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ABSTRACT 

 

Sterol C24-methyltransferase (SMT) enzymes convert ∆
24

-sterol acceptor 

molecules to one or more methyl products and set the pattern of 24-alkyl sterols used as 

membrane inserts in plants. For this study, a series of cycloartenol-based acceptors that 

differed in the nature of the side chain construction were evaluated as substrates of the 

cloned soybean (Glycine max) SMT. Three natural substrates were tested with the 

soybean SMT1, cycloartenol (CA), cyclobranol (24-methyl cycloartenol, CB) and 

24(28)-methylene cycloartanol (MCA); CA converted to a single product MCA, CB 

converted to a novel ∆
24(28)

-C25-methyl sterol and MCA converted to a triplet of 24-

ethyl(idene) sterols. When these substrates were tested against a panel of soybean 

mutants designed using the results of the yeast SMT recently found to generate plant-like 

C1- or C2-transfer activity distinct differences were observed in product distributions 

between the plant and fungal SMTs. On the one hand, new transalkylation activities 

catalyzed by the fungal SMT assayed with zymosterol were not carried out by the plant 

SMT mutants assayed with CA. On the other hand, Tyr to Phe soybean SMT mutants at 

positions 81 and 223 (ERG6 nomenclature) generated novel products from assay with 

CB.  

A new substrate analog 26-difluorocycloartenol (diFCA) was studied to 

understand further the reaction mechanism catalyzed by the soybean SMT1. By use of 

fluorine as an isosteric replacement for a hydrogen atom in the sterol side chain, it was 

expected that the inductive electron-withdrawing effect of the fluoro substituent would 

impair the critical proton transfer of H24 to C25 affording covalent attachment of the 
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enzyme-generated intermediate to the recombinant protein.  Steady-state kinetic 

experiments with CA and diFCA showed that the overall catalytic efficiencies (Vmax/KM) 

differ markedly with the diFCA substrate much less efficient than the CA. The diFCA 

was found to be a competitive inhibitor of CA to MCA conversion catalyzed by the 

soybean SMT1 exhibiting a KI of 71 µM. In addition, conversion of the diFCA was 

evident in the GC-MS analysis of the enzyme-generated products which showed C24-

methylated isomeric compounds of molecular weight 458 and 476 amu. These sterol 

derivatives were assigned the tentative structures of the monol derivatives (turnover 

products that possess 1 or 2 fluorine atoms at C26) and diol derivatives (kill products 

bound to the enzyme and released by saponification of the enzyme extract). This work 

affords compelling evidence in support of a cationic mechanism for C24-methylation of 

the cycloartenol side chain and that variant side chain features   recognized by wild-type 

and mutant soybean SMT1 can affect catalytic competence, product diversity and/or 

enzyme inhibition. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Overview of the sterol biosynthetic pathway 

The mobility and fluidity of eukaryotic cell membranes are in a major part 

controlled by the presence of sterol molecules. The usefulness of sterols is not restricted 

to this role however, as they are an essential part of cellular signaling systems as well as 

being general precursors to hormone biosynthesis. Variations in biosynthesis pathway of 

sterols are one of the primary metabolic differences between animals, plants and fungi [1-

3]. The biosynthesis of sterols has therefore been the object of a large volume of studies 

which resulted in the identification of several critical enzymes that have been the targets 

of drugs and compounds used in medicine and agriculture [2, 4, 5]. 

Before any discussion of sterol biosynthesis is possible, some sterol features must 

be recognized. Figure 1.1 shows a typical sterol molecule consisting of four rings, an OH 

group located at the third carbon (C3) and a side chain attached to C17. Standard carbon 

numbering will be used throughout the text. Other important carbon positions are C4, 

where one or two methyl groups are found in many sterols, C14, where one methyl group 

is often located, and C24 which is typically methylated and even ethylated in phytosterol 

(i.e. of plant origin) molecules. Also of note is that the double bond (abbreviated as ∆) 

within the second cycle may be found between different carbon atoms depending on the 

sterol.  
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Figure 1.1 Domains of a typical sterol molecule such as 24-methylcholesterol.  
 

 

Figure 1.2 shows the generalized biosynthetic pathway for sterol production. Key 

transformations leading to the completion of the pathway include a) methylation at C24 

in most fungi, plants and bacteria; b) removal of the methyl group at C14; c) removal of 

the methyl group(s) at C4; d) opening of 9, 19-cyclopropane ring in cycloartenol 

followed by ∆
8
 to ∆

7
 to ∆

5
; and e) transformations in side chain at ∆

24(28)
 bond and 

formation of ∆
22

-bond. The order as well as the importance of each step is highly 

dependent on the requirements of the organism which led to the development of primary 

and alternative biosynthetic routes leading towards the production of sterols in eukaryotes 

[1, 6, 7]. 

