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ABSTRACT 
There is a fundamental lack of knowledge of the biosynthetic steps and the kinetic 

properties of the enzymes that catalyze the reactions that make tropane and granatane 

alkaloids. The synthetic biology and metabolic engineering toolbox for the development of 

these novel compounds is very limited. The main question guiding this research is: what 

molecular changes have resulted in the convergent evolution of tropane and granatane 

alkaloid metabolic systems? Tropane alkaloids and granatane alkaloids are structural 

homologs, with the only difference being one extra carbon in the granatane ring. Tropane 

and granatane alkaloids provide a way to reasonably study the rise of, and variation within, 

specialized metabolic pathways. An additional aim of this research is to use systems-based 

approaches to elucidate the biosynthetic pathway of granatane alkaloids in Punica 

granatum (pomegranate). 

Here we report the use of hairy root cultures for the production of granatane 

alkaloids in P. granatum. We established hairy root cultures using Agrobacterium 

rhizogenes harboring a pEGAD plasmid expressing enhanced green fluorescent protein 

(eGFP). The polyamines lysine, cadaverine, and methylcadaverine are hypothetical 

precursor compounds to granatane alkaloids. We report the quantities of these polyamines 

extracted from various tissues of the pomegranate plant. Further experimentation will also 

quantify the granatane alkaloids in the different pomegranate plant tissues as well. 

The first enzymatic step in the production of granatane alkaloids in P. granatum is 

hypothesized to be the decarboxylation of lysine. Here we report the experimentation of 

putative lysine decarboxylase proteins that were found using a pomegranate annotated 

genomic database. We also report the experimentation of putative S-adenosyl-L-

methionine decarboxylase proteins for their possible substrate promiscuity for lysine. 
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CHAPTER I 

INTRODUCTION 
Alkaloids are a class of natural products produced in a variety of organisms, 

including angiosperms, the flowering plants. Alkaloids compose a diverse group of 

compounds that differ greatly in their chemical structures. All alkaloids contain at least one 

nitrogen atom incorporated into a ring structure. Alkaloids are derived from amino acids. 

Some examples of amino acids utilized in alkaloid biosynthesis include arginine, ornithine, 

lysine, phenylalanine, tyrosine, and tryptophan. The unique chemical structure, or core 

scaffold, is used in the classification of alkaloids. Based on their core structure, alkaloids 

can be classified as a pyrrolidine, pyridine, tropane, pyrrolizidine, isoquinoline, indole, 

quinoline, terpenoid, or steroid. In plants, alkaloids function as defense compounds against 

biotic and abiotic forces. Alkaloids act as pesticides or insecticides against herbivorous 

predators. More notably, alkaloids are described to have a wide array of physiological 

effects. Humans have been utilizing alkaloids for their medicinal properties for many years. 

Alkaloids have been implemented for the treatment of pain, cardiac and respiratory 

stimulants, malaria, asthma, and as local anesthetics. Some of these important alkaloids are 

atropine, scopolamine, and cocaine. 

 

Pyrrolidine Alkaloids 
Pyrrolidine alkaloids are a subclass of alkaloids and are defined by their nitrogen-

containing 5-membered ring. This ring structure can be modified by Mannich 

condensation, Schiff-base formation, or other aldol-type processes to produce pyrrolidine 

alkaloids. For example, the formation of nicotine is the product of the condensation of 

pyrrolidine with nicotinic acid.1 Mannich condensation reactions form the compounds 

hygrine, cuscohygrine, and the tropane alkaloids.2 There are more than 80 known 

pyrrolidine alkaloids found in plants. Pyrrolidine alkaloids are produced in members of the 

Solanaceae family. For example, the solanaceous plant N. tabacum produces the 



Texas Tech University, Kyle Mark Glockzin, August 2019 
 

2 
 

pyrrolidine alkaloid nicotine. Figure 1 shows the chemical structures of the pyrrolidine core 

scaffold and some common examples of pyrrolidine alkaloids. 

H
N N N

N

O

Pyrrolidine Hygrine Nicotine  

Figure 1: Pyrrolidine alkaloids. The structure on the left is pyrrolidine (the core scaffold of 
this class of alkaloids). In the center is the compound hygrine. To the right is the compound 
nicotine. 

 

 In the Solanaceae, the formation of the pyrrolidine ring structure has been shown 

to originate from the amino acid ornithine. An ornithine decarboxylase (ODC) enzyme first 

decarboxylates ornithine to form the polyamine putrescine. Methylation at one of the 

terminal nitrogen atoms in putrescine, using a S-adenosyl-L-methionine (SAM) dependent 

putrescine methyltransferase enzyme (PMT), forms the compound N-methylputrescine. N-

methylputrescine is then oxidized with a copper dependent oxidase enzyme named 

methylputrescine oxidase (MPO) to form 4-methylaminobutanal. A spontaneous ring 

closure yields the  methylated pyrrolidine-defining scaffold (N-methyl-Δ1-pyrrolinium 

cation) (Figure 2). The biosynthetic pathway of pyrrolidine alkaloids is well known and 

studied in multiple plant species such as: N. tabacum, S. tuberosum, and A. belladonna.3-4 

Pyrrolidine alkaloids are also precursors in tropane alkaloid biosynthesis. 



Texas Tech University, Kyle Mark Glockzin, August 2019 
 

3 
 

NH2

H2N

COOH

NH2

H2N

NH

H2N

NH

O

N
ODC PMT MPO Spontaneous
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Figure 2: Biosynthetic pathway of pyrrolidine alkaloids in the Solanaceae family. ODC: 
ornithine decarboxylase, PMT: putrescine methyltransferase, MPO: methylputrescine 
oxidase. 

 

Piperidine Alkaloids 
Another subclass of alkaloids is the piperidine alkaloids. Some examples of 

common piperidine alkaloids include lobeline, piperine, pelletierine, and N-

methylpelletierine.5 Piperidine alkaloids are cyclic compounds defined by a six-membered 

ring containing one nitrogen atom and five carbon atoms.5 Figure 3 depicts the piperidine 

nucleus, and the alkaloids pelletierine and N-methylpelletierine. The piperidine alkaloid 

piperine is responsible for the pungency and taste of black pepper. Lobeline is the main 

alkaloid of L. inflata and is used as a respiratory stimulant to increase and quicken the 

respiration, and also as a competitive nicotinic receptor anatagonist.5 Pelletierine and N-

methylpelletierine are precursor compounds to another class of alkaloids, the granatane 

alkaloids. Both pelletierine and N-methylpelletierine are found in the root bark of the 

pomegranate plant, Punica granatum (P. granatum).6-7 
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N

O

H
N

O

H
N

Piperidine (+/-)-Pelletierine (+/-)-N-methylpelletierine  

Figure 3: Piperidine alkaloids. To the left is the piperidine nucleus. In the middle is (+/-)-
pelletierine and to the right is (+/-)-N-methylpelletierine. 

 

The biosynthetic pathway of pelletierine and N-methylpelletierine in P. granatum 

has not been deciphered. However, feeding studies suggest that the biosynthesis of 

piperidine alkaloids begins with the decarboxylation of the amino acid lysine to form the 

compound cadaverine, using a lysine decarboxylase (LDC) enzyme.6-7 Cadaverine can then 

by methylated at one of the terminal nitrogen atoms with a cadaverine methyltransferase 

(CMT) enzyme to form the compound N-methylcadaverine. After methylation, N-

methylcadaverine can then be oxidized at the other terminal nitrogen atom by a copper-

dependent oxidase enzyme, methylcadaverine oxidase (MCO). A spontaneous ring closure 

yields the methylated piperidine nucleus (N-methyl-Δ1-piperidinium cation) (Figure 4). 

H2N

COOH

H2N H2N

HN

O

HN

LDC CMT MCO Spontaneous

L-lysine Cadaverine N-methylcadaverine 5-methylaminopentanal

N-methyl-∆1-piperdinium 
cation

H2N H2N

N

 

Figure 4: Biosynthetic pathway for piperidine alkaloids. LDC: lysine decarboxylase, CMT: 
cadaverine methyltransferase, MCO: methylcadaverine oxidase. 
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Tropane Alkaloids 
Tropane alkaloids are a class of alkaloids derived from the pyrrolidine alkaloids. 

These alkaloids are known for their physiological effects in humans. For example, the 

tropane alkaloid scopolamine is applied as a dermal patch and is used to reduce motion 

sickness.8 Atropine, another well-known and very important tropane alkaloid, is used for 

the dilation of the pupils for eye examinations. Tropane alkaloids are most noted for their 

anticholinergic properties.9 These compounds are used to block acetylcholine 

neurotransmitter action. The unique effects of cocaine can be attributed to the 

modifications of the tropane core scaffold.9 Tropane alkaloids have an N-methyl-8-

azabicyclo-[3.2.1]-octane core scaffold. Figure 5 illustrates the chemical structure of the 

tropane alkaloid core scaffold, the structure for the common pharmaceutical atropine, and 

the narcotic cocaine. 

 

N

N

O

O

O

O

N

O

O

Tropane Core Scaffold

Atropine Cocaine

OH

 

Figure 5: Chemical structures of tropane alkaloids. On the top is the tropane alkaloids core 
scaffold. To the bottom left is the compound atropine. To the bottom right is the compound 
cocaine. 
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Tropane Alkaloid Biosynthesis 
The biosynthesis of tropane alkaloids is well studied in the Solanaceae family. First, 

ornithine or arginine is enzymatically decarboxylated using pyridoxal-5’-phosphate (PLP) 

as a cofactor or coenzyme. The product of this reaction is putrescine (1,4-diaminobutane). 

Putrescine is then methylated at one of the terminal nitrogen atoms by a SAM dependent 

putrescine methyltransferase (PMT) enzyme to form the compound N-methylputrescine. 

The next step utilizes a copper dependent methylputrescine oxidase (MPO) that forms the 

compound 4-methylaminobutanal. This compound can then undergo spontaneous 

cyclization to form the N-methyl-Δ1-pyrrolinium cation ring (Figure 6). The mechanism 

for the second ring closure in the Solanaceae is controversial. There is evidence of two 

successive decarboxylative condensations of malonyl-CoA by a pyrrolidone ketide 

synthase (PYKS) enzyme (Figure 6).10 This would extend the carbon side chain and make 

it possible for the formation of the second ring. The biosynthesis of tropane alkaloids in 

members of the Erythroxylaceae is not described completely in literature. However, it is 

hypothesized that there are enzymatic steps homologous to those found in the Solanaceae. 

 

NH2

H2N

OH

O

NH2

H2N

NH2

HN

O

HN

N N SCoA
O O

N

O

L-ornithine Putrescine N-methylputrescine 5-methylamino-
butanal

N-methyl-∆1-

pyrrolinium cation
4-(1-methyl-2-pyrrolidinyl)-
3-oxobutanoyl-CoA

Tropinone

PMT

Spontaneous PYKS ???

ODC MPO

 

Figure 6: Biosynthetic pathway of tropane alkaloids in the Solanaceae family. ODC: 
ornithine decarboxylase, PMT: putrescine methyltransferase, MPO: methylputrescine 
oxidase, PYKS: pyrrolidone ketide synthase.  
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Granatane Alkaloids 
Granatane alkaloids are defined by their 9-azabicyclo-[3.3.1]-nonane core scaffold. 

This scaffold includes the piperidine nucleus with an additional three carbons that form the 

bicyclic structure. Granatane alkaloids are known for their pharmacological advantages.11 

For example, granatane alkaloids have been studied as ligands for biological receptors, 

anti-Parkinsonian treatments, neuroleptic medicines, and hypotensive agents. Plants are 

known to produce these bioactive metabolites, presumably as defense compounds. For 

example, the granatane alkaloid pseudopelletierine has been found in the root bark of P. 

granatum.6-7 Pseudopelletierine is known for its anthelminthic (anti-worming) properties.12 

The compound granisetron, a semi-synthetic compound containing the granatane core 

scaffold, is used to help patients that are undergoing radiation or chemotherapy to help with 

nausea and vomiting. Figure 7 shows the granatane core scaffold and the compounds 

pseudopelletierine and granisetron. 

N

O

N

HN

O

NN
HN

Granatane Core Scaffold Pseudopelletierine Granisetron  

Figure 7: Chemical structures of granatane alkaloids. To the left is the granatane alkaloid 
core scaffold. In the middle is pseudopelletierine. To the right is granisetron. 

 

The synthesis of these compounds is time-consuming and expensive. For this 

reason, many of these alkaloids are still extracted from plants. The role of these alkaloids 

in plants is presumed to be defense against predation or microbial infection, and/or to 

mediate an interaction with the surrounding environment. Plants have evolved the 

biochemical machinery necessary to produce these compounds. We can take advantage of 
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these mechanisms and utilize the enzymes for a metabolic engineering approach to mass 

produce alkaloids in microbial or plant systems. 

