
Kinetic Analysis of the Catabolism of Tabersonine in Catharanthus roseus Leaf Protein 

Extracts 

 

 

 

A THESIS SUBMITTED TO THE FACULTY OF THE UNIVERSITY OF  

MINNESOTA BY 

 

 

 

Matthew Dale Evans 

 

 

 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF  

MASTER OF SCIENCE CHEMICAL ENGINEERING 

 

 

 

Dr. Guy W. Sander 

 

 

 

August 2018 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Matthew Evans 2018



i 

 

Acknowledgments 

 I would like to express gratitude toward my adviser Dr. Guy Sander for teaching 

me the principles of metabolic engineering, and for providing great guidance and support 

throughout the entire process of this work. 

 I also would like to thank Dr. Michael Rother and Dr. Victor Lai for serving on 

my thesis committee. 

 Thanks also goes out to the faculty of the Chemical Engineering Department for 

teaching me the principles of chemical engineering in your courses. 

 I would also like to thank my fellow Chemical Engineering graduate students for 

their support and conversations, both on- and off-campus. 

 And finally, I would like to thank my family and friends for their continued 

support throughout my graduate studies.  

 

 

 

 

 

 

Funding for this project was provided by the Chancellor’s Faculty Small Grant and 

Teaching & Research assistantships through the University of Minnesota Duluth. 



ii 

 

Abstract 

 Vinblastine and vincristine are valuable chemotherapy compounds produced by 

Catharanthus roseus. However, they are produced in small quantities in the plant because 

of their cytotoxicity and spatial separation of the metabolic pathways of the two 

monomeric molecules, vindoline and catharanthine, that condense to form them. There 

have been extensive attempts to metabolically engineer greater production of these 

molecules, but the specialized cell types needed for the terminal steps of vindoline 

biosynthesis from tabersonine and the high regulation of the pathway in the plant have 

made use of a homologous host difficult. Recently, all metabolic steps of the pathway 

have been elucidated, but there remains difficulty in culturing a heterologous host to 

express all metabolic steps. There is almost no knowledge of the catabolism of these 

alkaloids in the plant, and this knowledge could be used in future metabolic engineering 

attempts. Leaf protein extracts were incubated with tabersonine to attempt to find 

possible catabolic products, and initial rate experiments were used to calculate kinetic 

parameters of a possible catabolic enzyme. Results showed no formation of previously 

known or unknown metabolites. After performing kinetic studies, evidence was found of 

an allosteric enzyme acting on tabersonine with a vm of 5.4 ± 1.9 μM min-1, a Km
"  of 

16,000 ± 14,000 μM, and a Hill coefficient of 2.0 ± 0.2. 
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Background 

Introduction 

Catharanthus roseus produces a wide range of pharmaceutically active alkaloids 

in its secondary metabolic system. These molecules are enzymatically synthesized in the 

plant as a defense against folivore and fungal attacks. Different metabolites cause 

different symptoms in the attacking organism: for example, strictosidine, the first alkaloid 

in the pathway, causes protein reticulation, while vincristine and vinblastine, closely 

related dimers in the pathway, disrupt the formation of microtubules during mitosis [1]. 

This led to those metabolites being the first biologically produced drugs used in cancer 

treatments [1–3]. 

Vincristine and vinblastine can currently be produced in two ways: extraction of 

the dimer directly from the plant, and semi-synthetic production. There have been several 

semi-synthetic methods suggested [4]; however, they require using catharanthine and 

vindoline from the plants, which are also found in low levels. Fully synthetic production 

techniques are difficult because of the high complexity of the molecules and 

stereochemical constraints.  

Vincristine and vinblastine are found in very low levels in the plant (0.0003% to 

0.01% dry weight) [5], and it can take 1000 kg dry leaves to produce one gram of product 

[6]. Low levels of the terpenoid indole alkaloid (TIA) dimers can be attributed to the 

spatial separation of the monomers during TIA biosynthesis [7]. Upstream metabolites in 

the pathway are synthesized in internal phloem-associated parenchyma (IPAP) cells 

before being transported to leaf epidermal cells, where tabersonine and catharanthine are 
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synthesized. Catharanthine is then exuded to the wax on the leaf surface, where it exhibits 

antifungal properties [7]. However, the terminal stages of vindoline biosynthesis from 

tabersonine occur in specialized mesophyll and laticifer and idioblast cells [2,8–10]. This 

allows the separation of the two monomer TIAs and formation of the dimer and its anti-

mitotic properties until the plant undergoes folivore attack. For example, when 

caterpillars were fed a diet of C. roseus leaves and their gut was extracted to test for 

alkaloid levels, it was found the gut extracts had a higher ratio of dimer to monomer than 

the leaves while the composition of other TIAs was similar [1].  

Terpenoid Indole Alkaloid Enzymatic Pathway 

 The overall terpenoid indole alkaloid pathway is shown in Figure 1. The first 

metabolite in the terpenoid indole alkaloid metabolic pathway is strictosidine. 

Strictosidine is a result of the enzymatic coupling of secologanin and tryptamine by 

strictosidine synthase. Tryptophan is decarboxylated to tryptamine by tryptophan 

decarboxylase in epidermal cells in the indole biosynthetic pathway [2]. Secologanin 

biosynthesis begins in the methyl-erythritol pathway (MEP), which occurs in specialized 

internal phloem-associated parenchyma (IPAP) cells. There geraniol is converted to 10-

hydroxygeraniol by geraniol-10-hydroxylase before it or another intermediate is 

transported to the leaf epidermis, and loganin is converted to secologanin by secologanin 

synthase.  