 

 

 

OHOHHO
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Figure 1.2 Generalized biosynthetic pathway for phytosterol production [40]. 
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While several different enzymes catalyze the different steps, three most 

interesting reactions are catalyzed by enzymes that are good drug target candidates 

namely: 1) 14α demethylase, which catalyses the elimination of the CH3 group at the C14 

position; 2) sterol methyl transferase (SMT), which is found only in phytosterols 

production and involves the addition of one or two carbons on the side chain of the sterol 

molecule (at position C24). It is noteworthy to mention that the C-methylation reactions 

catalyzed by SMTs are a critical and slow step in the phytosterol pathway [8.9]. These 

observations suggest that SMT enzymes are subject to strong regulation by modulators 

such as ATP and/or differential protein trafficking [8, 10]. This methylation reaction may 

occur either before or after the 14α demethylation reaction. 3) ∆7,8
 isomerase, which 

catalyses the migration of the initial C8 double bond  to position 7 and eventually to ∆5
, a 

point at which some scientists believe indicates the end of the sterol biosynthetic pathway 

[11, 12]. 

 

1.2  Sterol evolution 

Throughout the eukaryotic cell families, strong sequence conservation of these 

enzymes exists, which suggest the importance of these proteins. In particular, SMT are 

crucial enzymes in sterol biosynthesis. SMT enzymes are present in plants, fungi, and 

marine organisms. Together these enzymes are capable of converting the universal sterol 

acceptor molecule with a ∆24
 bond into more than two hundred distinct phytosterols. 

Fossil records show that as early as 3.9 billion years ago the phytosterol pathway 

including the use of SMT existed. Figure 1.3 shows the phylogenetic tree of SMT 
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enzymes, which involves several diverse species of plants, fungi and protozoa, suggesting 

a common ancestry.  This tree can be separated into four sections in each of which the 

enzyme has a specific function and the organisms share a preference for some substrate, 

either cycloartenol, lanosterol, zymosterol, or 24-methylenelophenol which is the product 

of a first methylation of cycloartenol.  

 

Figure 1.3 A possible phylogenetic tree of the SMT enzyme. See Anjanasree K. 

Neelakandan, Zhihong Song, Junqing Wang, Matthew H. Richards, Xiaolei Wu, 
Babu Valliyodan, Henry T. Nguyen

 
and W. David Nes, “Cloning, Functional 

Expression and Phylogenetic Analysis of Plant Sterol 24C-Methyltransferases 
Involved in Sitosterol Biosynthesis” Phytochemistry, 2009, in press. 
 

Lanosterol

Lanosterol

Cycloarterol

Zymosterol

24-Methylene lophenol
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A good insight into primordial biological diversity can be obtained from 

molecular fossils derived from cellular and membrane lipids [13]. These can act as 

biological markers and can provide evidence for the existence of certain biological 

pathways. Phytosterols have played an important role in the evolution of life. The order 

and arrangement of the sterol’s structure serves as the mechanism for selection in the 

evolution process. The molecular theory for evolution shows that the formation [14] of 

racemic mixtures of compounds precedes the formation of optically pure compounds. 

While primitive systems produce racemic mixture and use all products without 

distinction. More evolved biological systems use biochemical recognition systems, for 

example, binding of the molecule to a protein and therefore are capable of producing 

optically pure compounds. Figure 1.4 shows that the general phenomenon of asymmetry 

can be traced through the evolution of life. Bloch and Nes stated that the evolutionary 

driving force that modified molecules to function optimally could be the competence of 

sterol molecules. [15, 16] Survival and reproductive fitness of the organisms depends 

upon a particular set of phytosterol. Evolution will therefore strive to improve the 

formation and efficiency of these phytosterols. Due to its evolutionary importance, sterol 

biosynthesis including the important SMT enzyme needs to be studied. 

 

1.3  Overview of the state of knowledge of sterol methyl transferase enzymes 

 Recently, several advances have been made in the study of SMT enzymes. 1) A 

recombinant SMT has been over expressed in sufficient amounts to permit detailed 

kinetic and structural analysis. 2) Cloning and sequencing the SMT genes is now routine,  
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Figure 1.4 Evolution of sterol stereospecificity [41]. 