 

Granatane Alkaloid Biosynthesis in Punica granatum 
A systems biology approach was used in an attempt to identify and characterize 

some of the enzymes involved in the production of granatane alkaloids in P. granatum. 

Granatane alkaloids are derived from piperidine alkaloids. The biosynthesis of granatane 

alkaloids has not been completely described in literature. However, the formation of the 

first ring (Δ1-piperidinium cation) is required before the second ring closure can occur. It 

is hypothesized that the pathway has evolved similarly to that of the tropane alkaloids in 

the Solanaceae. In the Solanaceae plant family, tropane alkaloid biosynthesis begins with 

either the amino acids L-arginine or L-ornithine.13 The first step of the pathway is the 

decarboxylation of the starting amino acid to produce the molecule putrescine (1,4-

diaminobutane).13 The biosynthetic pathway of granatane alkaloids is hypothesized to be 

similar to that of tropane alkaloids. For the biosynthesis of granatane alkaloids the amino 

acid L-lysine is the hypothesized starting compound.5, 14 The first step is the 

decarboxylation of the amino acid, L-lysine, to produce cadaverine (1,5-diaminopentane) 

using an LDC enzyme. Cadaverine is then methylated at one of the terminal nitrogen atoms 

by a SAM dependent cadaverine methyltransferase (CMT) enzyme. The next step of the 

pathway is a copper dependent oxidation reaction using a methylcadaverine oxidase 

(MCO) to form the compound 5-methylaminopentanal. Once this compound is formed it 

can spontaneously cyclize to form the N-methyl-Δ1-piperidinium cation ring (Figure 8). 

The formation of the second ring closure of granatane alkaloids has not been well studied. 

There is evidence of two successive decarboxylative condensation reactions of malonyl-

CoA by a polyketide synthase (PKS) enzyme. This would extend the carbon side chain 

forming the compound 4-(methyl-2-piperinidyl)-3-oxobutanoyl-CoA which would make 

it possible for the formation of the second ring (Figure 8). It is not known if the compound 

4-(methyl-2-piperinidyl)-3-oxobutanoyl exists as the CoA thioester or the free acid. 
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Figure 8: Hypothetical biosynthetic pathway of granatane alkaloids in P. granatum. LDC: 
lysine decarboxylase, SAMDC: S-adenosyl-L-methionine decarboxylase, CMT: 
cadaverine methyltransferase, MCO: methylcadaverine oxidase, PKS: polyketide synthase. 

 

Evolution of Tropane and Granatane Alkaloid Biosynthesis 
Tropane and granatane alkaloid biosynthesis is hypothesized to have evolved 

multiple times within various plant families. The polyphyletic origin of the biochemical 

pathways would, therefore, make it possible for unique catalytic reactions to occur in 

conjunction with the expansion of metabolic diversity. Tropane and granatane alkaloids 

are plant secondary metabolites that can function as plant defense compounds and may be 

used as pharmaceuticals.11, 15-16 There is a fundamental lack of knowledge of the 

biosynthetic steps and the kinetic properties of the enzymes that catalyze the reactions that 

make tropane and granatane alkaloids. Thus, the synthetic biology and metabolic 

engineering toolbox for the development of these novel compounds is very limited. The 

main question guiding this research is: what biochemical and molecular changes have 

resulted in the convergent evolution of tropane and granatane alkaloid metabolic systems? 

Tropane and granatane alkaloids are structural homologs with the only difference being 

one extra carbon in the granatane core scaffold. Tropane and granatane alkaloids provide 

a way to reasonably study the rise of, and variation within, specialized metabolic pathways. 

An additional aim of this research is to use systems based approaches to elucidate the 
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biosynthetic pathway of granatane alkaloids in P. granatum (pomegranate), a member of 

the Lythraceae family, as well as other distantly related plant families. 

We hypothesize that the biosynthetic pathway of granatane alkaloids in 

pomegranate plants is most similar to the biosynthetic pathway of tropane alkaloids in the 

Solanaceae plant family. We want to know if the enzymes responsible for the production 

of tropane and granatane alkaloids in different plant species are similar or different, and if 

these enzymes evolved their catalytic abilities independently of each other. Elucidating the 

different enzymatic pathways of tropane and granatane alkaloid biosynthesis in different 

plants families such as the Solanaceae, Erythroxylaceae, and Lythraceae will expand our 

tools in the metabolic engineering toolbox.  

 



Texas Tech University, Kyle Mark Glockzin, August 2019 
 

11 
 

CHAPTER II 

LYSINE DECARBOXYLASE 
The biosynthesis of granatane alkaloids in P. granatum (pomegranate) is unknown. 

However, feeding studies suggest lysine as an early precursor. This hypothesis is based on 

the incorporation of radio-labeled [2-14C]-lysine into the first ring of N-methylpelletierine 

during in planta feeding studies of P. granatum.6 Even more notable is that these studies 

suggest a symmetrical intermediate in the formation of the piperidine ring, such as 

cadaverine. Even more evidence for cadaverine as a precursor compound to granatane 

alkaloids exists. For example, when fed to whole pomegranate plants, radio-labeled [1,5-
14C]-cadaverine incorporated into the granatane alkaloids pelletierine, N-

methylpelletierine, and pseudopelletierine. The symmetrical polyamine cadaverine is the 

product of the decarboxylation of lysine. Therefore, we hypothesize that the first 

biosynthetic step in granatane alkaloid formation in pomegranate plants is the 

decarboxylation of lysine. 

There are several lysine decarboxylase (LDC) enzymes that have been found and 

characterized in different domains of life. Some examples of biochemically characterized 

lysine decarboxylase enzymes include: M. alba, C. follicularis, L. angustifolius, C. 

reinhardtii, S. alopecuroides, C. sativus, H. serrata, and L. clavatum. We employed a 

homology-based approach for gene discovery in pomegranate by first identifying candidate 

LDC sequences. We used biochemically characterized LDC enzymes from plants and other 

prokaryotic organisms as queries in a tBLASTn search on an annotated pomegranate 

genomic database to discover possible LDC enzymes.17 Additionally, there are some 

predicted LDC sequences in plants such as: T. cacao, M. domestica, Z. jujube, P. persica, 

M. truncatula, and N. tabacum. These predicted sequences were also used to search the 

annotated pomegranate genomic database for putative LDC sequences. The tBLASTn 

search revealed several putative LDC gene sequences. 
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Phylogenetic Analysis, Conserved Binding Domain, and Coenzyme 
A dendrogram made from protein sequence alignments of known, predicted, and 

candidate LDC enzymes gives us more evidence for their relatedness (Figure 9). Protein 

sequences were aligned using the standard protein alignment settings of CLUSTAL X2. 

Neighbor joining (NJ) was the clustering algorithm used. Using CLUSTAL X2, a Phylip 

format (.phb) tree was created and transferred to Fig Tree v1.4.3. The number of bootstrap 

trials was set to 1000 and the random number generator seed was set to 111. Bootstrap 

values were placed on the nodes. Bootstrap values provide evidence for sequence similarity 

between these different proteins. This could provide information on the decarboxylase 

catalytic activity and substrate/coenzyme specificity. All known lysine decarboxylases 

utilize the coenzyme PLP (pyridoxal-5’-phosphate).18 PLP is the active form of vitamin 

B6, and it is a coenzyme in various enzymatic reactions. PLP is the coenzyme utilized in 

the stabilization of the carbanions at the alpha carbon of amino acids. PLP is also a catalyst 

that behaves like a coenzyme in a variety of different reactions including decarboxylation, 

deamination, and transamination.19-21 LDC enzymes have a unique conserved binding 

domain (PGGXGTXXE), a PLP binding domain.22 Figure 10 shows the conserved PLP 

binding domain in a protein sequence alignment of known LDC and PgLDC (P. granatum 

LDC) candidates. This suggests that these enzymes are capable of binding the necessary 

cofactor (PLP) for decarboxylation to occur. 
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Figure 9: Dendrogram made using the neighbor joining method, and using protein 
sequences of known, predicted, and candidate lysine decarboxylase enzymes. Bootstrap 
values are reported at the nodes. Enzymes in black are known LDC sequences (MaLDC: 
Morus alba, CfLDC: Cephalotus follicularis, LaL/ODC: Lupinus angustifolius, CrLDC: 
Chlamydomonas reinhardtii, CsLDC: Cucumis sativus, HsLDC: Huperzia serrata, 
MpLDC: Micromonas pusilla, LcL/ODC: Lycopodium clavatum, SaLDC: Sophora 
alopecuroides). Enzymes in red are predicted LDC sequences (TcLDC: Theobroma cacao, 
MdLDC: Malus domestica, ZjLDC: Ziziphus jujube, and PpLDC: Prunus persica, NtLDC: 
Nicotiana tabacum, MtLDC: Medicago truncatula). Enzymes in blue are potential LDC 
candidates from P. granatum (PgLDC1-11). The scale bar represents the number of amino 
acid changes per site. The red asterisks indicate the candidate genes that have been cloned 
successfully.  
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Figure 10: Protein sequence alignment showing the conserved PLP binding domain 
(PGGXGTXXE) of lysine decarboxylase enzymes. Known LDC sequences- MaLDC: 
Morus alba, CfLDC: Cephalotus follicularis, LaL/ODC: Lupinus angustifolius, CrLDC: 
Chlamydomonas reinhardtii. Predicted LDC sequences- TcLDC: Theobroma cacao, 
MdLDC: Malus domestica, ZjLDC: Ziziphus jujube, and PpLDC: Prunus persica. The 
candidate sequences from pomegranate are labeled as PgLDC1-6. 

 

Figure 11 illustrates the mechanism for PLP reactions. A Schiff base exchange 

reaction, or a transamination reaction, is the first step for all enzymatic PLP-dependent 

reactions. All PLP enzymes have a conserved lysine residue at the active site, which at rest, 

exists as a Schiff base or an internal aldimine. The substrate must contain an amine, because 

the amine enters and displaces the epsilon-amino group of the internal aldimine. The 

substrate then forms a new, external aldimine. All PLP-catalyzed reactions share the 

external aldimine as a common intermediate. From this point the PLP-dependent reaction 

specificity begins to differ, depending on substrate selectivity and function.23 
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Figure 11: Reaction mechanism of the decarboxylation of lysine using the coenzyme 
pyridoxal-5’-phosphate (PLP). The scheme begins with PLP bound to a free lysine residue. 
Then the electrons from the negatively charged oxygen atom shift to allow for the release 
of CO2. A hydrolysis reaction then forms the products cadaverine and unbound PLP. 

 

Cloning of PgLDC candidates 
Gene specific primers for all of the putative PgLDC candidates were designed using 

VectorNTI (Table 1). There was a total of 11 PgLDC candidate protein sequences. In order 

to amplify the candidate gene sequences using the newly designed primers, total RNA 

needed to be extracted from pomegranate root tissue (the hypothesized location of 

granatane alkaloid biosynthesis in pomegranate plants). This proved to be a challenge, 

because pomegranate roots contain an abundance of polyphenolic and polysaccharide 

compounds that interfere with many RNA extraction procedures. However, we were able 

to successfully extract total RNA from the roots of pomegranate plants by following the 

procedure reported by Tian et al.24 

Prior to the discovery of this RNA extraction technique, a modified LiCl method 

was used unsuccessfully The main changes to the protocol from standard methods included 
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the incorporation of cetyl trimethylammonium bromide (CTAB). CTAB is a detergent 

responsible for the separation of nucleic acids from polysaccharides.25 Root tissue was 

obtained from plants that were grown from seeds using a deep-water culture hydroponic 

system. The mRNA was then reversed transcribed into first strand cDNA using SuperScript 

IV (Invitrogen). PCR amplification, using the first strand cDNA and the newly designed 

gene specific primers, was performed to amplify the candidate PgLDC gene sequences 

(Table 1). A total of 6 candidate PgLDC sequences have been amplified from P. granatum 

cDNA (Figure 12 and Figure 13). 

 

Table 1: Punica granatum LDC candidate gene specific primer sequences. 