Strictosidine is transformed by strictosidine β-glucosidase, after which it 

undergoes spontaneous reactions to form 4,21-dehydrogeissochizine which is 

enzymatically transformed to 19E-geissoschizine by geissoschizine synthase [11]. 19E-

geissoschizine then undergoes 6 more enzymatic steps before being converted to either 
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tabersonine or catharanthine by tabersonine synthase or catharanthine synthase [12,13]. 

While still in the leaf epidermal cells, tabersonine is converted to 16-methoxytabersonine 

by tabersonine-16-hydroxylase and tabersonine-16-O-methyltransferase [9,14]. It is then 

transported to the mesophyll cells where the enzymes tabersonine-3-oxygenase and 

tabersonine-3-reductase transform it to 3-hydroxy-16-methoxy-2,3-dihydrotabersonine 

[15], followed by 3-hydroxy-16-methoxy-2,3-dihydrotabersonine-N-methyltransferase 

(NMT) transforming it to desacetoxyvindoline [16]. The last two steps toward vindoline 

biosynthesis occur by the action of desacetoxyvindoline-4-hydroxylase and 

deacetylvindoline-O-acetyltransferase in specialized laticifer or idioblast cells [2,17,18]. 

In root cells, where lochnericine and hörhammericine accumulate, tabersonine is 

converted to lochnericine by tabersonine-6,7-epoxidase, and then further converted by 

hydroxylation and O-acetylation to hörhammericine [19]. Tabersonine can also be 

transformed into minovincinine (unclear reaction), and acetylated by minovincinine-O-

acetyltransferase (MAT), which can also act on hörhammericine [20]. 

Metabolic Engineering for Increased Alkaloid Production 

 Many different metabolic engineering techniques have been used to attempt to 

increase production of TIAs, but none have been particularly successful due to the 

complexity of the metabolic system of C. roseus. Because of the toxicity of some of these 

alkaloids, the metabolic system is heavily regulated in the plant and not completely 

understood, especially in the catabolism of TIAs [21,22]. However, past work has given 

us a better understanding of the pathway. This has included techniques such as gene 

overexpression of feedback-insensitive anthranilate synthase within C. roseus hairy root 

cultures [23]. Anthranilate synthase exhibits feedback inhibition from tryptamine and 
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tryptophan. This feedback-insensitive overexpression increased levels of tryptophan and 

tryptamine, but levels of tabersonine, lochnericine, and hörhammericine were decreased, 

showing the need for a more complete understanding of the regulation of the pathway. 

Later studies found that overexpression of 1-deoxy-D-xylose synthase with either 

geraniol-10-hydroxylase or anthranilate synthase did increase alkaloid levels [24]. 

Additionally, a study overexpressing the transcriptional regulator ORCA3 along with 

geraniol-10-hydroxylase in whole plants significantly increased accumulation of 

strictosidine, vindoline, catharanthine, and ajmalicine [25]. However, metabolites in other 

pathways of the plant were also affected, and there was no further accumulation of 

dimeric TIAs. These findings indicate a need to manipulate multiple genes to achieve an 

increase in TIA levels.  

 Other work has included elicitation of ORCA3 by jasmonic acid. Using C. roseus 

cell suspension cultures elicited with jasmonic acid and a genetic overexpression of 

ORCA3, Peebles et al (2009) [26] found jasmonic acid increased alkaloid levels and 

expression of TIA pathway genes, even without overexpression of ORCA3. Jasmonic 

acid was also found to increase levels of ajmalicine in C. roseus cell suspension cultures 

[27,28] and vindoline in C. roseus shoot cultures [28]. 

 Additionally, there have been attempts to create heterologous hosts to carry out 

the biosynthesis of TIAs. In one recent study, virus-induced gene silencing (VIGS) was 

used to silence candidate genes for the elicitation of the final two uncharacterized 

enzymes in vindoline biosynthesis from tabersonine. After those genes were discovered, 

the pathway from tabersonine to vindoline was assembled in Saccharomyces cerevisiae 

cells which produced vindoline at 0.24 mg gdwt-1 12h-1 when fed with tabersonine [15]. 
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In comparison, vindoline content in whole leaves is 2 mg gdwt-1 after 4 weeks of growth 

[15]. S. cerevisiae  was also able to produce strictosidine through the addition of 

exogenous genes and some gene deletions [29]. 

More recently, the remaining metabolic genes leading from strictosidine to 

catharanthine, tabersonine, and ajmalicine were elicited and assembled in S. cerevisiae, 

allowing for the possibility TIA production completely from heterologous hosts. [12,13] 

Heterologous hosts also can excrete vindoline and other metabolites into the medium, 

making separation and purification steps easier to perform. 