 

and therefore it is feasible to quantify the transcript levels of these enzymes in different 

tissues. 3) SMT inhibitors were tested in vivo and vitro. 4) It was shown that a single 

substitution in the structure of the primary sequence could lead to a dramatic change in 

the sterol specificity, which in turn can lead to better drug design. 5) Experiments have 

demonstrated that carbon fluxes to phytosterol in two stages: a) intermediates which 

convert through the isoprenoid pathway to cycloartenol or lanosterol in the case of plants 

or fungi and animals respectively; b) flux from cycloartenol or lanosterol to ∆5
-24 alkyl 

sterol end product. 6) The SMT mechanism was found to involve a non-covalent pathway 

and insights on the kinetic mechanisms that uniquely define SMT catalysis operating on 

the β face were found. 7) Labeling techniques in parallel with 
13

C NMR were developed 

and help the elucidation of structural features characteristic of phytosterols.  
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As mentioned above, a key difference in the biosynthetic pathway of sterols in 

animals and in plants and fungi resides in the addition of one or two carbon atoms on the 

side chain of the sterol more specifically at C24. SMT enzymes are present in plants, 

fungi, and marine organisms. Together these enzymes are capable of converting the 

universal sterol acceptor molecule with ∆24
 bond into more than two hundred distinct 

phytosterols including as many as 60 in a single species [17]. 

As may be noted from the previous discussion of the phylogenetic tree of SMT, a 

number of these enzymes have been purified and characterized from plants, fungi and 

protozoa [10, 18-20]. All share basic properties such as molecular masses ranging from 

160 to 172 kDa, an optimum pH of about 7.5 ±1, a turnover number of approximately 

0.01 s
-1

, and the fact that the preferred substrate occurs naturally in the organism. 

However, a significant difference between plants and protozoa or fungi lies in the fact 

that the SMTs of plants synthesize multiple SMT-isoforms to generate the side chains of 

campesterol (first C-transfer activity) and sitosterol (second C-transfer activity). The 

SMT in microbes carry out multiple C-transfer activities to produce the monoalkylated 

(ergosterol) or doubly alkylated sterol side chains (clionasterol) via successive methyl 

transfer to the ∆
24

-substrate [30, 31]. With an exception of algal ergosterol in which the 

SMT determines the configuration of the 24-alkyl group, the configuration of this group 

is usually established by a ∆
24

-reductase enzyme [1, 21, 22].  

In addition to a sterol substrate containing a ∆24
, the SMT reaction involves S-

adenosyl-L-methionine (AdoMet) as the methyl donor to catalyze the C-methylation 

reaction to produce diverse 24-alkyl sterols that have variable side-chain structures. 
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These requirements will strongly influence the binding site of SMT as the proper 

alignment of both substrates is critical to the catalytic activity. 

 

1.4  Primary structure and functional domains of SMT enzymes 

Based on the analysis of their primary structure, SMTs were found to be a 

distinctive group within the AdoMet-dependent methyltransferase superfamily. The first 

SMT gene (ERG6) was cloned from S. cerevisiae [23]. Shortly thereafter, Benveniste and 

coworkers cloned and expressed A. thaliana SMT cDNA in S. cerevisiae (erg6 strain) 

and suggested the presence of two distinct SMT isoforms, referred to as SMT1 and 

SMT2 based on substrate specificities [24]. Further comparison of the amino acid 

sequences of SMT enzymes have led to the subdivision of SMTs into five families as 

noted in the discussion of the phylogenetic tree (Figure 1.3) [25]. Three gene families that 

recognized zymosterol, cycloartenol or lanosterol as preferred sterol substrates were 

grouped under the SMT1 type, and two gene families that recognized 24 (28)-methylene 

lanosterol and 24(28)-methylenelophenol were grouped under the SMT2 type. While the 

majority of the known SMT cDNAs encode proteins ranging from 360 to 383 amino 

acids, there is no apparent relationship between the length of the primary structure and 

SMT1 and SMT2 classification.  

The study of the functionality of an enzyme begins with the determination of its 

active sites in the primary structure. Sequence analysis among SMT1 enzymes showed 

that they share nearly 80% sequence identities while possessing only 40% identity with 

SMT2 [18]. The sequence identity within the SMT2 type of isoforms is greater than 75%. 
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Sequencing and comparisons between SMTs from various sources show several 

conserved regions that were associated with functional domains of SMT [26, 27]. Those 

regions are indicated in Figure 1.5, in which the sequence alignments of SMTs from 

different sources are compared [26]. The green highlighted residues indicate conserved 

regions. Figure 1.6 shows hydropathy plots of Saccharomyces cerevisiae (yeast) (a) and 

Glycine max (soybean) (b) SMT. The figure indicates that the conserved regions I to IV 

have a preferentially hydrophobic content, suggesting their possible involvement in 

substrate binding, as the sterol molecules are strongly hydrophobic in nature. Region I 

has been identified by chemical affinity labeling using the mechanism-based inactivator 

[3-
3
H]DHZ (26,27-dehydrozymosterol) as the binding site for the sterol side chain [27-

29]. Region II, which in Erg6p stretches from L124 to P132, has been identified as the 

[
3
H3-methyl]AdoMet binding site by photoaffinity labeling with AdoMet [27, 30]. 