Gene Forward 5’-3’ Reverse 5’-3’ 
PgLDC1 ATGGAGATGGAGATGAAGCAAT

CCA 
TCATCTTGAGATGCTGCATTTCGG 

PgLDC2 ATGGAGAAAGAGAGTGGCGAA
AT 

CTATCTAGATATGTTATAATCTTCGGGG
TACT 

PgLDC3 ATGGTGAACTTGTCGTCGAGGT CTAAATCTCCCAACTTAGCTTGGAG 
PgLDC4 ATGGGAGAAGAGACAAAGTCGT

C 
TCATAGGGTGGGAACTCCTGA 

PgLDC5 ATGGAAAATAGCAACAACCAGA
CG 

TCAACGTGCAATATCCGATATTGTAC 

PgLDC6 ATGAGGTTCAAGAGGATATGTG
TGTTCT 

CTAAATTTCCCAAGCCCCACTCT 

PgLDC7 ATGGAGGTGACGGACGGGG TCATAGAGTAATCTCGGTCTGCTGCA 
PgLDC8 ATGACGGAATCGAAGGAATCG TCATTTTCCTGCTAGGTGGCTG 
PgLDC9 ATGGAAGAAGGAGACGATATGA

GAA 
TCACATGATGGAGAATTGCCTCT 

PgLDC10 ATGGCCACCTGCTGTCCAG TTATCCCTTATCAAATGCATCTTCTTC 
PgLDC11 ATGGGTTTTTCTCTGTTTTGCCC CTAAAACTCGGACAAATACTCCAAAGC

T 
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Figure 12: DNA gel of PgLDC candidates. Genes were amplified using gene specific 
primers and P. granatum cDNA as the template. Lanes: Ladder (1kb), PgLDC4 (657bp), 
Positive control LaL/ODC (1320bp), PgLDC2 (660bp), PgLDC10 (1221bp), PgLDC5 
(699bp), PgLDC6 (645bp), PgLDC1 (651bp), Negative control 

 

 

Figure 13: DNA gel of PgLDC candidates. Genes were amplified using gene specific 
primers and P. granatum cDNA as the template. Lanes: Ladder (1kb), PgLDC2 (660bp), 
PgLDC7 (8079bp), PgLDC9 (966bp), PgLDC3 (606bp), PgLDC8 (642bp). 

 

After successful amplification from cDNA, the genes need to be cloned into 

maintenance and expression vectors. In order to easily clone these sequences into a variety 
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of vectors, the Gateway (GW) clonining system was used. GW cloning is a system that 

allows us to easily transfer gene sequences from one plasmid to another plasmid.26 The 

first step in GW cloning is to add tags (attB sites) to either end of the gene of interest. This 

first set of tags introduces a thrombin cleavage site to the N-terminus of the protein of 

interest, and the first portion of the GW attB cloning site to the C-terminus of the protein 

of interest. This round of cloning adds 18 base pairs (bp) to the front of the gene of interest, 

and 25bp to the rear of the gene of interest. The thrombin cleavage site, that was added to 

the 5’ end of the gene of interest, is useful for removing any additional tags from the 5’ end 

that may interfere with enzyme activity (such as a His-tag or a Strep-tag). A subsequent 

PCR reaction is needed to attatch the remamining base pairs of the GW attB cloning site 

to the N-and C-termini of the protein of interest. This step is commonly reffered to as the 

second round Gateway (GW) PCR. The second round GW adds a tag of 31bp to the N-

terminus of the thrombin cleavage site. The second round GW also adds an additional 5bp 

to the C-terminus of the first round GW addition. Table 2 shows the second round GW 

primer sequences used for this project.  

Figure 14 is an illustration of the Gateway cloning system and how the primers 

were designed and used. The addition of these tags enables the use of vectors designed 

specifically for GW cloning technology. The proprietary clonase enzymes, from 

Invitrogen, recognize these attB sites, which provide an insertion point for our gene of 

interest into an entry vector. These clonase enzymes transfer of our genes of interest into 

entry vectors after identification of the attB cloning sites. Figure 15 and Figure 16 are 1% 

agarose DNA gels of the first round GW additions of PgLDC candidates. Figure 17 and 

Figure 18 are 1% agarose gels of the second round GW additions of PgLDC candidates. 

 

Table 2: Second Round Gateway Cloning Primers 

Gateway Primer Forward 5’-3’ Reverse 5’-3’ 

2nd Round Gateway Primer GGGGACAAGTTTGTACAAAAA
AGCAGGCTTACTGGTTCCGCG
TGGTTCC 

GGGGACCACTTTGTACAAGAA
AGCTGGGTA 
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Figure 14: Illustration of the Gateway cloning system, and how the primers were designed 
and used. GSP – gene specific primers, GW1 – 1st round Gateway primers, GW2 – 2nd 
round Gateway primers. 

 

 

Figure 15: 1st Round Gateway- DNA gel of PgLDC candidates after the first round 
Gateway tag additions. The PCR products from the cDNA amplification were used as the 
templates with the gene specific first round gateway primers. Lanes: Ladder (1kb), 
PgLDC4 (700bp), PgLDC2 (703bp), PgLDC5 (742bp), PgLDC6 (688bp), PgLDC1 
(694bp) 
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Figure 16: 1st Round Gateway- DNA gel of PgLDC candidates after the first-round 
Gateway tag additions. The PCR products from the cDNA amplification were used as the 
templates with the gene specific first round gateway primers. Lanes: Ladder (1kb), 
PgLDC2, PgLDC2, PgLDC3, PgLDC3, LaL/ODC Positive control 

 

 

Figure 17: 2nd Round Gateway- DNA gel of PgLDC candidates after the second round 
Gateway tag additions. The first round Gateway PCR products were used as the template 
with second round attB Gateway cloning primers. Lanes: Ladder (1kb), PgLDC4, PgLDC2, 
PgLDC5, PgLDC6, PgLDC1 
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Figure 18: 2nd Round Gateway- DNA gel of PgLDC candidates after the second round 
Gateway tag additions. The first-round Gateway PCR products were used as the template 
with second round attB Gateway cloning primers. Lanes: Ladder (1kb), PgLDC2, PgLDC2, 
PgLDC3, PgLDC3 

 

Successful GW cloning inserts a gene of interest into an entry vector (pDONR207). 

This vector system is not ideal for expression, but it is good for maintenance and 

amplification of the plasmid DNA, and thus also called a maintenance vector. In order to 

insert the gene of interest containing the attB site tags into the pDONR entry plasmid, a BP 

reaction is necessary. A BP reaction is a commercial protocol from Invitrogen that utilizes 

the proprietary BP clonase enzyme.26 The BP clonase enzyme removes the ccdB survival 

gene from the pDONR plasmid and inserts our gene of interest into the plasmid. The 

clonase enzyme recognizes the attB site tags that were added to the gene of interest, and it 

can perform the transfer because of these specific tags. However, this vector does not allow 

for the expression of the gene. In order to express the gene, we need to move the gene of 

interest into an expression vector. This requires another proprietary clonase enzyme from 

Invitrogen that enzymatically transfers our gene of interest from the entry vector into the 

expression vector.26 This step is known as an LR reaction. The LR clonase enzyme 

recognizes the sequences flanking the gene of interest and can swap out the ccdB survival 

gene contained in the expression vector for the gene of interest contained in the entry 

vector. 
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Once the gene is inserted into a Gateway expression vector it can be transformed 

into a microorganism, such as bacteria or yeast for subsequent heterologous expressions. 

The bacteria chosen for this purpose was Escherichia coli (E. coli). Sometimes expressing 

eukaryotic genes in a prokaryotic host presents challenges. So, if there is some difficulty 

expressing these specific proteins in bacteria, then yeast can be tested. The specific yeast 

we use is Komagataella pastoris (aka. Pichia pastoris). 

 

Protein Expression, Purification, and Activity Analysis of PgLDC Candidates 
Each of the LDC candidates have unique variations, most notable of which is the 

vast differences in protein size. PgLDC candidates vary in molecular weight from 22.0kDa 

to 44.0kDa. This difference in size is somewhat common to LDC proteins. For example, 

LaL/ODC (Lupinus angustifolius L/ODC) is approximately 47.7kDa, however, MaLDC 

(Morus alba LDC) is approximately 24.0kDa.27-28 Many decarboxylase enzymes are also 

known for their promiscuity for different substrates. For example, the plant Erythroxylum 

coca (E. coca) has an enzyme that is capable of decarboxylating both arginine and 

ornithine.29 Moreover, L. angustifolius has an enzyme that can decarboxylate both 

ornithine and lysine.28 

 

LDC Protein Expression and Purification 
Protein expression has been employed on a few of the PgLDC candidates in E. coli 

BL21(DE3) cells. Soluble protein was obtained from the expression of the following 

PgLDC putative proteins in pH9GW plasmids: PgLDC1, 2, 3, and 5. Proteins were purified 

with a His-tag affintiy column. A UV detector (280nm) was used to determine which 

fractions contained protein. Protein concentration was determined after all of these 

purifications using the protocol reported by Bradford.30 Figure 19 shows an SDS-PAGE 

gel of PgLDC1 purified and desalted fractions. The expected size of the protein with the 

GW tags is 27.5kDa. Figure 20 shows an SDS-PAGE gel of PgLDC2 purified and desalted 

fractions. The expected size of the protein with the GW tags is 27.9kDa. Figure 21 shows 
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an SDS-PAGE gel of PgLDC3 purified and desalted fractions. The expected size of the 

protein with the GW tags is 25.5kDa. Figure 22 shows an SDS-PAGE gel of PgLDC5 

purified and desalted fractions. The expected size of the protein with the GW tags is 

28.8kDa. Although we have been able to obtain pure soluble protein, none of the enzyme 

assays have shown activity. 

It was also necessary to express a positive control protein, LaL/ODC, for proper 

analysis of candidate enzyme assays. The protein expression protocol for LaL/ODC was 

done according to Bunsupa et. al. and is in the materials and methods section.28 Following 

this protocol produced soluble, active protein. Figure 23 is an SDS-PAGE gel of the 

expression of LaL/ODC pGEX-6P-3 in BL21(DE3) cells. This particular protein has a 

glutathione-S-transferase (GST) tag attached to the N-terminus of the LaL/ODC protein. 

This tag is approximately 26.0kDa, and is used to make the protein of interest soluble. The 

protein of interest is approximately 48.9kDa, so combined with the GST tag the protein is 

approximately 74.8kDa. The protein was purified using an AKTA pure on a GST-tag 

affinity column. A UV detector (280nm) was used to determine which fractions contain 

protein. The concentration of protein fractions was determined using the protocol by 

Bradford.30 
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Figure 19: SDS-PAGE gel of PgLDC1 expressed in E. coli BL21(DE3) cells. Lanes: MW 
(kDa) ladder, desalted fraction 6, 13, 14, 15, 19. Expected size: 27.5kDa 

 

 

Figure 20: SDS-PAGE gel of PgLDC2 expressed in E. coli, BL21(DE3) cells. Lanes: MW 
(kDa) ladder, 14, 15, 16, desalted 5, desalted 6. Expected Size: 27.9kDa 
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Figure 21: SDS-PAGE gel of PgLDC3 expressed in E. coli, BL21(DE3) cells. Lanes: 
MW (kDa) ladder, pellet, crude, 2, 5, 12, 13, Desalt5, Desalt6. Expected sizes: 25.5kDa 

 

 

Figure 22: SDS-PAGE gel of PgLDC5 expressed in E. coli, BL21(DE3) cells. Lanes: 
MW (kDa) ladder, pellet, crude, 2, 5, 13, 14, Desalt5, Desalt6, Desalt7. Expected sizes: 
28.8kDa 
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Figure 23: SDS-PAGE gel of the expression of LaL/ODC pGEX in E. coli BL21(DE3) 
cells. Lanes: MW (kDa) ladder, pellet, crude, flow-through, wash, Fractions 8-12. 
Expected size: 48.9kDa is the protein of interest, combined with the GST tag the protein is 
approximately 74.8kDa. 

 

Testing LDC Candidates for Enzymatic Activity  
LaL/ODC was used as a positive control for testing lysine decarboxylase activity. 

The enzyme assay conditions were done according to Bunsupa et. al.28 Figure 24 shows a 

high performance liquid chromatography-fluorescence detector (HPLC-FLD) 

chromatogram of a successful LaL/ODC enzyme assay. We also wanted to test the 

substrate promiscuity of this enzyme towards N-ε-methyl-L-lysine. If the LaL/ODC 

enzyme is capable of decarboxylating this form of lysine, then it could represent the ability 

of an LDC enzyme to bind and catalytically decarboxylate N-ε-methyl-L-lysine. Figure 25 

shows an HPLC-FLD chromatogram of an LaL/ODC enzyme assay using N-ε-methyl-L-

lysine as the substrate. This result could also be indicative of a novel methyl-lysine 

decarboxylase (MLDC), which could also be involved in granatane alkaloids biosynthesis, 

in which lysine is first methylated with a lysine methyltransferase (LMT) and subsequently 

is decarboxylated to produce N-methylcadaverine. Unfortunately, none of the PgLDC 

candidates that have been heterologously expressed and purified (PgLDC 1, 2, 3, and 5) 

have shown LDC or MLDC activity (data not shown) Figure 26 shows the results of the 

PgLDC enzyme assays that had no activity. Many different assay conditions were explored, 

from changing the buffer system (Tris vs. Phosphate buffer), to varying the pH and 
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concentrations of substrate, cofactor, and enzyme. The PgLDC and PgSAMDC1 proteins 

were tested for ODC activity as well. The enzymes were fed the same concentration of 

ornithine as they were with lysine in the assays. Figure 27 shows that none of the candidate 

proteins showed ODC activity. PgLDC and PgSAMDC1 candidate proteins were also 

tested for ADC activity. The enzymes were fed the same concentration of arginine as they 

were with both lysine and ornithine in the assays. Figure 28 shows the results of the ADC 

assays, no activity was observed. It was also necessary for us to test for MLDC activity 

using N-ε-methyl-L-lysine as the substrate. Figure 29 shows that none of the PgLDC 

candidates showed MLDC activity. 