 Difficulties remain in the production of TIAs excluding the gaps left in 

knowledge of the regulation of the pathway. Extraction of alkaloids from whole plants is 

difficult and expensive, both in growing the plants and purifying the alkaloids. The 

specialized cell types in which vindoline is produced also make it difficult to use 

undifferentiated cell cultures. Suspended C. roseus cell cultures have been produced that 

accumulate catharanthine and tabersonine, but they lack the necessary enzymes to 

transform tabersonine to vindoline [20]. Transgenic C. roseus cell suspension cultures 

have also shown genetic instability and decreased production over time [30]. C. roseus 

hairy root cultures show more genetic stability [31,32], but differentiated root cells 

metabolize tabersonine away from vindoline. The first two steps of vindoline 

biosynthesis have been overexpressed in C. roseus hairy root cultures which accumulated 

16-hydroxytabersonine and 16-methoxytabersonine. However, two new metabolites were 

detected, and there were transcriptional changes detected in TIA genes [33]. There is also 

little known of possible catabolic pathways of TIAs in C. roseus [21,22], and expression 

of these catabolic genes would likely decrease the economic viability of large scale C. 
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roseus hairy root cultures [34]. Heterologous hosts are an interesting possibility, but as of 

now would require strictosidine feeding because of low yields in adapting the 

endogenous metabolism toward strictosidine [29]. Even if higher rates were achieved, it 

may disrupt other metabolic function in the cell, and slow the growth of cultures or make 

them unviable. Additionally, it may be difficult to clone and culture a single heterologous 

host that expresses all the needed genes to achieve viable production without precursor 

feeding because of the 30+ enzymatic steps needed to complete the pathway [3,34,35]. 

Tabersonine Metabolism 

 Thus far, most investigations of tabersonine metabolism have focused on 

characterizing the kinetics of a single specific enzyme in the pathway or locating the 

specific cell type or location where that enzyme or its genes are expressed. Most kinetic 

investigations have involved using a radiolabeled substrate or cofactor of known 

concentration with a protein extract for the reaction. After extracting the metabolites, they 

would be separated by chromatography and turnover of the substrate quantified by 

scintillation counting of the specific product [9,14,17,18]. However, in the 

characterization of 3, Liscombe et al searched for candidate genes that performed an 

unknown SAM-dependent methyltransferase and was expressed in the leaves, which had 

already been established of the enzyme. Three candidate genes were found, produced in a 

recombinant E. coli strain, and tested for activity with 16-methoxy-2,3-dihydro-3-

hydroxytabersonine. Only one candidate gene produced an enzyme that acted upon the 

substrate, and the kinetics were characterized [5]. The characterization of the third step in 

the pathway involving tabersonine-3-oxygenase and tabersonine-3-reductase was 

performed in much the same way [15]. In these previous studies, enzymatic reactions 
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rates were calculated using rate of formation of product, or from medium containing only 

proteins from the heterologous hosts containing the gene for that specific step. 

Enzyme Kinetics 

 All enzymes characterized thus far in the pathway exhibit single substrate 

Michaelis-Menten enzyme kinetics, or have followed that pattern when co-substrates 

such as S-adenosyl-L-methionine (SAM) have been in excess [5,9,14,15,17,18]. 

Tabersonine 16-hydroxylase has shown substrate inhibition at tabersonine concentrations 

above 30 μM [14], while steps involving SAM have shown product inhibition towards S-

adenosyl-L-homocysteine, which is regenerated to SAM through another metabolic 

process. [5,9] The terminal enzyme, deacetylvindoline-O-acetyltransferase, has also 

shown product inhibition from its co-substrate’s product, CoA (from acetyl-CoA). [17]   

 The dearth of knowledge of catabolism of alkaloids in C. roseus makes it an 

essential part of research to increase production of valuable molecules. While a 

heterologous host may be able to eliminate catabolism because only metabolic genes are 

added, as yet there has not been a line created that includes all metabolic steps or 

eliminates the use of expensive precursor feeding. Conversely, homologous hosts exhibit 

a complex regulatory system, and it is not known what role catabolism plays in this. In 

this work, the catabolism of alkaloids in C. roseus is investigated using desalted whole 

leaf protein extracts.  
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Materials and Methods 

Chemicals 

 Tabersonine (BOC Sciences, 2mM) and clotrimazole (Acros Organics, 25mM) 

were dissolved in pure ethanol. Nicotinamide adenine dinucleotide phosphate (NADPH) 

(Enzo Life Sciences, 67mM) and S-adenosyl-L-methionine (Matrix Scientific, 2mM) 

were dissolved in DI water. 

Protein Extraction 

Two grams of fresh leaf tissue harvested from mature C. roseus vt. Vinca Cora 

was homogenized in a mortar and pestle with 3.5 ml of extraction buffer (100 mM tris-

HCl, pH 7.6, 13 μM β-mercaptoethanol) at 4°C. The slurry was centrifuged at 5,000 g for 

5 minutes at 4°C, and the supernatant drawn off. An additional 2 ml of extraction buffer 

was added to the remaining solids, the tube was vortexed for 1 minute, and centrifuged at 

5,000 g for 5 minutes at 4°C. The supernatant was drawn off, mixed with the first 

extraction, and filtered through a 0.45 μm syringe filter. The filtrate was then desalted on 

a PD-10 G25 desalting column (GE Healthcare) using the spin protocol. Protein 

concentrations were determined using the Bradford protein assay protocol. 

Search for Unknown Metabolites 

Enzymatic Reactions 

 All reactions were performed in a 1-ml reaction volume. Reactions were 

incubated at 30°C for 120 minutes. Reactions contained 1.5-2 mg of protein, and the 

following concentrations for cofactors: 300 μM NADPH and S-adenosyl-L-methionine 
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and 30 μM tabersonine. For reactions that did not contain a cofactor, volumes of the 

solvent for that stock solution were added to keep ethanol concentrations and total 

volume of reaction mixture equal across reactions. Reactions were initiated with the 

addition of NADPH. Reactions were terminated by the addition of 4 ml of ethyl acetate.  