Region III stretches in the Erg6p from Y192 to H199, while region IV spans residues 215 

to 225. If one compares these regions the percentage of identical residues increases to 84-

93% relative to the identity of the S. cerevisiae SMT1 (the gene product of ERG6 (Erg6p) 

is often used as the reference specimen for comparative purposes). This indicates a close 

structural relationship amongst SMTs in the conserved regions. Attempts have been made 

to attribute possible functional roles to these regions through the use of several 

techniques including site directed mutagenesis [26, 29, 31].  
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Figure 1.5 Aligned amino acid sequence from SMTs of various sources [26]. 
 

 

SMT2 enzymes are known to possess a hydrophobic domain of approximately 25 

amino acids near the N-terminal that is absent in SMT1 enzymes. The presence of these 

identities suggests a divergent evolutionary relationship between the two classes of 

enzymes which may affect the catalytic activity of the enzyme. 
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Figure 1.6 Hydropathy plots for S. cerevisiae (panel A) and G. max (panel B) SMTs. The conserved regions are indicated. 
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1.5 Mechanism of Catalytic Activity 

The mechanistic features of SMT involve the reaction between a methyl group 

from AdoMet and double bond on the substrate, which involves the production of cations 

at C24 and C25. From a binding affinity point of view, yeast SMT operates in such a 

manner that either sterol or AdoMet can bind to the enzyme in the absence of the other. 

However, in a plant SMT (G. max) an ordered mechanism was suggested with AdoMet 

binding first [21]. 

The sterol features that were absolutely required for productive binding and 

formation of catalytically active enzyme-substrate complex were: a 3β-hydroxyl group, a 

planar nucleus, an intact side chain that retains the length of the native substrate 

zymosterol, a 20-R-configuration and a ∆
24

 -double bond.  

Two mechanisms for the generation by SMT’s of the substrate double bond have 

been suggested: a covalent mechanism which has been challenged in a series of papers 

[27, 32] and a non-covalent mechanism named the steric electric plug model. Figure 1.7 

idealizes the steric-electric plug model proposed by Nes in which the substrate furnishes 

one enantiomer [17]. In this non-covalent pathway the C-methyl transfer reaction occurs 

via a SN2 mechanism. The C-methyl is attached to the ∆24
 bond from the backside (β 

face). This mechanism would permit the sterols to develop specific features such as a free 

equatorial C3 hydroxyl, a flat molecule, a right-handed side chain as well as a 

pseudocyclic side chain conformation to bind efficiently the substrate to the enzyme. 
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Figure 1.7 Representation of the steric electric plug model [8]. 
 

 

 The steric-electric plug model incorporates a two-base system. In S. cerevisiae 

SMT, one base is hypothesized to assist in anchoring zymosterol into the enzyme-

substrate complex using hydrogen-bonding interactions with the C3 hydroxyl group. This 

base is thought to be associated to the hydroxyl group of the sterol when in the proximity 

of a tyrosine residue [33]. A second base contributes to the C-methyl transfer reaction by 

serving as a deprotonations agent to remove the hydrogen at C28 in the synthesis of 

fecosterol. This base has been hypothesized to be a carboxylate anion, which can interact 

as a counter-ion to AdoMet in the active site [32]. 
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The carbon transfer reaction can be visualized as a substitution on the methyl 

group of the alkylating agent by attack of a nucleophilic center of the substrate 

undergoing alkylation. The methyl group is attached to the sterol side chain at C24 

through the formation of a 24-methyl carbenium ion intermediate at C25. The carbenium 

ion is obtained by alkylation and once formed, can undergo several reactions: 1) proton 

elimination and double bond formation; 2) cyclization to form a cyclopropyl system; 3) 

quenching to form a saturated side chain. Some studies [34] have shown evidence of the 

electrophilic nature of the C-methyl reaction. Since the carbocation involved is 

unselective in its reactions, an SMT enzyme could generate a variety of structures, 

including forming a doubly alkylated side chain from a single enzyme-intermediate 

complex. Figure 1.8 shows an example of monoalkylation and double alkylation, which 

can result in a large variety of sterol substrates. 

Many earlier studies focused on the broad mechanistic features of these C-

methylations [27, 35-39]. It was considered that vascular plants synthesize doubly 

alkylated side chains (ex. sitosterol) whereas fungi and less advanced plants (algae) 

synthesize the monoalkylated side chains (ex. ergosterol). From this it can be concluded 

that distinct plant SMTs should be synthesized to correspond to the first (C1) and second 

(C2) carbon transfer activities. 
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Figure 1.8 Reaction mechanisms for first (panel A) and second (panel B) methylation reactions [31]. 
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Studies have produced evidence in favor of the steric electric plug model [20, 34]. 