 

 

Figure 24: HPLC-FLD chromatogram of the positive control enzyme assay for LaL/ODC. 
L-lysine was used as the substrate. LDC assay (1-black), no enzyme (2-blue), no 
substrate(3-pink), boiled enzyme (4-brown). Compounds were analyzed at 337nm and 
454nm. The y-axis represents the counts under the curves, and the x-axis represents time 
in minutes. 
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Figure 25: HPLC-FLD chromatogram of an LaL/ODC enzyme assay using N-ε-methyl-
L-lysine as the substrate. MLDC assay (1-black), no enzyme (2-blue), no substrate (3-
pink), boiled enzyme (4-brown). Compounds were analyzed at 337nm and 454nm. The y-
axis represents the counts under the curves, and the x-axis represents time in minutes. 

 



Texas Tech University, Kyle Mark Glockzin, August 2019 
 

29 
 

 

Figure 26: HPLC-FLD chromatogram of LDC assays. This shows that each enzyme 
tested showed no LDC activity. The numbered lines are identified as follows: 
PgSAMDC1 (1-black), PgLDC1 (2-dark blue), PgLDC2 (3-pink), PgLDC3 (4-brown), 
PgLDC5 (5-green), No enzyme control (6-light blue), No substrate control (7-gray), 
Methanol wash (8-dark green). Compounds were analyzed at 337nm and 454nm. The y-
axis represents the counts under the curves, and the x-axis represents time in minutes. 
The product, cadaverine, has a retention time of 10.1 minutes. 
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Figure 27: HPLC-FLD chromatogram of ODC assays. This shows that each enzyme 
tested, using ornithine as the substrate, showed no ODC activity. The numbered lines are 
identified as follows: 1-PgSAMDC1, 2-PgLDC1, 3-PgLDC2, 4-PgLDC3, 5-PgLDC5, 6-
No enzyme control, 7-No substrate control. Compounds were analyzed at 337nm and 
454nm. The y-axis represents the counts under the curves, and the x-axis represents time 
in minutes. The product, putrescine, has a retention time of 9.9 minutes. 
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Figure 28: HPLC-FLD chromatogram of ADC assays. This shows that each enzyme 
tested, using arginine as the substrate, showed no ADC activity. The numbered lines are 
identified as follows: 1-PgLDC1, 2-No enzyme control, 3-No substrate control, 4-
PgLDC2, 5-PgLDC3, 6-PgLDC5, 7-PgSAMDC1. Compounds were analyzed at 337nm 
and 454nm. The y-axis represents the counts under the curves, and the x-axis represents 
time in minutes. The product, agmatine, has a retention time of 9.0 minutes. 
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Figure 29: HPLC-FLD chromatogram of MLDC assays. This shows that each enzyme 
tested, using N-ε-methyl-L-lysine as the substrate, showed no activity. The numbered lines 
are identified as follows: 1-PgLDC1, 2-PgLDC2, 3-PgLDC3, 4- No enzyme control, 5-No 
Substrate Control, 6-PgLDC5. Compounds were analyzed at 337nm and 454nm. The y-
axis represents the counts under the curves, and the x-axis represents time in minutes. The 
product, N-methylcadaverine, has a retention time of 9.84 minutes. 
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CHAPTER III 

S-ADENOSYL-L-METHIONINE DECARBOXYLASE 
S-adenosyl-L-methionine decarboxylase (SAMDC) is another key enzyme we are 

studying that has the ability to decarboxylate another amine-containing compound, S-

adenosyl-L-methionine (SAM) (Figure 29). SAM is a commonly used methyl donor in 

plant methyltransferase reactions. The formation of the first ring closure of tropane 

alkaloids in the Solanaceae family utilizes SAM as a methyl donor for the methylation of 

the polyamine putrescine.31 Furthermore, decarboxylated S-adenosyl-L-methionine 

(dcSAM), the product of SAMDC, is also an important co-substrate in polyamine 

biosynthesis. dcSAM is used as an aminopropyl donor to produce the polyamines 

spermidine and spermine. 

 

 

Figure 30: Reaction scheme for SAM decarboxylase. In SAM the methyl donor is 
highlighted in red, and in dcSAM the aminopropyl donor is highlighted in red. 

 

The synthesis of dcSAM is difficult with more than ten different steps in the 

procedure and a small overall percent yield.32 While it is difficult for us to perform the 

synthesis of dcSAM in a laboratory setting, plants have evolved a method to efficiently 

biosynthesize this natural product in planta. Plants utilize a SAMDC enzyme to 

biosynthesize dcSAM. We followed the procedure reported by Zappia et. al. to 

enzymatically synthesize dcSAM. Once synthesized, dcSAM can be used as a co-substrate 

in spermidine synthase enzyme assays and for substrate promiscuity tests. We plan to 
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utilize the SAMDC enzyme from either Erythroxylum coca or Punica granatum to perform 

the enzymatic synthesis of dcSAM. 

The SAMDC enzyme from Punica granatum is of particular interest, because of 

the promiscuity of decarboxylase enzymes. It is possible that a SAMDC enzyme is 

responsible for the decarboxylation of lysine in the granatane pathway, in addition to its 

SAM decarboxylase activity in polyamine biosynthesis. Other SAMDC enzymes have 

been shown to have promiscuity towards a variety of amine-containing substrates, such as 

the amino acid lysine. For example, a SAMDC found in the plant species Arabidopsis 

thaliana has been reported to have the ability to decarboxylate L-lysine as well as SAM.33 

 

Cloning and Phylogenetic Analysis of Putative SAMDC Enzymes 

Phylogenetic Analysis of Putative SAMDC Sequences 

In order to investigate the possible promiscuous nature of putative PgSAMDC 

sequences, a tBLASTn search was performed on a P. granatum annotated genomic 

database using known SAMDC sequences.17 The search resulted in 6 candidate gene 

sequences for Punica granatum SAMDC (PgSAMDC1-6). Moreover, a tBLASTn search 

was also done on an E. coca annotated genomic database to provide other possible SAMDC 

enzyme candidates. Only 1 candidate gene was found in the E. coca database (EcSAMDC). 

Figure 30 is a phylogenetic tree made from protein sequence alignments of known and 

potential SAMDC enzymes. Protein sequences were aligned using the standard protein 

alignment settings of CLUSTAL X2. Neighbor joining (NJ) was the clustering algorithm 

used. Using CLUSTAL X2, a Phylip format (.phb) tree was created and transferred to Fig 

Tree v1.4.3. The number of bootstrap trials was set to1000 and the random number 

generator seed was set to 111. Bootstrap values were placed on the nodes. Bootstrap values 

provide evidence for sequence similarity between these different proteins. 
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Figure 31: Dendrogram made using the neighbor joining method and using protein 
sequences of known and potential candidate SAM decarboxylase enzymes. Bootstrap 
values are reported at the nodes. Solanum tuberosum (StSAMDC), Cucumis melo 
(CmSAMDC), Pisum sativum (PsSAMDC), Arabidopsis thaliana (AtSAMDC), Punica 
granatum (PgSAMDC1-6), Erythroxylum coca (EcSAMDC). The scale bar represents the 
number of amino acid changes per site. The red asterisks indicate the candidate genes that 
have been cloned successfully. 

 

Cloning SAMDC Candidates 
The process of cloning the SAMDC candidate genes is the same as previously 

described for the LDC candidate genes in Chapter 1. Gene specific primers were designed 

for each putative SAMDC gene (Table 3). Figure 31 is a DNA gel depicting the cDNA 

amplification of the SAMDC candidate from E. coca (EcSAMDC). Figure 32 is a DNA 
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gel of the first round GW tag additions to EcSAMDC, and Figure 33 is a DNA gel of the 

second round GW tag additions. The GW cloning procedure continues with a BP reaction, 

followed by an LR reaction in order to insert our genes of interest into expression vectors. 

These procedures are outlined in the lysine decarboxylase section in Chapter 1. 

 

Table 3: EcSAMDC and PgSAMDC Gene Specific Primers 

Gene Forward 5’-3’ Reverse 5’-3’ 
EcSAMDC ATGGCTGTCTCTGCAATTGGG CTACGCATCTTCTTCCTCTTCTCCC 
PgSAMDC1 ATGGCCTTGCCGGTTTCT CTATTTCTCTTCGACTTCCTCGTCC 
PgSAMDC2 ATGACCATGATGGGAGTTTCT

CC 
TCAGACGTACTCCTCTTCCTCCAT 

PgSAMDC3 ATGACCATGATGGGAGTTTCT
CC 

TCAGACGTACTCCTCTTCCTCCAT 

PgSAMDC4 ATGGCCGTGTTAACTGAACCG TCAGGCCTCATCCACCACCT 
PgSAMDC5 ATGACAGTCTCCCAGTCCCCG CTAGTTAACACTGACTCGCAGCATAGC 
PgSAMDC6 ATGGCTGCTTCGGGTTTCG CTATTTACGGCGAGCCGTTGTC 

 

 

Figure 32: DNA gel of the EcSAMDC candidate gene amplified from cDNA. Expected 
size 1071bp. LaL/ODC pGEX was used as a positive control and the negative contained 
no template. Lanes: Ladder (1kb), EcSAMDC, EcSAMDC, Negative control, Positive 
control 
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Figure 33: DNA gel of the first round Gateway tag addition to EcSAMDC. Expected size 
with tags: 1104bp. Lanes: Ladder (1kb), EcSAMDC, EcSAMDC, Negative control, 
Positive control 

 

 

Figure 34: DNA gel of the second round Gateway tag additions to EcSAMDC. Expected 
size with tags: 1150bp Lanes: Ladder (1kb), EcSAMDC, EcSAMDC, Negative control, 
Positive control 

 

EcSAMDC Protein Expression 
EcSAMDC pH9GW was expressed in E. coli BL21(DE3) cells. (see Materials and 

Methods). Plant SAMDC enzymes exist as a proenzyme. This means that the fully 

translated protein is not in the active form, it must undergo a process of self-cleavage that 
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separates the protein into two unequal fragments, α and β subunits. The two subunits are 

approximately 31-33kDa and 7-10kDa respectively.34-36 Interestingly, the process of self-

cleavage appears to be occurring during the purification of the EcSAMDC enzyme, 

because of the banding pattern observed on the SDS-PAGE gel (Figure 34). 

 

 

Figure 35: SDS-PAGE gel of EcSAMDC expressed in BL21(DE3) cells. Expected size: 
43.2kDa (with tags) before cleavage. Expected size: 31-33kDa and 7-10kDa after cleavage. 
Lanes: Ladder (MW), Pellet, Crude, 2, 5, 7, 12, desalted 5, desalted 6 

 

Testing for SAMDC Activity in EcSAMDC 
To test for enzymatic activity, assays were done using the desalted EcSAMDC 

protein fractions. Exact assay conditions are in the Materials and Methods section, but here 

they are briefly. A potassium phosphate buffer (pH7.0) was used along with DTT, EDTA, 

substrate, and desalted enzyme. The enzyme was tested using SAM and L-lysine as 

substrates. Enzyme assays were analyzed spectrophotometrically at 334 nm. Figure 35 is 

an HPLC-FLD chromatogram of an EcSAMDC enzyme assay using SAM as the substrate. 

The enzyme did not show activity when L-lysine was used as the substrate. This figure 

shows the separation of SAM and dcSAM on a Chromolith RP-C18 column. The substrate, 

SAM, has a retention time of 1.3 minutes and the product, dcSAM, has a retention time of 

1.9 minutes. 
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Figure 36: HPLC-FLD chromatogram of an EcSAMDC enzyme assay. Peak 1 (1.31 
minutes, SAM), and Peak 2 (1.943 minutes, dcSAM). The other lines represent the controls 
for the experiment. Detection was done using UV-VIS set at 334nm. The y-axis is mAU 
(milliAmpere Units), and the x-axis is time in minutes. 

 

PgSAMDC Protein Expression- 
The expression of candidate PgSAMDC proteins has been extremely difficult. All 

attempts to express a soluble active form of the protein have not been successful, except 

for PgSAMDC1. The candidates PgSAMdc1, PgSAMdc2, and PgSAMdc3 have all been 

cloned into a pH9GW expression vector with the same procedure outlined in the Materials 

and Methods section, and in Chapter 1. The expected sizes of PgSAMDC candidates with 

the GW attB tags are: PgSAMDC1-44.1kDa, PgSAMDC2-43.8kDa, PgSAMDC3-

43.8kDa.  Initial attempts to express these proteins was done in BL21(DE3) cells. Several 

different concentrations of the popular induction agent isopropyl β-D-1-

thiogalactopyranoside (IPTG) were tested. Different incubation temperatures, induction 

times, and cell lines were also experimented with, and only one combination, thus far, has 

produced soluble protein. 
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PgSAMDC Expression in E. coli BL21(DE3) Cells 
Figure 36 is an SDS-PAGE gel of PgSAMDC1, PgSAMDC2, and PgSAMDC3 

expressed in BL21(DE3) cells using a final IPTG concentration of 0.5mM and an 

incubation time of 3 hours. Figure 37 is an SDS-PAGE gel of PgSAMDC1, PgSAMDC2, 

and PgSAMDC3 expressed in BL21(DE3) cells using a final IPTG concentration of 0.1mM 

and incubating at 20⁰C for 5 hours shaking at 220rpm. Figure 38 is an SDS-PAGE gel of 

PgSAMDC1, PgSAMDC2, and PgSAMDC3 expressed in BL21(DE3) cells using a final 

IPTG concentration of 0.1mM and incubating at 12⁰C overnight shaking at 250rpm. 