Ethyl Acetate Extraction of Alkaloids 

After the reaction was terminated by the addition of 4 ml of ethyl acetate, the 

samples were vortexed for 1 minute, and centrifuged at 10,000 RPM. The organic phase 

was drawn off and added to a clean glass vial, and an additional 4 ml of ethyl acetate was 

added to the aqueous phase, extracted in the same manner, and the organic phase was 

added to the same vial. The samples were dried under nitrogen and dissolved in 0.5 ml 

methanol and filtered through a 0.2 μm syringe filter for HPLC-UV analysis. 

Kinetic Studies 

Initial Rate Experiments 

Initial rate experiments were run in a 1 ml reaction volume. Reactions contained 

1.2 mg of protein, 10 μM clotrimazole, and the following concentrations for cofactors: 

300 μM NADPH and S-adenosyl-L-methionine and 10-200 μM tabersonine. Reactions 

were initiated with the addition of Tabersonine. Reactions were terminated by the 

addition of 4 ml of -20°C acetone after 20 minutes and run in triplicate for each 

tabersonine concentration. 

Acetone Protein Precipitation Protocol for Alkaloid Extraction 

After the reaction was terminated by the addition of 4 ml of cold (-20°C) acetone, 

the samples were incubated at -20°C for 1 hour and filtered with a 0.45 μm syringe filter 
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to remove the precipitated protein. The mixture was dried under nitrogen until ~2 ml of 

solution remained, frozen at -86°C, and freeze-dried under vacuum. The samples were 

then dissolved in 0.5 ml methanol and filtered through a 0.2 μm syringe filter for HPLC-

UV analysis. 

HPLC-UV Analysis 

 The HPLC method used is a modification of a method described by Peebles et al. 

(2005) [23]. 20 microliters of the alkaloid extract were injected into a Phenomenex Luna 

C18(2) HPLC column (250 mm x 4.6 mm). The HPLC system was a Waters system 

consisting of a 1525 Binary Pump, a 717plus Autosampler, and a 2996 Photodiode 

Detector. For the first 5 minutes, the mobile phase was a 30:70 mixture of 

acetonitrile:100mM ammonium acetate (pH 7.3) at a flow rate of 1 mL/min. Over the 

next 10 minutes, the mobile phase was linearly ramped to a 64:36 mixture, which was 

maintained for 15 minutes. Over the next 5 minutes, the flow rate was linearly increased 

to 1.4 mL/min. For the next 5 minutes, the mobile phase ratio was increased to 80:20, and 

maintained for 15 minutes. Flow was then returned to starting conditions and column 

equilibrated. Standards used were strictosidine, tetrohydroalstonine, serpentine, 

vindoline, catharanthine, ajmalicine, hörhammericine, lochnericine, tabersonine, 

vincristine, and vinblastine. 

Theory 

Determination of Experimental Reaction Rates 

v = Ci - �Ci-Cb � - Cf

∆t
                   (1) 
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Equation 1 shows how experimental reaction rates were calculated. v is the rate of 

reaction, Ci is the beginning concentration of tabersonine, Cb is the concentration of 

tabersonine after incubation with boiled protein extracts, Cf is the concentration of 

tabersonine after incubation with protein extracts, and Δt is the time of incubation. The 

consumption of tabersonine by nonenzymatic reactions, likely oxidation reaction and 

calculated by substracting the initial tabersonine concentration by concentration after 

incubation with boiled enzymes, is used to ensure kinetic calculations only include 

enzymatic rates of reaction. Enzymatic activity was calculated by converting rate to units 

of katals (mol/sec) and dividing by amount of protein used in that reaction. 

Initial Kinetic Model to Determine Time Scale 

 To determine a probable time scale to identify downstream metabolic products of 

tabersonine in a protein extract solution, a mathematical model was created using 

previously experimentally deduced kinetic parameters and Polymath ODE Solver. Since 

protein extract from the leaves of the plant were used, only reactions going towards 

vindoline from tabersonine were included in the model, shown in Figure 2 with all co-

substrates and inhibitors. Briefly, it was assumed that all co-substrates for each enzymatic 

step were in excess, and so the biochemical reaction rates were only a function of the 

tabersonine metabolite and followed single substrate Michaelis-Menten kinetics. The 

differential equations for each step are shown in Equation 2: 

dCS
dt

 = rS-1 - rS = 
vm,S-1CS-1

Km,S-1�1+
Ci

KI,S-1
�+CS-1

 - 
vm,SCS

Km,S�1+
Ci

KI,S
�+CS

    (2) 

where CS is the concentration of the metabolite, rS-1 is the rate of reaction generating 

metabolite CS, rS is the rate of reaction consuming metabolite CS, and CS-1 is the 

concentration of the metabolite in the step before CS. The rate equations are single 
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substrate Michaelis-Menten equations with competitive inhibition, where vm and Km refer 

to the max velocity and Michaelis-Menten constant for steps S and S-1, and KI and Ci are 

the inhibition constant and concentration of inhibitor for that enzyme. If there is no 

inhibition on a step, the concentration of that inhibitor would be zero, and so the 

inhibition term would drop out of the equation. The first step in the pathway also exhibits 

substrate inhibition for tabersonine concentrations greater than 30 μM [14], and so the 

initial concentration for tabersonine was set to that value. The kinetic constants used are 

shown in Table 1 

Results and Discussion 

Search for Unknown Metabolites 

Initial Kinetic Model to Determine Time Scale 

The results of the initial kinetic model are shown in Figure 3. As expected, there 

is negligible accumulation of intermediate metabolites in the pathway. This is because 

tabersonine is one of the metabolic nodes in the pathway, where the first step away from 

tabersonine is likely the rate limiting step. The concentration of SAH, an inhibitor to and 

product of a required substrate in two steps in the pathway, increases at twice the rate of 

tabersonine. In a biological system, SAH is regenerated into SAM in a separate 

biochemical process, and so would not accumulate to those levels. However, in this 

model, it did not make a large impact on the rates of reaction for the steps in which it acts 

as an inhibitor. Using the results of the model, two hours was chosen as the reaction time 

for the initial sets of enzymatic studies. 
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Initial Enzymatic Reactions 