These findings suggest that spatial disposition and positive and negative attraction 

between the co-substrates, more specifically the sulfur on AdoMet and the π lobes from 

the ∆24
-bond, facilitate the C-methyl transfer reaction stereo-selectively with an SN2 

inversion occurring at the C24 center. Understanding the spatial arrangement of the 

substrate and which amino acid residues participate in the reaction will lead to the 

understanding of the catalytic diversity of SMTs. 

An important methodology to study and understand the catalytic mechanism of 

enzymes is the use of inhibitors of the reaction. Past report show that inhibitors of SMT 

activity have been tested [8, 17, 19, 32, 39]. These can be divided into three classes. a) 

Substrate analogs designed as mechanism-based inactivators. b) Substrate analogs 

designed as high-energy intermediates. c) Product analogs identified from considerations 

of the C-methyl transfer reaction and the structure of end products of the phytosterol 

pathway. Figure 1.9 shows some typical inhibitors. Ammonium containing sterol analogs 

with a lanosterol or cycloartenol nucleus are less potent than the corresponding sterol 

analogs with the cholestane nucleus, confirming the hypothesis that side chain analogs 

should mimic the structure of the natural substrate. 

The coupled methylation-elimination reaction involving inhibition of SMT 

activity by nitrogen or sulfur containing sterol side chains can be explained by two 

mechanisms. In the first, shown in Figure 1.10, path a, a charged analogy exists between 

the salt form of the sterol analog containing an ammonium or sulfur group and the high-

energy intermediate generated during the C-methyl transfer reaction. Electrostatic 

interactions between the positive charge on the nitrogen group and a polar amino acid in 
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the active site, is the cause of the inhibition. In the second inhibition mechanism, the 

polar amino acid, instead of contributing to the elimination reaction, acts as a nucleophile 

toward the ammonium or methylsulfonium-containing moiety of the sterol analog. These 

high-energy intermediates analogs should be comparable to AdoMet in their strength as a 

methyl donor. 

 

 

Figure 1.9 Examples of SMT inhibitors [8]. 

 

Inactivation of the enzyme results from a two-step process (Figure 1.10, path b): 

1) C-methylation of the neutral nitrogen (or sulfur moiety) 2) covalent methylation of the 

active site residue. It is equally possible that inhibition from some sterol analogue is due 

to their electrostatic interaction with the counter ion of AdoMet. 
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Figure 1.10 Mechanisms of SMT inhibition [8]. 
 

 

While significant advances have occurred in the understanding of the role of 

sterols and the pathways of sterol biosynthesis including the important SMT enzyme, 

several important questions remain. In particular, the nature and origin of the large 

diversity of sterols that are produced through the same biosynthetic pathway are still the 

matter of debate. This question is important as its answer will have consequences on our 

understanding of the evolution of several species, as well as on the possibility of using 

sterol biosynthetic pathway enzymes as novel drug targets or for genetically engineered 

crop enhancements. 
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1.6 Objectives and Aims of the study 

The objective of this study was to understand and determine the origin and extant 

of sterol diversity. To achieve this objective we probed the relationship between structure 

and catalytic activity of one of the most important enzymes in the sterol biosynthetic 

pathway, sterol methyl transferase (SMT). Our first aim was to investigate the wild type 

and mutant enzyme capability to bind a variety of substrates. The second aim was to 

determine the catalytic competence of the soybean (G. max) SMT1 enzyme. The third 

aim was to determine the product distribution of the wild type and mutant enzymes.  
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CHAPTER 2 

EXPERIMENTAL METHODS 

 

2.1.  Materials 

2.1.1 Chemicals and solvents 

 All chemicals and solvents were purchased from Fisher scientific international, 

Sigma-Aldrich, Inc (St. Louis, MO), or Promega Inc. unless otherwise noted. Bradford 

protein assay kits were purchased from Bio-Rad laboratories (Palo Alto, CA). IPTG 

(isopropyl-l-thio-P-o-galactopyranoside) was purchased from Research Products 

Intemational (Mount Prospect, IL). 