 

 

Figure 37: SDS-PAGE gel of PgSAMDC1, PgSAMDC2, and PgSAMDC3 expressed in E. 
coli BL21(DE3) cells, induced with 0.5mM IPTG, and incubated for 3hrs at 37⁰C shaking 
at 250rpm. Lanes: Ladder (MW), blank, PgSAMDC1 crude, PgSAMDC1 pellet, blank, 
PgSAMDC2 crude, PgSAMDC2 pellet, blank, PgSAMDC3 crude, PgSAMDC3 pellet. 
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Figure 38: SDS-PAGE gel of PgSAMDC1, PgSAMDC2, and PgSAMDC3 expressed in E. 
coli BL21(DE3) cells, induced with 0.1mM IPTG, incubated at 20⁰C for 5hrs shaking at 
250rpm. Lanes: Ladder (MW), PgSAMDC1 crude, PgSAMDC1 pellet, PgSAMDC2 
crude, PgSAMDC2 pellet, PgSAMDC3 crude, PgSAMDC3 pellet. 

 

 

Figure 39: SDS-PAGE gel of PgSAMDC1, PgSAMDC2, and PgSAMDC3 expressed in E. 
coli BL21(DE3) cells, induced with 0.1mM IPTG, incubated at 12⁰C overnight shaking at 
250rpm. Lanes: Ladder (MW), blank, PgSAMDC1, PgSAMDC2, PgSAMDC3. 

 

Expression in Rosetta Blue(DE3) pLacI Cells 
Since the expression of the candidate PgSAMDC proteins in E. coli BL21(DE3) 

cells did not produced soluble protein, alternative expression methods had to be examined. 
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Another alternative cell line that has been designed to help with solubility problems is the 

Rosetta Blue(DE3) pLacI strain of E. coli. This cell line is designed to enhance the 

expression of eukaryotic proteins that are being expressed in prokaryotic hosts. Different 

organisms across the kingdoms of life have evolved to use specific codons for specific 

amino acids. This means that multiple codons can code for the same amino acid. This poses 

a problem when trying to induce a prokaryotic host to express a eukaryotic gene. The host 

organism might not recognize the correct codon sequence for a particular amino acid, these 

are known as rare codons. The issue of rare codons can create some problems with proper 

protein folding, and that can result in solubility challenges. In order to alleviate this 

problem, the Rosetta Blue(DE3) pLacI cell line can be utilized. This cell line supplies the 

tRNAs for 7 rare codons on a chloramphenicol resistant plasmid. The Rosetta Blue(DE3) 

pLacI cells also contain the pLacI plasmid which produces extra Lac repressor to insure 

the inhibition of transcription in the absence of an inducer. Transcription in the absence of 

an inducer is known as “leaky expression.” The three PgSAMDC candidates were 

transformed into the Rosetta Blue(DE3) pLacI cells according to the manual. Protein 

expressions were carried out in accordance with the manual, but final IPTG concentrations, 

incubation temperatures, and incubation times after induction were altered to optimize the 

production of soluble protein. 

Figure 39 is an SDS-PAGE gel of PgSAMDC1, PgSAMDC2, and PgSAMDC3 

expressed in Rosetta Blue (DE3) pLacI cells using a final IPTG concentration of 1mM and 

incubating at 37⁰C for 4 hours (250rpm). Figure 40 is an SDS-PAGE gel of an expression 

that was done exactly like Figure 39, with the exception of using 250µM IPTG for 

induction. Figure 41 is an SDS-PAGE gel of an expression that was done exactly like 

Figure 40, with the exception of using 25µM IPTG for induction. None of these expression 

techniques were successful at producing soluble protein. The expected sizes of each protein 

with the additional tags are: PgSAMDC1 (44.1kDa), PgSAMDC2 (43.8kDa), PgSAMDC3 

(43.8kDa). 
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Figure 40: SDS-PAGE gel of PgSAMDC1, PgSAMDC2, and PgSAMDC3 expressed in 
Rosetta Blue(DE3) pLacI cells. Cultures were induced using 1mM IPTG and incubated at 
37⁰C for 4 hours shaking at 250rpm. Lanes: Ladder (MW), blank, PgSAMdc1 pellet, 
PgSAMDC1 crude, blank, PgSAMDC2 pellet, PgSAMDC2 crude, blank, PgSAMDC3 
pellet, PgSAMDC3 crude. 

 

 

Figure 41: SDS-PAGE gel of PgSAMDC1, PgSAMDC2, and PgSAMDC3 expressed in 
Rosetta Blue(DE3) pLacI cells. Cultures were induced with 250µM IPTG and incubated at 
37⁰C for 4 hours shaking at 250rpm. Lanes: Ladder (MW), blank, PgSAMDC1 pellet, 
PgSAMDC1 crude, blank, PgSAMDC2 pellet, PgSAMDC2 crude, blank, PgSAMDC3 
pellet, PgSAMDC3 crude.  
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Figure 42: SDS-PAGE gel of PgSAMDC1, PgSAMDC2, and PgSAMDC3 expressed in 
Rosetta Blue(DE3) pLacI cells. Cultures were induced with 25µM IPTG and incubated at 
37⁰C for 4 hours shaking at 250rpm. Lanes: Ladder (MW), blank, PgSAMDC1 pellet, 
PgSAMDC1 crude, blank, PgSAMDC2 pellet, PgSAMDC2 crude, blank, PgSAMDC3 
pellet, PgSAMDC3 crude. 

 

Expression in ArcticExpress (DE3) Cells 
The Rosetta Blue expressions were not successful at producing soluble protein, so 

we explored another strategy. The three PgSAMDC candidates were transformed into 

another E. coli strain called ArcticExpress (DE3) cells. Low temperature cultivation of the 

cells is a strategy that can increase the solubility of the recombinant protein. Regular 

BL21(DE3) cells have native chaperonin proteins that help with the folding of proteins, 

but they do not function well at low temperatures. The ArcticExpress (DE3) cell line has 

been designed to co-express the cold-adapted chaperonin proteins from the bacteria O. 

antartica. These particular proteins have high protein refolding activity at 4-12⁰C. The 

chaperonin proteins are conferred on a plasmid that also contains the gentamycin resistance 

gene. 

We have attempted to express PgSAMDC1, PgSAMDC2, and PgSAMDC3 in the 

ArcticExpress (DE3) cells according to the manual, but we have had to try varying the 

IPTG concentrations. We have had some minimal success with this thus far. Figure 42 is 

an SDS-PAGE gel of the expression done in ArcticExpress (DE3) cells inducing with 1mM 
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IPTG and all other parameters according to the manual. Figure 43 is an SDS-PAGE gel of 

the expression done in ArcticExpress (DE3) cells inducing with 0.5mM IPTG. Figure 44 

is an SDS-PAGE gel of the expression done in ArcticExpress (DE3) cells inducing with 

0.1mM IPTG. The chaperonin proteins used to help fold our proteins of interest show a 

band at approximately 55kDa, and another that is approximately 10kDa (which cannot be 

seen on the gels). The gels show that decreasing the concentration of IPTG decreases the 

amount of insoluble protein in the pellet fractions, and the same or slightly increased 

production of soluble protein in the crude fractions. The expected sizes of the proteins with 

tags are: PgSAMDC1 (44.1kDa), PgSAMDC2 (43.8kDa), and PgSAMDC3 (43.8kDa). 

 

 

Figure 43: SDS-PAGE gel of an expression of PgSAMDC1, PgSAMDC2, and 
PgSAMDC3 in ArcticExpress (DE3) cells induced with 1mM IPTG. Lanes: Ladder (MW), 
blank, PgSAMDC1 pellet, PgSAMDC1 crude, blank, PgSAMDC2 pellet, PgSAMDC2 
crude, blank, PgSAMDC3 pellet, PgSAMDC3 crude. 
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Figure 44: SDS-PAGE gel of an expression of PgSAMDC1, PgSAMDC2, and 
PgSAMDC3 in ArcticExpress (DE3) cells induced with 0.5mM IPTG. Lanes: Ladder 
(MW), blank, PgSAMDC1 pellet, PgSAMDC1 crude, blank, PgSAMDC2 pellet, 
PgSAMDC2 crude, blank, PgSAMDC3 pellet, PgSAMDC3 crude. 

 

 

Figure 45: SDS-PAGE gel of an expression of PgSAMDC1, PgSAMDC2, and 
PgSAMDC3 in ArcticExpress (DE3) cells induced with 0.1mM IPTG. Lanes: Ladder 
(MW), blank, PgSAMDC1 pellet, PgSAMDC1 crude, blank, PgSAMDC2 pellet, 
PgSAMDC2 crude, blank, PgSAMDC3 pellet, PgSAMDC3 crude. 

 

Soluble protein has now been obtained for PgSAMDC1 using the ArcticExpress 

(DE3) cell line, 0.1mM IPTG for induction, and incubating at 10⁰C for approximately 22 

hours shaking at 150rpm (more details in the Materials and Methods sections). Figure 45 

is an SDS-PAGE gel of a protein expression of PgSAMDC1 pH9GW. Soluble protein from 
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fractions 15 and 16 were desalted, or buffer exchanged, and the desalted fraction, 

containing approximately 4.3µg/mL of protein, was used for enzyme assays. 

 

 

Figure 46: SDS-PAGE gel of an expression of PgSAMDC1 pH9GW in ArcticExpress 
(DE3) cells. Culture was induced with 0.1mM IPTG and incubating at 10⁰C for 
approximately 22 hours shaking at 150rpm. Lanes: Ladder (MW), pellet, crude, 2-
flowthrough, 8-wash, 15, 16, Desalt12, Desalt13. Expected size with tags: 44.1kDa, after 
autocleavage 31-33kDa and 7-10kDa. Chaperonin proteins 55kDa and 10kDa. 

 

Testing for SAMDC Activity in PgSAMDC Candidates 
To test for enzymatic activity assays were done using the desalted PgSAMDC1 

protein. Exact assay conditions are in the Materials and Methods section, but here they are 

briefly. A potassium phosphate buffer (pH7.6) was used along with DTT, EDTA, substrate, 

and desalted enzyme. The enzyme was tested using SAM and L-lysine as substrates. 

Enzyme assays were analyzed spectrophotometrically using UV-VIS set at 334 nm. Figure 

46 is an HPLC-FLD chromatogram of a PgSAMDC1 enzyme assay. This figure shows the 

separation of SAM and dcSAM on a Chromolith RP-C18 column. 
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Figure 47: HPLC-FLD chromatogram of an PgSAMDC1 enzyme assay. Peak 1 (1.31 
minutes, SAM), and Peak 2 (1.943 minutes, dcSAM). The other lines represent the controls 
for the experiment. Detection was done using UV-VIS set at 334nm. The y-axis is mAU 
(milliAmpere Units), and the x-axis is time in minutes. 
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CHAPTER IV 

HAIRY ROOT CULTURES 
“Hairy root” is a plant disease caused by the gram-negative soil bacterium 

Agrobacterium rhizogenes (A. rhizogenes).37-38 Infection of the plant by A. rhizogenes 

causes the production of roots that have increased lateral branching and typically faster 

growth, these roots are designated as hairy roots. These hairy roots are both beneficial and 

convenient because of their high growth rate, genetic stability, and capability of unlimited 

growth in hormone free media.39 The genetic stability of hairy root cultures provides for 

the natural or even increased production of secondary metabolites. Most of the time this 

can be done without the manipulation from elicitors.40 However, hairy roots are easily 

manipulate to increase production of secondary metabolites through the feeding of different 

elicitor compounds. Roots that have been infected with A. rhizogenes and subsequently fed 

an elicitor, can produce substantially increased amounts of secondary metabolites. Some 

of these secondary metabolites are of great interest due to their pharmacological benefits, 

or their use as color pigments, dyes, and flavorings.39 

A. rhizogenes is another metabolic engineering tool that we can take advantage of 

to force plants into making the compounds of pharmaceutical or other significant benefit. 