 Initial enzymatic reactions were run at 30°C with a starting concentration of 

tabersonine of 30 μM and incubated for two hours. Figure 4 and Figure 5 show the 

chromatograms extracted at 254 nm and 329 nm, respectively. No accumulation of any 

alkaloid, either previously known or unknown, was observed. The vindoline present in 

the samples is from native production in the leaves and does not significantly change 

throughout the two hours. Tabersonine was also nearly completely consumed in the two-

hour timeframe, and there was no difference in tabersonine consumption between 

samples containing either NADPH and SAM or both substrates, shown in Figure 6. 

Additional experiments were run with clotrimazole, an inhibitor of tabersonine 16-

hydroxylase, with a concentration of 200 μM clotrimazole, which is 4 times the IC50 [14]. 

In both cases, as shown in Figure 7, the enzymatic activity observed, 3230 ± 160 and 

3100 ±150 pkat g protein-1 for samples with and without clotrimazole, respectively, was 

an order of magnitude greater than observed by St-Pierre et al for tabersonine 16-

hydroxylase, which was 340 pkat g protein-1. It should be noted that the difference in 

enzymatic activity between samples is similar to the activity of tabersonine 16-

hydroxylase observed by St-Pierre et al under similar conditions. These data appear to 

support the presence of another enzyme acting upon tabersonine in the leaves of C. 

roseus. 

Kinetic Studies 

Error in Ethyl Acetate Extraction 

Kinetic calculations were attempted to determine the kinetic parameters of the 

enzyme. However, when a higher initial concentration of tabersonine was used, it was 
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found that the results exhibited a high amount of experimental error. This was likely 

caused by an increased amount of ethanol in the reaction medium from the tabersonine 

stock solution. The increased ethanol concentration could have affected the solute 

partitioning coefficient, or the alkaloids may have been in a solid, gel-like phase observed 

to form between the aqueous and organic phases during extractions. Tabersonine has a 

low water solubility, and so ethanol was used as the solvent for the stock solution. To 

achieve a 200 μM initial concentration, 11% of the volume added to the sample mixtures 

was ethanol. As shown in Figure 8, when tabersonine was added to protein extract and 

immediately extracted using the ethyl acetate method, the ethyl acetate method produced 

extraction efficiencies of 22 ± 13% and 43 ± 5% for 50 and 200 micromolar samples, 

respectively. A protein precipitation method to achieve separation was developed, and 

showed a consistent extraction efficiency of 87 ± 3% and 87 ± 5% for 50 and 200 

micromolar samples, respectively, when tested in the same manner. To carry out 

subsequent kinetic experiments, the acetone protein precipitation method was used, and 

the concentration obtained by HPLC-UV was divided by 87% to normalize the boiled 

enzyme and final concentrations in respect to the initial added tabersonine concentration. 

Kinetic Studies 

Initial rate experiments were performed with tabersonine to determine the kinetic 

parameters of this possible new enzyme. Experiments were performed with clotrimazole 

to further decrease the activity of tabersonine 16-hydroxylase. First, the rate of non- 

enzymatic degradation was found using boiled enzyme extracts, shown in Figure 9.   
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The rate of non-enzymatic consumption of tabersonine appears to be linear in this 

concentration range. This data was then used to eliminate non-enzymatic consumption for 

calculating the rate of enzymatic consumption of tabersonine at each initial concentration. 

 To analyze the kinetics of tabersonine consumption, the data was plotted on a 

Lineweaver-Burke plot, shown in Figure 10. For a Michaelis-Menten enzyme-catalyzed 

reaction, this plot would be expected to be linear. The exponential increase of inverse 

velocity with increasing inverse substrate concentration is a trend associated with 

positively cooperative allosteric enzymes shown in Figure 11 [36,37]. Additionally, other 

methods of linearizing Michaelis-Menten enzymatic rates to calculate rate constants also 

yielded trends associated with cooperative allosteric enzymes, shown in Figure 12 and 

Figure 13. These trends support the presence of a positively cooperative allosteric 

enzyme in the leaves of C. roseus.  

v=
vm [Tab]

 n

Km
"  + [Tab]

 n  (3) 

 Equation 3 shows the rate equation for allosteric enzymes, where v is velocity of 

the reaction, vm is the max velocity for the enzyme, Km
"  is the Michaelis-Menten constant 

for allosteric enzymes, [Tab] is the concentration of tabersonine, and n is the Hill 

coefficient with a value greater than one corresponding to positive cooperativity. To 

calculate the kinetic parameters of allosteric enzymes, there is a graphical method to 

linearize the data, as in Michaelis-Menten enzymes. However, to perform this analysis it 

is necessary to know one of the kinetic parameters (��" , n, or vm). Since it is uncertain 

that vm was achieved with the initial concentrations used, a model was used to determine 

kinetic parameters. 
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Kinetic Model 

 v = 
vm  	Tab


Km + 	Tab
  (4) 

 Equation 4 shows the rate equation for a simple Michaelis-Menten enzyme 

kinetics, where v is velocity of the reaction, vm is the max velocity for the enzyme, Km is 

the Michaelis-Menten constant, and [Tab] is the concentration of tabersonine. The 

allosteric rate equation is shown in Equation 3. The step size for the model was 1 μM 

tabersonine and the model was fit to the experimental data in Microsoft Excel using the 

least sum of squared residuals method and the solver add-in. The results of the model are 

shown in Figure 14. 