 

2.1.2  Culturing Conditions:  

 Generation of native recombinant G. max SMT was performed as previously 

described [10]. In summary, BL21 (DE3) strain E. coli cells containing the 

SMT/pET23a(+) plasmid were stored at -80°C in 25% (v/v) glycerol Luria broth medium 

(LB).  Aliquots were transferred from -80°C storage to an agar plate ( Difco bacto-

tryptone 10 mg/mL, Difco bacto-yeast 5.0mg/ml, NaCl 10 mg/mL, and agar 15 mg/mL, 

pH 7.0) containing ampicillin 50 µg/mL and incubated for 12- 14 hours at 37
o
C. A single 

colony was used to inoculate a 10 mL Luria-Bertani (LB) (composed of Difco bacto-

tryptone 10 mg/mL, Difco bacto-yeast 5.0 mg/ml, NaCl 10 mg/mL, pH 8.8) containing an 

ampicillin concentration of 50 µg/mL. A 125 mL Erlenmeyer flask was used to start the 

culture by shaking for 5 hours at 37°C and 225 rpm (in a floor shaker). 500 µL of this 
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culture were used to inoculate 250 mL LB medium in a 1.0 L Erlenmeyer flask 

containing a concentration of ampicillin of 50 µg/mL. The culture was incubated at 30°C 

for 10 hours by shaking 200 rpm.   

 To optimize cell activity the optical density at 600 nm from a Beckman Counter 

DU 530 UV/visible spectrophotometer was measured to be no greater than 1.2. 25 mL 

aliquots of the starter culture were transferred to a 2.8 L Erlenmeyer flask containing 1 L 

of LB medium containing ampicillin (50 µg/mL) and incubated at 30°C at 200 rpm until 

the optical density at 600 nm was measured to be about 0.6-0.7. In order to induce G. 

max SMT, isopropyl-l-thio-P-o-galactopyranoside (IPTG) was added to each culture to 

give a final concentration of 0.4 mM. The cultures are incubated for an additional 3 hours 

at 30°C at 150 rpm. Compared to a previously reported protocol [10], these conditions 

were found to result in smaller cell counts but in approximately 15% greater amount of 

active protein. However, the OD should not be allowed to exceed 1.3. Cells are then 

harvested by centrifugation at 10,000g for 10 minutes and either used immediately or 

stored at -80°C for a maximum of 2 months. The cell paste (5 g) was resuspended in 25 

mL resuspension buffer which was prepared using 50 mM Tris-HCl, 2 mM MgCl, 2 mM 

pmercaptoethanol, 1 mM EDTA, and 5 % glycerol (v/v) at pH 8.8. This pH value was 

chosen based on the fact that the protein was purified at a similar pH. PMSF, a protease 

inhibitor, prepared in isopropanol as a 100 mM stock, was added to a final concentration 

of 0.1 mM. The suspension was treated with lysozyme (1 mg to 1 mL of cell suspension) 

at 4 °C for 30 to 40 minutes to help formation of spheroplasts which improve the 

efficiency of lysis. The suspension was then lysed by passage through a French pressure 

cell pre-cooled to 4 °C at 20,000 psi (equivalent to 1260 units). The homogenate was 
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used for determination products while the supernatant was used for the kinetic studies 

following further centrifugation at 4
o
C, 100,000g for one hour. 

 

2.1.3  Protein Quantification (Bradford method) 

 Following removal of insoluble proteins and cell debris by centrifugation (4
o
C, 

10,000g for 1 hour), the protein concentration contained in the homogenate as well as in 

the supernatant was determined by the Bradford method. A calibration curve was 

generated using incrementing concentrations of bovine serum albumin (BSA, purchased 

from Sigma as a lyophilized powder) prepared as follows: From the stock solution (1 

mg/mL) 5 µL to 25 µL were siphoned into 2 mL microcentrifuge tubes. The volumes 

were made up to 25 µL with double distilled water. To these tubes, 25 µL of 1 M NaOH 

was added and allowed to stand at room temperature for 20 minutes to denature the 

protein so as to allow solubilization of membrane proteins and to reduce the protein-to-

protein variation in color yield. The Bradford reagent, which consists of an acidic 

solution of Coomassie Brilliant Blue G-250, was prepared by diluting the commercial 

stock (1:4) with double distilled water before use. After the incubation with 1 M NaOH, 

950 µL of diluted Bradford reagent was added to all the tubes and allowed to incubate at 

room temperature for 5 minutes. A blank was prepared using with 25 µL of water 

replacing the protein standard. The absorbance at 595 nm of the BSA standard solutions 

was read against the blank. A linear regression was calculated from the plot of the 

absorbance at 595 nm as a function of BSA concentration in µg. Solutions of the 

homogenate and the supernatant SMT enzyme preparations were prepared similarly, and 
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their absorbance at 595 nm was measured. Protein concentration in was determined using 

the linear regression of the calibration curve of the BSA standard.  

  

2.1.4  Preparation of Glycerol Stocks of SMT Strains.  

 For long-term storage of G. max SMT glycerol stocks were prepared as follows. 