Theoretically, we could use this bacterial vector system to insert any foreign or domestic 

gene of interest into any plant system. This allows for the manipulation of the production 

levels of secondary metabolites in the plant. Thus, the exploration of hairy root cultures 

allows us to expand our metabolic engineering toolbox to mass produce compounds of 

interest using the root system of a plant, which is an often an unused, discarded, or 

overlooked part of the plant. 

In nature, A. rhizogenes genetically modifies dicotyledonous plant species into 

making opines. Opines are a food source for the bacteria.39 A. rhizogenes infects the plant 

after it has been mechanically damaged or wounded by abiotic or biotic forces. Plants 

produce phenolic compounds when they are wounded. The phenolic compounds produced 



Texas Tech University, Kyle Mark Glockzin, August 2019 
 

50 
 

by the damaged plant tissue attract A. rhizogenes by way of chemotaxis. Chemotaxis is 

defined as the movement of an organism in response to a chemical stimulus. 

Once attracted to the damaged area of a plant, A. rhizogenes begins to alter root 

growth. The bacteria carries an Ri-plasmid (Root-inducing plasmid) that codes for auxin 

synthesis via its transfer DNA (T-DNA).41-42 Auxin is a plant hormone involved in growth 

and cell elongation. Auxin is found in the shoot and root tips of plants. When A. rhizogenes 

comes into contact with the injured cells of the plant, it inserts its T-DNA into the plant 

genome. This segment of T-DNA contains not only the genetic code for auxin synthesis, 

but also has the genetic code for opine synthesis, which A. rhizogenes uses as its only 

carbon and nitrogen sources for growth.38-39 

We can take advantage of the natural vector system found in A. rhizogenes, by 

designing a plasmid that uses the bacteria’s natural mechanisms to insert a gene of interest 

into a plant. Being able to theoretically insert any gene into a plant, we can manipulate a 

plant to express any protein we want. In order to increase production of granatane alkaloids 

in P. granatum, we are exploring the use of hairy root cultures. The establishment of 

pomegranate hairy root cultures will also aid in the elucidation of enzymes involved in the 

granatane alkaloid biosynthetic pathway. 

Understanding the evolutionary relationship of tropane and granatane alkaloid 

biosynthesis will give us a greater understanding of the evolution of enzymes involved. 

Tropane and granatane alkaloids have core scaffolds that are structural homologs to each 

other, with the only difference being one extra carbon in the granatane core scaffold. We 

want to know how the enzymatic processes that generate these compounds are related and 

how they differ. Understanding the changes in primary, secondary, and tertiary structure to 

alter substrate specificity and binding will aid in our overall understanding of the enzyme’s 

mechanism and possible origins. 
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Choosing a Vector System for Hairy Root Production  
During hairy root transformations a pK2GW7, pHG8-YFP, and pEGAD plasmids 

were used. The pK2GW7 plasmid was from one of Dr. D’Auria’s previous labs and the 

pHG8-YFP plasmid was obtained from the obtained authors of “The Establishment of 

Hairy Root Culture in Punica granatum (pomegranate).”43 The sequence for enhanced 

green fluorescent protein (eGFP) is part of the pK2GW7 and pEGAD vector constructs. 

The sequence for yellow fluorescent protein (YFP) is part of the pHG8-YFP vector 

construct. The pK2GW7 plasmid was successful in producing hairy roots, however, we 

were never able to visualize an eGFP signal. Moreover, we were unable to get the pHG8-

YFP plasmid to successfully transform into any bacteria or plant tissue, and we were not 

able to amplify the YFP gene sequence of the plasmid in any PCR experiments. The 

pEGAD plasmid, that was purchased from the “Arabidopsis Biological Resource Center” 

at Ohio State University, has been transformed successfully into A. rhizogenes and 

subsequently into different pomegranate plant tissues. Successful production of hairy roots 

with an eGFP signal present have been visualized when using the pEGAD vector system.44 

All the plasmids were inserted into A. rhizogenes by electroporation. Then the 

bacteria, harboring the respective plasmid, was used to infect wounded pomegranate plant 

tissues. Upon infection of the pomegranate plant tissues with A. rhizogenes, the bacteria 

use the plasmids to insert the genes of interest into the plant genome. For example, we can 

insert a gene that encodes for a fluorescent protein marker, such as eGFP or YFP, for 

visualization and, therefore, the verification of the proper insertion of the gene of interest. 

The fluorescent markers can act as an indicator that the transformation of the foreign gene/s 

was successful. Upon visualization of the fluorescent marker in the root tissue, we can be 

confident that the transformation was successful. 

The pEGAD vector has the genes that code for eGFP, BASTA resistance, and 

kanamycin resistance. BASTA is a powerful herbicide and is one of the most used 

antibiotics for transgenic plants. Kanamycin is a popular aminoglycoside bactericidal 

antibiotic used in biochemical research. The pEGAD plasmid has multiple selection 

capabilities that can be used for the determination of successful gene transfer. When the 

http://abrc.osu.edu/
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pEGAD plasmid is inserted into the bacteria, the kanamycin resistance gene acts as a 

selection marker for the successful transformation of the plasmid into the bacteria. The 

BASTA resistance gene can be used as a selection marker for the successful transformation 

of the genes of interest by the bacteria into the plant genome. Unfortunately, the 

transformation of A. rhizogenes in root cells has a very low success rate.24 Now that 

positive hairy root growth has been established, a method to extract and quantify granatane 

alkaloids (and their polyamine precursors) from roots, leaves, and cotyledons of transgenic 

and wild-type pomegranate plants is required. 

In addition to pomegranate hairy root cultures, seedling and mature pomegranate 

plants will be used for analysis. Mature pomegranate plants were grown in soil and in a 

deep-water culture hydroponic system. This hydroponic system allows for easy access to 

the root tissue of the pomegranate plant without significant damage to the plant. Figure 47 

shows: the agar plate grow chamber used in the establishment of hairy root cultures and 

growth of the pomegranate seedlings, the deep-water culture hydroponic system, and the 

roots of the pomegranate plants in the deep-water culture hydroponic system. Figure 48 

shows whole pomegranate seedlings growing hairy roots, pomegranate leaves growing 

hairy roots, and pomegranate cotyledons growing hairy roots. 

 

 

Figure 48: The image on the left illustrates the agar plate grow chamber for hairy roots and 
pomegranate seedlings. The image in the center is of the deep-water culture hydroponic 
system. The image on the right is of the roots of the pomegranate plants in the deep-water 
culture hydroponic system. 
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Figure 49: The image on the left is of whole pomegranate seedlings growing hairy roots. 
The image in the center is of pomegranate leaves growing hairy roots. The image on the 
right is of pomegranate cotyledons growing hairy roots. 

 

Hairy roots were established using A. rhizogenes harboring the pEGAD plasmid. 

Images have been obtained for hairy roots actively expressing the eGFP signal. These 

images were taken with a blue LED flashlight on the subject, and a Canon EOS Rebel T6i 

55mm digital camera with orange filter glasses placed in front of the lens. Figure 49, Figure 

50, Figure 51, Figure 52, and Figure 53 show the various plant tissues expressing eGFP. 

Figure 54 and Figure 55 are pictures of pomegranate seedlings that have not been infected 

by A. rhizogenes, these serve as negative controls for hairy root growth and eGFP 

expression. This also shows proof of concept, that we have the ability to insert a foreign 

gene into the genome of the pomegranate plant, and it can produce the protein for that gene. 

So, if we ever come across a problem with increasing the biosynthesis of granatane 

alkaloids in the hairy root cultures, we now have the ability to overcome this hurdle. 
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Figure 50: Pomegranate cotyledons growing hairy roots expressing eGFP. 

 

 

Figure 51: Pomegranate cotyledons growing hairy roots expressing eGFP. 
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Figure 52: Pomegranate cotyledons growing hairy roots expressing eGFP. 

 

 

Figure 53: Pomegranate cotyledons growing hairy roots expressing eGFP. 

 



Texas Tech University, Kyle Mark Glockzin, August 2019 
 

56 
 

 

Figure 54: Pomegranate leaves growing hairy roots expressing eGFP. 

 

 

Figure 55: Uninfected pomegranate seedlings. This serves as a negative control for hairy 
roots and eGFP expression. 
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Figure 56: Uninfected pomegranate seedlings. This serves as a negative control for hairy 
roots and eGFP expression. 

 

Polyamine Quantification 
Polyamines (PAs) are precursor compounds for alkaloid biosynthesis in plants. 

Polyamines are small aliphatic compounds that contain at least two nitrogen atoms in their 

carbon chain. The most common PAs found in plants include putrescine, spermidine, and 

spermine. In some species of plants, such as P. granatum and L. angustifolius, cadaverine 

is also present. Cadaverine is a hypothesized precursor of granatane alkaloid biosynthesis 

in P. granatum. 

The localization and quantification of polyamine precursors (including cadaverine 

and N-methylcadaverine) in the different tissues of pomegranate will guide us in the 

discovery of the enzymes involved in the biosynthesis of granatanes. If the location of the 

precursor compounds is known, then we may be able use that information to locate and 

identify the enzymes involved in their biosynthesis. Additionally, information on the 

distribution of PAs in the plant will guide us in the discovery of the transportation systems 

of PAs used throughout the plant. We have successfully extracted and quantified L-lysine, 

cadaverine, and N-methylcadaverine in various pomegranate plant tissues. The tissues 

analyzed for  PA content include seedling roots, seedling leaves, cotyledons, whole 

seedlings, mature roots, mature leaves, and mature stems. Figure 56 is an HPLC-FLD 
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chromatogram of a representative PA extraction performed on pomegranate seedling roots. 

Figure 57 is an HPLC-FLD chromatogram of a PA extraction done using established 

pomegranate hairy root cultures. Figure 58 are bar graphs illustrating the quantification of 

the polyamines lysine, cadaverine, methylcadaverine, and putrescine in various plant 

tissues from pomegranate. The tissues used for extraction and analysis of their polyamine 

contents were whole seedlings, seedling leaves, seedling roots, cotyledons, mature roots, 

and hairy roots. Seedlings were approximately 2-3 months old, and mature plants were 

approximately 1 year old. Table 4 shows the values for the quantification of polyamines in 

various pomegranate plant tissues. Lysine has an asterisk to denote the concentration is 

actually 1000 times greater than the value reported. 

 

 

Figure 57: HPLC-FLD chromatogram of a polyamine extraction from P. granatum 
seedling roots. 1-Experimental (black), 2-blank methanol wash (blue). The y-axis 
represents the number of counts under the curve per minute. The x-axis represents time in 
minutes. Absorbance was read at 337nm and 454nm. 
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Figure 58: HPLC-FLD chromatogram of a polyamine extraction from P. granatum hairy 
roots. The y-axis represents the number of counts under the curve per minute. The x-axis 
represents time in minutes. Absorbance was read at 337nm and 454nm. 
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Figure 59: Polyamine extractions from various pomegranate plant tissues. The asterisk on 
lysine denotes that it is 1000 times greater concentration than the numbers reported here. 
The actual concentration of lysine was divided by 1000 in order to visualize the other 
compounds on the graph. The y-axis represents the concentration of the compounds in ng/g 
fresh weight plant material. The x-axis are the compounds of interest. 
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Table 4: Quantification of polyamines extracted from various pomegranate plant tissues. 
Concentrations are reported in ng/g fresh weight of plant material. The asterisk on lysine 
denotes that the values are 1000 times greater than the values listed here. 

 
Concentration (ng/g fr wt) Standard Deviation (+/-) 

Lysine 
  

Whole Seedling 2.48 0.14 
Cotyledon 2.17 0.15 
Seedling Leaf 34.34 16.75 
Seedling Root 1.94 0.07 
Mature Root 2.98 0.31 
Hairy Root 2.10 0.32    

Cadaverine 
  

Whole Seedling 6.82 0.94 
Cotyledon 0.00 0.00 
Seedling Leaf 0.00 0.00 
Seedling Root 4.79 0.33 
Mature Root 3.67 0.16 
Hairy Root 46.77 2.98    

N-methylcadaverine 
  

Whole Seedling 2.60 0.25 
Cotyledon 0.00 0.00 
Seedling Leaf 0.00 0.00 
Seedling Root 2.22 0.32 
Mature Root 3.32 0.19 
Hairy Root 5.99 0.58    

Putrescine 
  

Whole Seedling 108.13 6.71 
Cotyledon 37.18 2.86 
Seedling Leaf 14.57 11.23 
Seedling Root 1.67 0.10 
Mature Root 21.33 1.47 
Hairy Root 2.47 0.35 
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Granatane Alkaloid Quantification 
In addition to the quantification of the polyamine precursors of granatane alkaloids, 

we are also interested in the quantification of the granatane alkaloids in pomegranate 

plants. The granatanes of particular interest are pseudopelletierine, N-methylpelletierine, 

and pelletierine. We will quantify these compounds using an LC-MS/MS (Q-Trap 4000 

quadrupole mass spectrometer with a photomultiplier detector). We have completed some 

preliminary detection of granatane alkaloid standards, but we have not optimized the 

methods for consistent results. Furthermore, a reliable extraction method for these alkaloids 

stills needs to be determined. 

