligomer elicitors are facilitated by 

cleavage enzymes present in both the host plant and the pathogen (Smith, 1996).  

Increased activities of poly- and oligosaccharide degrading enzymes such as 

chitinases and β-1,3-glucanases have been observed in many plants. Constitutive 

expression of these enzymes appear to be a part of the overall defense strategy of 

the infected plant (Smith, 1996). It has been shown that either singly or in 

combination, the activities of chitinases and glucanases inhibit the growth of 

pathogenic fungi (Broekaert et al., 1988). Degradation of the fungal cell wall to 

inhibit pathogen growth would not be a difficult reason  for the activities of the 

cleavage enzymes. However it has been shown that the presence of the enzymes 

show no toxic effect on the fungus unless plant tissue is present (Yoshikawa et al., 

1990).  
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 The release of low molecular weight oligomers early in the infection 

process suggest an early warning system in the overall defense strategy of the 

plant. In order to avert further damage and pathogen growth to other tissues, the 

immediate release of the elicitors signal the proximate plant tissues to produce the 

appropriate defense compounds (Walker-Simmons et al., 1983; Yamaguchi et al., 

2000; Yamamoto et al., 1998). 

 

C. SIGNAL TRANSDUCTION 

Definite structural requirements for different elicitor systems imply that 

specific cellular receptors play a significant role in plant-pathogen interactions. 

This kind of specificity is manifested in many signal transduction systems. 

Different pathogens may exhibit different levels of toxicity to the same plant  and 

a variety of responses may occur with exposure to different environmental 

stresses.  Studies have shown that it is most unlikely for the pathogen-derived 

chemical stimuli to be internalized, therefore an intracellular signal must directly 

induce phytoalexin release (Smith, 1996).  Glucan binding sites on the surface of 

soybean cells show very high specificity for fungal β-glucans including the well 

studied hepta-β-glucosides from P. sojae. Similar β-glucan receptors also exist in 

other legumes such as such as bean (Phaseolus vulgaris L.),  lupine (Lupinus 

albus L.), and pea (Pisum sativum L.).  

Increased ion flux is highly correlated with the phytoalexin response in 

elicited soybean cells (Ebel et al., 1995). Secondary messengers such as cytosolic 

Ca2+ seem to be necessary in phytoalexin production when transgenic soybean 
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cell cultures expressing aequorin are treated with β-glucan and chitin elicitors 

(Mithofer et al., 1999). Furthermore, inhibition of Ca2+-channels in soybean cells, 

in the presence of elicitors, lower phytoalexin accumulation and chalcone 

synthase activation (Stab and Ebel, 1987). Gene activation of the phytoalexin 

defense pathway may involve Ca2+ regulation of an H+-ATPase and protein 

kinases (Ebel and Mithofer, 1998).  

Increased oxygen uptake or “oxidative burst” has also been observed as a 

part of the early response system in elicited plant tissues (Figure 1.2). It has been 

suggested that one of the critical elements in the trigger of the plant defense 

response is the formation of reactive oxygen species such as •O2
- and H2O2 

(Mehdy, 1994). Application of H2O2 in bean cells (P. vulgaris) has been observed 

to induce transcription of several major phenylpropanoid enzymes such as 

phenylalanine ammonia lyase (PAL) and chalcone synthase (CHS) (Mehdy, 

1994). However, the same accumulation of PAL and CHS is not observed in 

soybean cells in the presence H2O2. Detailed studies in soybean suggest that H2O2 

plays an indirect role in the elicitation process, either as an early inducer or as a 

signal in a separate but related pathway (Tenhaken et al., 1995).  

G-protein cascades, usually involved in growth and intracellular transport, 

are also known to play an essential role in the defense signal pathway in rice 

(Sano and Ohashi, 1995).  Reversible protein phosphorylation patterns in the 

cytoplasm and nucleus upon application and removal of elicitor in the presence of 

Ca2+ were observed in parsley (Petroselinum crispum (Mill) AW Hill) cell-

suspension cultures (Dietrich et al., 1990). K-252a, a known inhibitor of animal 

 90



protein kinase blocks characteristic elicitation responses of tomato cells such as 

ethylene biosynthesis and PAL activity at any time point in the elicitation process 

(Felix et al., 1991). These studies show indirect evidence of a phosphorylation 

cascade that needs to be continuous in order for the whole elicitation process to 

take place (Figure 1.2).    
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Figure A.1. Soybean Model of the Fungal Elicitor-Mediated Plant Defense  

Response (Adapted from Ebel and Mithöfer, 1998). 