As expected from the results of the previous graphing methods, the allosteric 

model fit closer with the data, with more reasonable results. To fit a Michaelis-Menten 

model, vm
 and Km values went to the order of 1010 μM min-1 and 1012 μM respectively to 

yield a linear trend within reasonable tabersonine concentrations. This was caused by the 

sigmoidal shape of the velocity vs. tabersonine concentration data, while a Michaelis-

Menten enzyme exhibits a hyperbolic curve shape. The allosteric model produced values 

of 5.4 ± 1.9 μM min-1 for vm, 16,000 ± 14,000 μM for ��" , and a Hill coefficient of 2.0 ± 

0.2. The determined value of vm was an order of magnitude larger than the value found by 

St-Pierre et al [14] for tabersonine 16-hydroxylase and the two terminal steps towards 

vindoline [17,18], and smaller than the vm for the middle enzymatic steps [5,9]. This 

shows a reasonable value for vm was determined. It should also be noted the value of  ��"  

does not hold the same physical significance for allosteric enzymes, as its value is very 

dependent on the value of the Hill coefficient and so will be much larger for positively 

cooperative allosteric enzymes.  
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These calculated values are also plausible when examining how a catabolic 

enzyme would fit into the regulation of tabersonine metabolism in the leaves of C. 

roseus. Looking at the known steps between tabersonine and vindoline, the first step has 

the highest Km and one of the lower vm values. Those two values together are what makes 

it the rate limiting step; even though the vm is low by itself, it also takes a higher 

concentration of tabersonine to reach its max velocity. With the middle steps, a higher 

max velocity and slightly smaller Km lead to rapid consumption of substrate by those 

enzymes. The terminal two steps have max velocities in the same order of magnitude as 

the first step, but much lower Km values lead to those rates approaching the max rate 

much quicker. This leads to almost no accumulation of intermediates between 

tabersonine and vindoline. Substrate inhibition of tabersonine 16-hydroxylase, the first 

step in the pathway, at concentrations above 30 μM [14] also fits with the calculated 

parameters, as just above this concentration of tabersonine the rate of reaction for the 

catabolic enzyme is highly effected by small changes in tabersonine concentration. This 

would lead to large increases in reaction rate from relatively small increases in 

tabersonine concentration. 

 It is plausible that this allosteric enzyme catalyzes the degradation tabersonine in 

C. roseus. Experimental evidence in Figure 3 and 4 shows there was no significant 

accumulation of any other metabolites with the consumption of tabersonine. Enzymatic 

activity was also much higher than that seen in previous works studying the metabolism 

of tabersonine toward vindoline in leaf protein extracts [14]. Allosteric enzymes are 

commonly affected by the endpoint of the pathway of the substrate they act upon [37], 

and the presence of endogenous vindoline in the desalted protein extract could have a 
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positive homotropic effect on the enzyme [36]. Tabersonine itself would also have a 

homotropic effect on the enzyme, and likely any other intermediate metabolite because of 

their close conformational relationship. It would also fit that tabersonine is the substrate 

of this degradation enzyme because of its differing metabolism in various locations in the 

plant. The same enzyme could act as regulatory enzyme in the whole plant, with other 

tabersonine metabolites having positively cooperative interactions with the enzyme.  

 Allosteric kinetics in the first step of a degradation pathway away from 

tabersonine would also help in the regulation of the alkaloid levels in the plant. If 

concentrations of tabersonine and tabersonine metabolites were low, the rate of the 

degradation pathway would not be greatly affected by increasing tabersonine 

concentration. However, when concentrations of tabersonine metabolites reached static 

levels in the plant, an increasing tabersonine concentration would greatly increase the rate 

of the degradation of tabersonine to decrease the flux going toward vindoline in the 

leaves or other metabolites in the roots of the plant, keeping those alkaloid concentrations 

at stable levels.  

Conclusion 

 Evidence was found to support the presence of an allosteric enzyme acting upon 

tabersonine in C. roseus. A model was fit to the data to calculate the kinetic parameters 

from the Hill equation, although there was a large amount in error for the binding 

constant (Km
" ), which is due to the mathematical nature of the equation. As there was no 

accumulation of any similar alkaloids observed in any HPLC chromatogram, it is likely 

this enzyme catalyzes the first step in a degradation pathway out of the TIA pathway. 
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Continued pursuit of eliciting the catabolic pathways of TIAs is pertinent to homologous 

production of vinblastine and vincristine in C. roseus.  

Future Works 

 Future works on this topic include designing a procedure to get a higher initial 

concentration of tabersonine so that the max velocity of the reaction would be reached. 