An overnight culture (LB medium 12 hours) was first prepared. About 250 µL of glycerol 

was separately autoclaved in sterilized screw-cap self-standing vials (Perfector Scientific, 

Atascadero, CA) and about 750 µL of a previously prepared culture were aseptically 

added to these vials and mixed well by vortexing at low speeds. The vials were frozen by 

plunging in liquid N2
 
and then stored at -80 °C. These glycerol stocks are usually viable 

for more than few years if stored at -80 °C. However, when a slower than expected cell 

growth or enzyme activity was observed, fresh glycerol stocks were prepared either from 

re-transformed E coli strains or from fresh culture preparations.  

 

2.1.5  Sterol Substrates 

 Sources of sterol substrates were as follows: cholesterol and lanosterol were 

purchased from Sigma and further purified by HPLC. Cycloartenol and 

24(28)methylenecycloartanol were obtained from γ-Oryzanol (Spectrum Quality 

Products, Inc). Cyclobranol was synthesized in our laboratory from 24(28)-

methylenecycloartanol C3-acetate by iodine isomerization followed by HPLC 

purification. 26-difluorocycloartenol was also synthesized in our laboratory using a two 

step reaction: a) the allylic oxidation of the alkene at the position C24 of cycloartenol 

using SeO2 (with the hydroxyl group at C3 protected) followed by b) the 
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deoxofluorination of the resulting carbonyl group using diethylaminosulfur trifluoride 

(DAST) as the fluorinating reagent.  

 

2.1.6  Sterol Substrates Purification and Quantification.  

 All sterol substrates and inhibitors including cycloartenol, cyclobranol 

24(28)methylenecycloartanol, and 26-difluorocycloartenol were purified by High 

Pressure Liquid Chromatography (HPLC) and all retention times were set relative to 

cholesterol. Preparative purification was generally done on a semi-preparative C18
 

Selectosil-10 (10 mm x 250 mm, particle size-10 µm, Phenomenex) at a constant flow 

rate of 2 mL/min using methanol as the solvent. Chromatographic separation was also 

achieved on a reverse-phase C18
 
–TSK-Gel (ODS-120A, Tosohaas) using either methanol 

or a combination of Acetonitrile and Isopropanol in a 4:1 ratio. Depending on the type of 

column used, the flow rate was set to 1.0 or 2.0  mL/min). The optimal flow rate for 

Semi-prep TSK-Gel column (7.8mm x 30 cm, particle size-10µ) was 2.0 mL/min while 

the Analytical TSK-Gel (4.6mm x 25 cm, particle size-5 µm) column was operated at a 

constant flow rate of 1 mL/min for maximal resolution of compounds.  

 The purity of sterols was routinely checked by either Gas Chromatography (GC) 

or GC coupled to a Mass Spectrometry (GC-MS). The GC-MS (Hewlett-Packard 6890 

GC interfaced to a 5973 mass spectrometer, Palo Alto, CA) was performed on a fused 

silica capillary column (30 m x 250 µm i.d.) coated with a 0.25 µm film of ZB-5 (Agilent 

technology, Palo Alto, CA) with a programmed temperature range from 170 to 280
o
C at 

20
o
C and a constant flow of Helium gas at 1.2 mL/min. The MS was operated at an 

ionization voltage, 70 eV (electron ionization) and an interface temperature, 250
o
C.  
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Quantification of sterols was routinely done by GC 3% SE-30 packed column operated 

isothermally at 240
o
C with flame ionization detection. Cholesterol (1 mg/mL) was used 

as an external standard after performing a dose-response curve. The area under the peak 

obtained for the sterol versus that of a cholesterol standard of known concentration was 

used to quantify the approximate concentration of the sterol substrate to use in further 

experiments.  

 

 2.1.7  Preparation of AdoMet (SAM) Stock Solutions 

  For non-radioactive enzyme assays, AdoMet iodide salt or chloride salt (Sigma, 

86 % or 97% respectively) was prepared as either a 0.6 mM or 6.0 mM stock solution in 

0.001N H2SO4 (to help the longevity of the solution) as 1 mL aliquots and stored at          

-20°
 

C.  

 For radioactive assays, a radioactive analog of S-adenosyl-L-methionine 

(AdoMet), [methyl -
3
H3]AdoMet was purchased from PerkinElmer with a stated 

radioactivity of 15 Ci/mmol and a concentration of 0.55 mCi/mL. This will be equivalent 

to 36.6 µM (considering 15 Ci/mmol). Since a saturating AdoMet concentration of 100 

µM was a requirement for all of the experiments, solution of [methyl -
3
H3]AdoMet with 

AdoMet iodide salt were prepared to achieve the proper molarity while still having 

enough radioactivity for detection. These solutions were prepared as follows: a first 

solution of [methyl -
3
H3]AdoMet and AdoMet iodide salt was prepared in 0.001N H2SO4  

giving a final specific radioactivity of 200 µCi/µmol. A second solution was prepared by 

dilution of the first with a buffer, pH 8.8 to obtain final specific radioactivity of 10 
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µCi/µmol and a concentration of 0.6 mM. This solution is either used immediately for 

enzyme assays or stored at -20 °C for a short period of time.  