Upon successful extraction, detection, and quantification of the compounds of 

interest, we can attempt to manipulate the production levels of these metabolites in hairy 

root cultures. Feeding studies on the transgenic roots can maximize the amount of 

granatane alkaloids produced by the plant. The compounds we have chosen for the feeding 

study are coronalon (a synthetic jasmonate mimic), salicylic acid, and silver nitrate. Each 

of these compounds has been shown to increase the production of secondary metabolites 

in hairy roots cultures previously.45-46 Once production of granatane alkaloids has been 

maximized, extraction methods can be used to isolate these compounds for pharmaceutical 

purposes. These compounds can also be used for further synthesis to create semi-synthetic 

drugs that are more effective medicinal compounds. 
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MATERIALS AND METHODS 
Plant Tissue Propagation 

Whole pomegranates were purchased from the local grocery store (Market Street, 

4425 19th St, Lubbock, TX79407. The fruit was removed from the casing, and the juice 

sacks around the seeds were ruptured. The seeds dried for approximately 2 days at RT. For 

the production of hairy roots, the germination of the seeds was carried out according to 

Tian et. al.43 and Hohtola et. al.47 with minor modifications (the seeds were not wounded 

as described). Seeds were soaked in 18M H2SO4 for 5 minutes, and then rinsed with 

deionized water 3-4 times. The seeds were then soaked in 6% sodium hypochlorite for 2-3 

minutes, and then rinse the seeds with deionized water 8-9 times. Allow the seeds to soak 

in deionized water overnight at room temperature. The next day place 10 seeds on ¼ 

strength Hoagland agar plates. (Hoagland agar recipe: 0.4g/L Hoagland media pH 6.8-7.0, 

7.0g/L phyto agar, autoclaved). Parafilm the plates and begin stratification by placing them 

at 4⁰C in the dark for 8-9 days. At the end of stratification move the plates to 25⁰C with a 

16/8 (light/dark) photoperiod until seeds germinate and are ready for use. Move the seeds 

the new ¼ strength Hoagland agar plates every 3-4 weeks as needed. 

A deep-water culture hydroponic system was used for the production of mature 

pomegranate plant material. Seed germination was carried out as previously described. 

However, when the seeds grew root tips approximately 3-5mm in length they were placed 

in rockwool cubes (one seed per cube) that had been soaked with tap water. The rockwool 

cubes containing the seeds were then placed in small plastic baskets, the cubes were 

surrounded by hydroton clay pebbles, and the baskets placed in the holes in the lid of the 

hydroponic system. Each plant had its own irrigation drip line. The nutrients used were 

Sensi Grow Advanced Nutrients Parts A&B according to the manufacturer’s instructions. 

The plants were maintained in a 25⁰C grow chamber with a relative humidity of 60% and 

a 16/8 (light/dark) photoperiod. 
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Agrobacterium rhizogenes-Preparation of Electrocompetent Cells 
The A. rhizogenes strain MSU440 was obtained as a stab culture. This method was 

adapted from Forde et. al.48 The stab culture was used to streak a plate (LB no antibiotic). 

Pick a single isolated colony from the streaked plate and inoculate 5mL of LB media in a 

sterile culture tube. Incubate the tube at 28⁰C shaking at 250rpm overnight. The next day 

make two expression flasks: 50mL LB media and 1mL of the starter culture per flask. Grow 

the flasks at 28⁰C shaking at 250rpm until the OD600 reaches 0.5-0.7. Place the flasks on 

ice for 15 minutes. Pour the cultures into chilled-sterile tubes and centrifuge at 4⁰C at 

5000rpm for 10 minutes. Wash the pellet successively in 1x, 0.5x, 0.02x, and 0.02x the 

culture volume with sterile ice cold 10% glycerol. Resuspend the pellet in 0.01x the culture 

volume with sterile ice cold 10% glycerol. Aliquot 50µL of the cell culture into sterile 

Eppendorf tubes and freeze with liquid nitrogen. Store the tubes at -80⁰C until needed. 

 

Transformation of Agrobacterium rhizogenes 
This method was adapted from Forde et. al. with minor modifications.39 Thaw cells 

on ice for 10 minutes. Add 1µL of plasmid DNA (pEGAD) to tube and swirl gently to mix. 

Allow tube to rest on ice for 10 minutes. Transfer the contents of the tube to a chilled 

electroporation cuvette. Electroporate the cuvette with the following conditions: Field 

strength 12.5kV/cm, Capacitance 25µF, Resistors of 200 ohms in parallel with the sample, 

Time constant 4msec, Voltage for 0.1cm cuvette 1.80kV or for 0.2cm cuvette 2.50kV. 

Transfer contents of cuvette to new chilled Eppendorf tube and add 0.5mL of SOC media. 

Incubate the tube at 28⁰C with shaking at 250rpm for 3 hours. Use 150µL of the culture 

and plate on LB kanamycin (50µg/mL) agar plates. Incubate the plate overnight at 28⁰C. 

The next day spread 750µL of LB media with kanamycin over the plate and allow it to 

incubate for an additional 1-2 days at 28⁰C, until a creamy lawn develops. 
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Transformation of Pomegranate Plant Tissue 
This procedure was adapted from Tian et. al.43 Sterilize all surfaces and equipment 

with 3% sodium hypochlorite (bleach), and 70% ethanol. For the infection of cotyledons 

and leaves, use scissors to remove the plant tissue, and then drag the wounded area of the 

tissue through the lawn of A. rhizogenes. For the infection of the roots use an inoculating 

needle. Drag the needle through the lawn of A. rhizogenes and use the bacteria laced needle 

to gently wound the roots of the pomegranate seedlings once or twice. The infected plant 

tissue is then placed on a MS agar plates (recipe: 4.4g/L MS media pH 6.8-7.0, 7.0g/L 

phyto agar, autoclaved, 30g/L sucrose). The plates are then incubated at 16⁰C for 5-6 days. 

After the cold incubation, the plates are then moved to a 25⁰C grow chamber with a 16/8 

(light/dark) photoperiod for 2-3 days. At this point the plant material from each plate is 

transferred to new ¼ strength Hoagland agar plates with timentin (300mg/L). The plant 

material is transferred to new ¼ strength Hoagland agar plates with timentin every 3-4 

weeks approximately 3-4 times in order to eliminate the bacteria. Hairy roots can be 

observed in approximately 4 weeks. 

 

Total RNA Extraction 
This extraction method was done according to Jaakola et. al.47 Harvest plant 

material and grind to a fine powder with a mortar and pestle using liquid nitrogen (powder 

can be stored at -70⁰C until needed). Warm 7.5mL of extraction buffer to 65⁰C [recipe: 2% 

CTAB (hexadecyltrimethylammonium bromide), 2% PVP (polyvinylpyrrolidone, MW 

360,000), 100mM Tris-HCl pH8.0, 25mM EDTA, 2.0M NaCl, 0.5g/L spermidine. 

Autoclave the solution. Add 2% β-mercaptoethanol fresh just before using].  

Weigh out 10 x 100-120mg of powdered plant material into cold 1.5mL Eppendorf 

tubes, keep tubes on ice. Add 750µL of heated extraction buffer to each tube and invert to 

mix. Incubate tubes for 10 minutes at 65⁰C and vortex briefly for a few seconds throughout. 

Centrifuge the tubes at 10,000g for 10 minutes at 4⁰C. Decant or pipette the supernatant 

into new Eppendorf tubes. Perform two extraction using an equal volume of chloroform: 

isoamyl alcohol (IAA) at a ratio of 24:1 and centrifuging at 13,000rpm at room 
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temperature. Add ¼ the volume of 10M LiCl (autoclave the LiCl) to the supernatant and 

mix gently. Rest the tubes on ice at 4⁰C overnight to precipitate the RNA. The next day 

centrifuge the tubes at 18,000g for 20 minutes at 4⁰C. Decant the supernatant and soak up 

excess solution with a paper towel briefly. Wash the pellets with 500µL of 70% ice cold 

ethanol, centrifuge the tubes briefly and decant off the ethanol. This wash step can be 

repeated until the dark color has disappeared, approximately twice. Dissolve the pellets in 

100µL SSTE buffer [recipe: 1.0M NaCl, 0.5% SDS, 10mM Tris-HCl pH8.0, 1mM EDTA, 

pH8.0, autoclaved] and combine the ten RNA samples into two new Eppendorf tubes. If 

needed, to help dissolve the pellets they can be heated briefly at 65⁰C. Extract the contents 

of the tubes once with an equal volume of phenol: chloroform: IAA (25:24:1), and then 

extract once with an equal volume of chloroform: IAA. To the supernatant add two 

volumes of ice cold 100% ethanol and precipitate at -20⁰C for 2 hours or at -70⁰C for 30 

minutes. Centrifuge the tubes at 18,000g for 20 minutes at 4⁰C. Wash the pellet with ice 

cold 70% ethanol and dry in a speed vac for 30s-1min. Resuspend the pellet in DEPC-

treated or autoclaved DI water. 

 

First Strand cDNA synthesis 
First strand cDNA was synthesized according to the SuperScript IV Reverse 

Transcriptase kit from Invitrogen. In a reaction tube combine: 1µL of 50µM oligo d(T)20, 

1µL of 10mM dNTPs, up to 11µL Template RNA, fill with autoclaved DI water to 13µL. 

Mix and briefly centrifuge the tube. Heat tube at 65⁰C for 5 minutes, then incubate on ice 

for 1 minute. Combine the following ingredients into a new reaction tube: 4µL 5x SSIV 

Buffer, 1 µL 100mM DTT, 1µL RNaseOUT, 1µL SuperScript IV Reverse Transcriptase. 

Mix and briefly centrifuge the tube. Add RT reaction mixture to the annealed RNA. 

Incubate the combined reaction mixture at 50-55⁰C for 10 minutes. 
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PCR Cycling Conditions 
PCR program: 96⁰C for 2 mins, [30x- 96⁰C for 30 secs, Gene Specific Primer 

annealing temp (usually 53-60⁰C) for 30secs, 72⁰C for 1.5mins], 72⁰C for 7mins, hold or 

store at 4⁰C. All PCR experiments were a total volume of 50µL. The ladder used for all 

DNA gels was the “GeneRuler 1 kb DNA Ladder”. 

 

E. coli BL21(DE3) Transformation Protocol 
E. coli BL21(DE3) cells were transformed using the heat shock method. Tubes of 

cells were allowed to thaw on ice for 10 minutes. Then 1µL of plasmid DNA (LaL/ODC 

pGEX-6P-3 or PgLDC candidate) was added to a tube of cells and the tubes incubated on 

ice for an additional 10 minutes. Then the tubes were heat shocked by placing the tubes in 

a 42⁰C water bath for 30secs. Then immediately place the tubes on ice for 2 minutes. Then 

plate 25-50µL of the culture on LB carbenicillin agar plates. Incubate the plates overnight 

at 37⁰C. 

 

PgLDC Protein Expression and Purification 
The expression of PgLDC 1, 2, 3 and 5 pH9GW was done with BL21(DE3) cells. 

Single colonies were picked from the transformation plates to inoculate 5mL LB starter 

cultures containing 50µg/mL kanamycin. The starter cultures were grown overnight at 

37⁰C shaking at 250rpm. The next morning 50mL LB expression flasks were made 

containing 50µg/mL kanamycin and 1mL of the starter culture. Flasks were incubated at 

37⁰C shaking at 250rpm until an OD600 of 0.4-0.6 was reached. At this point PgLDC 1, 2, 

and 5 were induced with 1mM IPTG (isopropyl-β-D-thiogalactopyranoside), and PgLDC 

3 was induced with 0.5mM IPTG. Then the flasks were incubated for 3-5 hours at 37⁰C 

shaking at 250rpm. Cells were then harvested by centrifuging at 4700g at 4⁰C for 20 

minutes. The supernatant was poured off and the pellets frozen for later use. 

For the purification of the protein, an AKTA Pure was used. The column was a 

HisTrap FF crude 1mL Ni Sepharose 6 column. The buffers used for purification are as 
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follows: Buffer A (100mM Tris-HCl pH7.4, 500mM NaCl, 20mM imidazole, 10% 

glycerol), Buffer B (100mM Tris-HCl pH7.4, 500mM NaCl, 1M imidazole, 10% glycerol). 

All flow rates were 1mL/min. The column was equilibrated with 5 column volumes of 

Buffer A. The sample was pushed through the column to bind the protein to the column. 

The column was then washed with 10 column volumes of Buffer A. The protein was eluted 

using a step gradient of 10%, 60%, and 100% of Buffer B for 5 column volumes. 1mL peak 

fractions were collected and 5mM DTT was added to each fraction. The column was then 

equilibrated with 5 column volumes of Buffer A.  

For enzyme assays the purified enzyme needs to be desalted (buffer exchanged). 