This could involve protocols that add the ethanolic solution to the reaction tube, drying 

the ethanol off, and then adding the other components of the reaction medium to initiate 

the reaction. A concern with such a protocol would be the rate at which tabersonine 

dissolves back into solution, as that would influence the rate of the enzyme. The exact 

solubility of tabersonine in water and ethanol are unknown, and a more concentrated 

stock solution could also be attempted. 

 Other future works on this topic could include performing the same experiments 

on root protein extract to identify if the enzyme or a similar one is expressed there. 

Methods used to explore the cell type and subcellular location of enzymes in the 

vindoline pathway could also be used, including carborundum abrasion [9], laser-capture 

microdissection [2], and separation of soluble and microsomal proteins [14]. 

Radiolabeled tabersonine could also be used to confirm the presence of a degradation 

pathway. Such experiments would also have to factor in non-enzymatic consumption of 

tabersonine. 
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Illustrations 

 
Figure 1: Figure 1a shows the terpenoid indole alkaloid pathway going toward vinblastine and vincristine. 

The steps after tabersonine shown occur in the leaves. Figure 1b shows the metabolic pathway of 

tabersonine that occurs in the roots of the plant. Solid line arrows are known biochemical steps, dotted 

arrows are unknown steps, and double arrows are multiple known steps. Abbreviations; T16H: tabersonine 

16-hydroxylase; 16OMT: tabersonine 16-O-methyltransferase; T3O: tabersonine 3-oxygenase; T3R: 

tabersonine 3-reductase; NMT: 3-hydroxy-16-methoxy-2,3-dihydrotabersonine N-methyltransferase; D4H: 

deacetoxyvindoline 4-hydroxylase; DAT: deacetylvindoline O-acetyltransferase; PRX1: peroxidase 1 or 

3’,4’-anydrovinblastine synthase; T6,7E: tabersonine 6,7-epoxidase; 19H: tabersonine 19-hydroxylase; 

MAT: minovincinine 19-hydroxy-O-acetyltransferase 
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Figure 2: Metabolic pathway from tabersonine to vindoline shown with all co-substrates, products, and 

inhibitors. 

 
Enzyme Inhibitor  Substrate  vm / (μM / min) Km / μM Ki / μM Literature 

T16H --  Tab 0.24 11 -- [14] 

16OMT --  16-OH 34.80 2.6 -- [9] 

16OMT SAH  -- -- -- 0.6 [9] 

T3O &T3R --  16-MEO -- -- -- [15] 

NMT --  HMDHT 8.04 8.8 -- [5] 

NMT SAH  -- -- -- 7.3 [5] 

D4H --  DOX 0.175 0.03 -- [18] 

DAT --  Dace 

style="baselin

0.361 1.3 -- [17] 

Table 1: Kinetic constants used in model. Kinetic studies have not been performed on T3O and T3R to 

determine kinetic constants, and so it was assumed that this step is not rate limiting and 16-

methoxytabersonine was immediately transformed to 3-hydroxy-16-methoxy-2,3-dihydrotabersonine in the 

model. Enzyme abbreviations are the same as in Figure 1. Abbreviations; Tab: Tabersonine; 16-OH: 

Tabersonine 16-hydroxytabersonine; SAH: s-adenosyl-L homocysteine; 16-MEO: 16-methoxytabersonine; 

HMDHT: 3-hydroxy-16-methoxy-2,3-dihydrotabersonine; DOX: desacetoxyvindoline; Dace: 

deacetylvindoline. 
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Figure 3: Results of metabolic model. SAH is s-adenosyl-L-homocysteine, the product of a co-substrate in 

two steps in the pathway. 

 

 

 

 

 
Figure 4: 254 nm chromatogram of extracted reaction medium. The top chromatogram is the extract of 

reaction medium after 2 hours of incubation at 30°C with NADPH and s-adenosyl-L-methionine, and the 

bottom chromatogram is the extract immediately after addition of tabersonine. 
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Figure 5: 329 nm chromatogram of extracted reaction medium. The top chromatogram is the extract of 

reaction medium after 2 hours of incubation at 30°C with NADPH and s-adenosyl-L-methionine, and the 

bottom chromatogram is the extract immediately after addition of tabersonine. 

 

  

 

Figure 6: Tabersonine consumption in samples incubated at 30°C for 2 hours with a starting tabersonine 

concentration of 30 μM and: A: 300 μM of NADPH and s-adenosyl-L-methionine; B: 300 μM s-adenosyl-L-

methionine; and C: 300 μM of NADPH. Error bars represent the standard deviation of three samples. 
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Figure 7: Specific activity of samples without (control) and with clotrimazole. Activities were 3230 ± 160 

and 3100 ± 150 pkat g protein-1 for samples without and with clotrimazole, respectively. Specific activity 

for tabersonine 16-hydroxylase was 140 pkat g protein-1 as reported by St-Pierre et al. Error bars 

represent the standard deviation of samples run in triplicate. 

 

 

Figure 8: Results of testing both extraction protocols extraction efficiency. Extraction efficiency is defined 

as alkaloid extract concentration over initial concentration in test sample. Error bars represent the 

standard deviation of samples run in triplicate. 
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Figure 9: Kinetic data from non-enzymatic consumption of tabersonine using the enzymatic reaction 

protocol with boiled enzyme extract. Error calculated by propagating standard deviation of final 

concentrations of samples run in triplicate through change in concentration over time for boiled samples. 