 
The major components involved in the signal transduction events are: a 
plasma-membrane receptor for the elicitor and several ion fluxes leading 
to membrane depolarization and to Ca2+ influx; regulation of protein 
kinases and phophatases by Ca2+ leading to protein phosphorylation or 
dephosphorylation; production of reactive oxygen species such as •O2

- and 
H2O2 appears to be correlated with defense activation; a lipid-based 
intracellular pathway has been associated with the entry of plant hormones 
(jasmonic acid) in the system. These events are suggested to be involved 
as transcription factors in the activation of plant defense-related genes 
(Ebel and Mithöfer, 1998) . 
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Appendix B 

HPLC raw data for the isotope dilution experiments shown in Figures 2.8 and 2.9. 
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Cell cultures + 3H-Phe (Trial 2) 
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Cell cultures + 3H-Phe + chitin (Trial 1) 
 

Minutes
0 5 10 15 20 25 30

m
AU

0

500

1000

m
AU

0

500

1000

4: 280 nm, 4 nm
3/28/02 8:18:18 PM_E161_DPM_3Shirley171RadioIsoflavprofile_Bmethod.met

Minutes
0 5 10 15 20 25 30

D
PM

0

200000

400000

600000

D
PM

0

200000

400000

600000

171 A
3/28/02 8:18:18 PM_E161_DPM_3Shirley171RadioIsoflavprofile_Bmethod.met

 
 
 
 
 
 
 
 
 
 

 97



 
Cell cultures + 3H-Phe + chitin (Trial 2) 
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Cell cultures + 3H-Phe + chitin + 10-4 M trans-cinnamic acid (Trial 1) 
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Cell cultures + 3H-Phe + chitin + 10-4 M trans-cinnamic acid (Trial 2) 
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Cell cultures + 3H-Phe + chitin + 10-5 M trans-cinnamic acid (Trial 1) 
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Cell cultures + 3H-Phe + chitin + 10-5 M trans-cinnamic acid (Trial 2) 
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Cell cultures + 3H-Phe + chitin + 10-4 M p-coumaric acid (Trial 1) 
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Cell cultures + 3H-Phe + chitin + 10-4 M p-coumaric acid (Trial 2) 
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Cell cultures + 3H-Phe + chitin + 10-5 M p-coumaric acid (Trial 1) 
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Cell cultures + 3H-Phe + chitin + 10-5 M p-coumaric acid (Trial 2) 
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Appendix C 

 Table C.1. Data Computation for Figure 2.8. 
 Trial 1   Trial 2   Ratio   g fr wt   
Treatment DPM mAu DPM mAu Trial  1 Trial 2 Trial 1 Trial 2

+ 3H-Phe 0 0 0 0 0 0 7 7.1 
+ 3H-Phe 
+ chitin 9052639 23542877 11393832 30275453 0.384517 0.376339 6.9 7.2 

+ 3H-Phe 
+ chitin 
+ 10-4 M tCA 4220636 30591753 4872017 35224303 0.137966 0.138314 6.6 7.2 

+ 3H-Phe 
+ chitin 
+ 10-5 M tCA 9036386 28737676 6502263 22995528 0.314444 0.282762 6.8 6.5 

+ 3H-Phe 
+ chitin 
+ 10-4 M pCA 2320622 18104000 2373414 27932214 0.128183 0.08497 6.6 7.1 

+ 3H-Phe 
+ chitin 
+ 10-5 M pCA 6007922 26287730 6737448 25732826 0.228545 0.261823 6.8 6.7 
         
cont'd         
         
 Ratio/g fr wt Average Standard     
Treatment Trial 1 Trial 2 Ratio Deviation     

+ 3H-Phe 0 0 0 0     
+ 3H-Phe 
+ chitin 0.055727 0.052269 0.053998 0.002445     

+ 3H-Phe 
+ chitin 
+ 10-4 M tCA 0.020904 0.01921 0.020057 0.001198     

+ 3H-Phe 
+ chitin 
+ 10-5 M tCA 0.046242 0.043502 0.044872 0.001937     

+ 3H-Phe 
+ chitin 
+ 10-4 M pCA 0.019422 0.011968 0.015695 0.005271     

+ 3H-Phe 
+ chitin 
+ 10-5 M pCA 0.03361 0.039078 0.036344 0.003867     
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Table C.2. Data Computation for Figure 2.9. 

 
 mAu x 107 g fr wt   Ratio/g fr wt (x 107) Average Standard
Treatment Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2 Ratio x 107 deviation
+ 3H-Phe 0 0 7 7.1 0.000 0.000 0.000 0
+ 3H-Phe 
+ chitin 2.35 3.03 6.9 7.2 0.341 0.421 0.381 0.056748

+ 3H-Phe 
+ chitin 
+ 10-4 tCA 3.06 3.52 6.6 7.2 0.464 0.489 0.476 0.017856

+ 3H-Phe 
+ chitin 
+ 10-5 tCA 2.87 2.3 6.8 6.5 0.422 0.354 0.388 0.048234

+ 3H-Phe 
+ chitin 
+ 10-4 pCA 1.81 2.79 6.6 7.1 0.274 0.393 0.334 0.083944

+ 3H-Phe 
+ chitin 
+ 10-5 pCA 2.63 2.57 6.8 6.7 0.387 0.384 0.385 0.00225
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