For this a 5mL HiTrap Desalting column was used. The Desalting Buffer was 50mM 

potassium phosphate pH 7.0 and 10% glycerol. The flow rate for this procedure is 

5mL/min. The column was equilibrated with 2.5 column volumes of the desalting buffer. 

The sample was loaded onto the column and eluted with 1.5 column volumes of the 

desalting buffer. 1mL peak fractions were collected and 5mM DTT was added to each 

fraction. The column was then equilibrated with 2.5 column volumes of the desalting 

buffer.  

 

LaL/ODC Protein Expression and Purification 
The positive control LaL/ODC protein was expressed according to Bunsupa.28 The 

expression of LaL/ODC pGEX was done in BL21(DE3) cells. Single colonies were picked 

from the transformation plates to inoculate 5mL LB starter cultures containing 50µg/mL 

carbenicillin. The starter cultures were grown overnight at 37⁰C shaking at 250rpm. The 

next morning 50mL LB media expression flasks were made containing 50µg/mL 

carbenicillin and 1mL of the starter culture. Flasks were incubated at 37⁰C shaking at 

250rpm until an OD600 of 0.4-0.6 was reached. Rest the flasks on the bench top for 

approximately 20 minutes. Induce the flasks with 0.1mM IPTG. Incubate the flasks for 6 

hours at 30⁰C shaking at 250rpm. Cells were then harvested by centrifuging at 4700g at 

4⁰C for 20 minutes. The supernatant was poured off and the pellets frozen for later use. 
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For the purification of the protein an AKTA Pure was used. The column was a 

GSTrap HP 1mL (Glutathione Sepharose) column. This affinity column is used for GST 

(glutathione-S-transferase) tagged proteins. The buffers used for purification are as 

follows: Buffer A (140mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 1.8mM KH2PO4,  pH7.3); 

Buffer B (50mM Tris-HCl, 10mM Reduced Glutathione, pH8.0). All flow rates are set to 

1mL/min. The column was equilibrated with 5 column volumes of Buffer A. The sample 

was loaded onto the column and 10mL fractions were collected. The column was then 

washed with 20 column volumes of Buffer A and 10mL fractions were collected. The 

protein was eluted using 20 column volumes of 100% Buffer B and collecting 2mL peak 

fractions and 5mL fixed fractions. The column was then equilibrated with 5 column 

volumes of Buffer A.  

For enzyme assays the purified enzyme needs to be desalted or buffer exchanged. 

For this a 5mL HiTrap Desalting column was used. The Desalting Buffer was 50mM 

potassium phosphate pH 7.0 and 10% glycerol. The flow rate for this procedure is 

5mL/min. The column was equilibrated with 2.5 column volumes of the desalting buffer. 

The sample was loaded onto the column and eluted with 1.5 column volumes of the 

desalting buffer. 1mL peak fractions were collected and 5mM DTT was added to each 

fraction. The column was then equilibrated with 2.5 column volumes of the desalting 

buffer.  

 

Lysine Decarboxylase Enzyme Assays 
The conditions for the positive control LDC assay were done according to Bunsupa 

et. al. with minor modifications, and is as follows: 50mM Potassium phosphate pH7.5, 

5mM EDTA, 4mM DTT, 0.3mM PLP, 0.5mM Lysine-HCl, 10uL desalted protein fraction, 

in a final volume of 100µL. 28 

This is the protocol according to Wang27 and Lenhoff.49 Acetate buffer recipe: 

100mM Acetate Buffer pH6.0 (0.1M acetic acid (2.61mL), 0.1M sodium acetate 

(47.39mL)). Assay conditions are as follows: Dissolve lysine in 0.5M acetate buffer pH6.0 
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10mM, 1-2µM PLP, 3.75µg/mL LDC in 0.5M acetate buffer pH6.0. Incubate the reaction 

at 37⁰C for 20 minutes, and then quench the reaction by adding 1M K2CO3.  

Additional possible LDC assay condition: 50mM Potassium phosphate pH6.5, 

0.1mM PLP, 1mM DTT, 0.1mM EDTA, 0.5mM Substrate, 20uL crude or ~0.2µg/mL 

purified enzyme. 

 

Polyamine Extraction 
Extraction of polyamines was completed according to Rakesh et al (with minor 

changes).50 Fresh plant tissue was immediately frozen in liquid nitrogen, and ground to a 

fine powder with a mortar and pestle. Approximately 100-120mg of frozen plant material 

was weighed in a sterile 1.5mL Eppendorf tube. Extraction buffer was added to the tube at 

a 1:5 (w/v) ratio, and the tube was then vortexed briefly. The tubes were then allowed to 

incubate in ice for 1 hour. The tubes were then centrifuged at 14,800rpm for 15 minutes at 

4⁰C. The supernatant was decanted into a clean Eppendorf tube and the centrifugation step 

was repeated. The supernatant can be used immediately for analysis or stored at -20⁰C. The 

extraction buffer consists of 80% methanol, 0.1% perchloric acid, 50µM 1,7-

diaminoheptane (internal standard). 

 

Derivatization of Polyamines for HPLC-FLD Analysis 
Quantification of PAs was completed by using an Ultimate-3000 HPLC-

fluorescence detector. The derivatization of the polyamines was done using o-

phthalaldehyde-ethanethiol (OPA-ET) and fluorenylmethyloxycarbonyl carbamate 

(FMOC) according to Hanczkó et al.51 Derivatization was done by combining 50µL sample 

with 50µL of the OPA-ET reagent and allowing to react for 1.5 minutes. Then add 2µL of 

FMOC to each sample and vortex briefly to mix.  
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Quantification of Polyamines 
The quantification of the polyamines was completed using an Ultimate-3000 HPLC-

fluorescence detector. A Nucleodur Sphinx column from Macherey Nagel was used for the 

separation of PAs. For the detection of the polyamines, an Ultimate-3000 HPLC-

fluorescence detector (337nm Emmision/ 254nm Excitation) was used. The buffers used 

for this method of separation are 0.2% formic acid (Buffer A), and 100% acetonitrile 

(Buffer B). Flow rate: 1mL/min. Injection volume: 5uL. 

Gradient:        Time A% B% 

0 90 10 

8 0 100 

15.17 0 100 

15.34 90 10 

19.34 90 10 

 

EcSAMDC Protein Expression and Purification 
The expression of EcSAMDC pH9GW was done in BL21(DE3) cells. The protocol 

for the expression of protein is identical to the protein expression of PgLDC candidates, 

except the cultures were induced with 0.5mM IPTG.  

For the purification of the protein an AKTA Pure was used. The column was a 

HisTrap FF crude 1mL Ni Sepharose 6 column. This is a nickel affinity column used for 

His tagged proteins. The buffers used for purification are as follows: Buffer A (100mM 

Tris-HCl pH7.4, 500mM NaCl, 20mM imidazole, 10% glycerol), Buffer B (100mM Tris-

HCl pH7.4, 500mM NaCl, 1M imidazole, 10% glycerol). All flow rates were 1mL/min. 

The column was equilibrated with 5 column volumes of Buffer A. The sample was pushed 

through the column to bind the protein to the column. The column was then washed with 

10 column volumes of Buffer A. The protein was eluted using a step gradient of 10%, 60%, 

and 100% of Buffer B for 5 column volumes. All of the protein was eluted at 60% Buffer 

B. 1mL peak fractions were collected and 5mM DTT was added to each fraction. The 

column was then equilibrated with 5 column volumes of Buffer A.  
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For enzyme assays the purified enzyme needs to be desalted (buffer exchanged). A 

5mL HiTrap Desalting column was used. The Desalting Buffer was 50mM potassium 

phosphate pH 7.0 and 10% glycerol. The flow rate for this procedure is 5mL/min. The 

column was equilibrated with 2.5 column volumes of the desalting buffer. The sample was 

loaded onto the column and eluted with 1.5 column volumes of the desalting buffer. 1mL 

peak fractions were collected and 5mM DTT was added to each fraction. The column was 

then equilibrated with 2.5 column volumes of the desalting buffer.  

 

EcSAMDC Enzyme Assays 
EcSAMDC enzyme assays were done to determine activity and for the synthesis of 

dcSAM. We developed the assay conditions, which are as follows: 50mM Potassium 

phosphate pH7.0-7.5, 1mM DTT, 0.1mM EDTA, 0.5mM SAM, 0.2ug/mL Purified 

enzyme. Allow the assay run at RT overnight. For HPLC-FLD analysis a total volume of 

100µL was used, and for the synthesis of dcSAM a total volume of 5mL was used. 

 

Enzymatic Synthesis and Separation of dcSAM 
 For the enzymatic synthesis of dcSAM the 5mL enzyme assay conditions above 

were used. After the assay has run overnight add 2.5mL of 1.5M perchloric acid and vortex 

briefly to deproteinize. Centrifuge at 4700g for 20mins and collect the Enzyme Assay 

Supernatant quickly. 

  For the separation, the method of Zappia et. al. was used with minor modification.52 

This first separation removes the impurities from SAM and dcSAM. First, make a slurry 

of Dowex 50WX8 Hydrogen form (100-200 mesh) resin with DI water. Fill the column 

(1.5cm x 10cm) with the slurry mix and allow to drain (do not fill column more than 2/3 

with the resin). Wash the resin in the column with 6M HCl (~20-50mL). Wash and 

equilibrate the column with DI water (~20-50mL) and allow to drain completely. Plug the 

column and add the Enzyme Assay Supernatant from above. Unplug the column and collect 

the supernatant flow through. Plug the column and add 0.01M HCl to the column. Unplug 
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the column and start collecting fractions - (5 fractions, 4mL each, may do more if needed). 

Plug the column and add 6M HCl to the column for elution. Unplug the column and collect 

the elution fractions - (5 fractions, 3mL each, may do more if needed). According to the 

paper the product, SAM and dcSAM, should be in the first few fractions. Put all elution 

fractions in 1.5mL eppendorf tubes and vacufuge to dryness (45C for ~4-6hrs). Keep a 

fraction for NMR analysis, all other fractions are used for further separation. Resuspended 

the fractions in DI water (~500uL per 2 tubes) and combine into one 15mL tube, for a total 

volume of ~5mL. Make a slurry mix of Dowex 1X8 chloride form (100-200 mesh) with 

DI water. Fill the column with the slurry mix and allow to drain (do not fill column more 

than 2/3 with the resin). Convert the chloride form to the hydroxide form by adding 5-10 

bed volumes of 1.5M NaOH (~50-70mL). This should take ~1hr! Equilibrate the column 

with DI water (~50mL). Plug the column and add the 5mL combined fraction solution to 

the column. Unplug the column and collect the flow-through fraction. Plug the column and 

add DI water to elute dcSAM. Unplug the column and collect the elution fractions, ~10-

12, 5mL fractions. Immediately acidify the fractions with perchloric acid to ~pH4.5 to help 

prevent the degradation of dcSAM at neutral pH! Plug the column and add 6M HCl to elute 

the SAM, if desired. Unplug the column and collect the elution fractions. To dry down the 

fractions, put all elution fractions in 2mL eppendorf tubes and vacufuge to dryness (45C 

for ~4-6hrs). Take an NMR of the samples. Ideally, the absorbance of the fractions can be 

read at 254nm to determine which are the most concentrated. We were  not able to obtain 

absorbance readings, and all NMR readings were negative as well. 
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CONCLUSION 
Tropane and granatane alkaloids provide a multitude of pharmacological benefits 

to humans. Therefore, the discovery of their biosynthetic pathways is of great interest. We 

are using a systems-based approach, due to the similarities in the tropane and granatane 

alkaloid core scaffolds. Specifically, this research aims to elucidate the pathway of the 

granatane alkaloids pseudopelletierine, pelletierine, and N-methylpelletierine. Thus, 

increasing our knowledge about these bioactive secondary metabolites. With the use of an 

established hairy root culture system, we will be able to manipulate and maximize the 

biosynthesis of granatane alkaloids. Once we are able to determine each of the enzymes 

responsible for the formation of these compounds, we will increase our capabilities toward 

the metabolic engineering of these alkaloids. Additionally, these enzymes can be used for 

the enzymatic synthesis of difficult-to-synthesize natural products, such as dcSAM. 

Overall, the ability to manipulate the biosynthesis of these compounds either through a 

hairy root culture or via metabolic engineering is of great importance and benefit. The 

additional benefit of using these compounds for enzymatic synthesis, makes the discovery 

and characterization of these enzymes of even greater interest. 
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Figure 60: Derivatized polyamines. These are the actual compounds detected on the 
HPLC-FLD. 

 

 

Figure 61: Lysine calibration curve used for the quantification of polyamines in P. 
granatum. 
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Figure 62: Cadaverine calibration curve used for the quantification of polyamines in P. 
granatum. 

 

 

Figure 63: N-methylcadaverine calibration curve used for the quantification of polyamines 
in P. granatum. 
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Figure 64: Putrescine calibration curve used for the quantification of polyamines in P. 
granatum. 
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