 

 

Figure 10: Lineweaver-Burke plot from the initial rate experiments. Error calculated by propagating the 

inverse of error in rate calculations. 
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Figure 11: Trends associated with a Lineweaver-Burk plot for standard Michaelis-Menten enzymes and 

positive and negative cooperativity allosteric enzymes. Figure adopted from [36]  

 

 

 

 

 

Figure 12: Modified Eadie-Hofstee plot from the initial rate experiments. x-axis error calculated by 

propagating standard deviation of final whole protein and boiled protein samples run in triplicate through 

Equation 1. Y-axis error is error in v divided by beginning substrate concentration for that sample set. 
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Figure 13: Modified Eadie-Hofstee plot showing Trends associated with standard Michaelis-Menten 

enzymes and positive and negative cooperativity allosteric enzymes. Figure adopted from [36] 

 

 

 

Figure 14: Allosteric kinetic model shown with experimental data points. Error bars are the standard 

deviation from calculations at that concentration, and dashed lines are the error from the model. The solid 

line is the best fit from the data. Error was calculated by fitting the model to plus the standard deviation 

from each point, and fitting to minus the standard deviation. 
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Appendices 

Appendix 1: Calculating Rate Constants from Initial Rate Experiments 

 Initial rate experiments are commonly used to determine enzymatic rate constants. 

They involve using a known starting concentration of substrate and measuring the change 

of concentration over a specified time. These results can be graphed in a Langmuir-

Hinshelwood plot, shown in Figure 15. 

 

Figure 15: A modelled Langmuir-Hinshelwood plot of a Michaelis-Menten enzyme with a Km of 10 μM and 

a vm of 5 μM min-1 

However, it is difficult to determine kinetic parameters from this graph, as the vm is the 

asymptote of the hyperbolic curve, and the Km is the substrate concentration where the 

rate is half of vm. Because of this, several different methods of linearizing Michaelis-

Menten enzyme rates have been developed. Here, the two discussed in this thesis will be 

described. 

 The first linearization method is a Lineweaver-Burke plot, or a reciprocal plot. 

The linearized equation is shown in Equation 5. 
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1

v
=

Km

vm

1

[S]
+

1

vm
   (5) 

 In this method, 
1

v
 vs 

1

[S]
 is plotted, shown in Figure 16. 

 

Figure 16: Modelled Lineweaver-Burke plot of a Michaelis-Menten enzyme with a Km of 10 μM and a vm 

of 5 μM min-1  

In this linearization method, the y-intercept is 
1

vm
, the slope is 

Km

νm
, and the x-intercept is 

1

Km
. 

 Another method is the Eadie-Hofstee plot. The linearized equation is shown in 

Equation 6. 

v = vm - Km
v

[S]
    (6) 

In this method, v vs. 
v

[S]
 is plotted, shown in Figure 17. 
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Figure 17: Modelled Eadie-Hofstee plot of a Michaelis-Menten enzyme with a Km of 10 μM and a vm of 5 

μM min-1 

In this linearization method, the y-intercept is vm, the x-intercept is 
vmKm

, and the slope is     

-Km. 

 For allosteric enzymes, a Langmuir-Hinshelwood plot will have a sigmoidal 

shape instead of the hyperbolic shape seen in Michaelis-Menten enzymes. The shape of 

the sigmoid will depend on the value of n, with values higher than one corresponding 

positively cooperative enzymes, lower than 1 negatively cooperative enzymes, and values 

equal to 1 being a Michaelis-Menten enzyme. A plot showing all three is shown in Figure 

18. For illustrative purposes, an “effective Km” (KE) is used to show the effect the n value 

has on the changes in velocity over changes in substrate concentration. The KE is defined 

in Equation 7. 

KE= Km
1/n     (7) 
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Figure 18: A modelled Langmuir-Hinshelwood plot of a Michaelis-Menten enzyme (n = 1), a positively 

cooperative allosteric enzyme (n = 2), and a negatively cooperative allosteric enzyme (n = 0.7) with a KE 

of 10 μM and a vm of 5 μM min-1.  

For Michaelis-Menten enzymes, Km is the substrate concentration where v = 0.5vm. 

Defining a KE in the way it has been allows that value to also be the substrate 

concentration where v = 0.5vm for positively and negatively allosteric enzymes, which 

makes graphically comparing these enzymes easier. For negatively cooperative allosteric 

enzymes, changes in substrate concentration close to the KE has a smaller effect on 

reaction rate than for a Michaelis-Menten enzyme, while the reverse is true for positively 

cooperative allosteric enzymes. For the linearization of allosteric enzyme initial rate 

experiment data, a hill plot is used, which requires the vm to be known. The linearized 

equation for this plot is shown in Equation 8. 

ln
v

vm-v
=nln[S]-lnKm     (8) 

ln
v

vm-v
 vs. ln[S] is then plotted, shown in Figure 19. 
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Figure 19: A modelled Hill plot of a Michaelis-Menten enzyme (n = 1), a positively cooperative allosteric 

enzyme (n = 2), and a negatively cooperative allosteric enzyme (n = 0.7) with a KE of 10 μM and a vm of 5 

μM min-1.  

 In this plot, the y-intercept is -ln(Km) and the slope is n. It should be noted that the y-

intercept relates to the actual Km of the enzyme, not the KE discussed earlier. 
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Appendix 2: Polymath ODE Solver Input 

 

Note: for the third step, kinetic constants have not been characterized, so the rate 

equation used is to prevent the metabolite consumed in that reaction, 16-methoxy-2,3-

dihydro-3-hydroxytabersonine, from accumulating. 