 

2.2  Mutations 

2.2.1 Preparation Plasmid: 

 BL21 (DE3) strain E. coli cells containing the G. max SMT/pET23a(+) plasmid 

were stored at  -80°C in 25% (v/v) glycerol LB medium. When ready to use, aliquots of 

the stored solution were transferred from the -80°C storage to an LB agar plate containing 

ampicillin of a concentration of 50 µg/mL, and incubated for 12-14 hours at 37
o
C. A 

single colony was used to inoculate a 10 mL LB culture containing 1% Tryptone, 1% 

NaCl, 0.5%Yeast extract, pH 7.0 and ampicillin (50 µg/mL). Incubation was done while 

shaking at 225 rpm for 16 hours at a temperature of 37 °C.  

 

2.2.2 Plasmid Purification:  

 After incubation of the above plasmids at 37 °C for 16 h shaking at 225 rpm, the 

cells were purified using QIAprep Miniprep Kit (Qiagen) or Wizard® Plus SV Minipreps 

DNA purification system (Promega) as per manufacturer’s instructions. The kits yielded 

between 50 and 100 ng/µL  as determined by the UV-spectrometry absorbance at 260 nm 

or by analysis of the agarose gel electrophoresis (1%) in Tris-acetate-EDTA (TAE) 

buffer, and stained using ethidium bromide. Unless immediately used, the plasmids were 

stored at -20 °C. 
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2.2.3 Site-directed Mutagenesis: 

 The “Quick-change Site-directed Mutagenesis Kit” (Stratagene) was used as per 

the manufacturer’s instructions to generate mutations at specific locations. The method 

consists in first designing oligonucleotides primers using the “Vector NTI 

Oligonucleotides” analysis software module. All primers designed and developed for this 

study are shown in table 2.1. Primers were usually 32-40 base pairs in length to reduce 

the formation of secondary structures and had a thermodynamic melting temperature (Tm) 

greater than 75 °C with most being above 80 °C. The 5’ and 3’ ends of the primer 

typically ended with a Guanosine (G) or Cytosine (C). To initiate mutagenesis, 

Polymerase Chain Reaction (PCR) was employed using 50 ng of purified plasmid DNA 

(pET23a(+), 125 ng each of Sense and Antisense oligonucleotide primers, 1 µL of 20 

mM dNTP (deoxynucleotide triphosphate)  mix, 5 µL of 10X Reaction Buffer, sterile 

double distilled water made up to 50 µL followed by the addition of 1 µL of PfuTurbo 

DNA polymerase (2.5 U/µL) in a sterilized 0.2 mL eppendorf PCR tube. The thermal 

cycling parameters were selected to follow the suggested guidelines, i.e. 1 minute per kb 

of plasmid length. Since pET23a(+) is ~ 6 kb, 6 minutes extension period should be the 

minimum required to make sure the entire plasmid is replicated. The parameters followed 

were therefore: 95°C for 30 seconds, 95 °C for 30 seconds, 55 °C for 1 minute and 68 °C 

for 5 minutes repeating the cycle 16 times and then cooling to 4 °C. Finally, 1 µL of Dpn 

I restriction enzyme (10 U/µL) was added to the amplification mixture to digest the non-

mutated dsDNA, and incubated at 37 °C for 1 hour. 
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Table 2.1 DNA sequence of the synthetic oligonucleotides used for the site-directed 
mutagenesis of the ERG6 cDNA (Glycine max MT). 

Mutation Sense oligonucleotide sequence (5’-3’) 
Amplicon size 

(bp) 

Tm 

(°C) 
S79L      5'-CTACGATCTTGTTACCCTCTTTTATGAGTTTGGCTGG-3' 
Y81F      5'-CTTGTTACCAGCTTTTTCGAGTTTGGCTGGGG-3' 

Y81L      5'-CTTGTTACCAGCTTTCTTGAGTTTGGCTGGGG-3' 

E82L      5'-CTTGTTACCAGCTTTTATCTGTTTGGCTGGGGGGAATC-3' 

Y192F    5'-CAGTTTTGATGCAGTGTTCGCGATTGAAGCCACTTG-3' 
Y192L   5'-CAACAGTTTTGATGCAGTGTTGGCGATTGAAGCCACTTGC-3' 

G217L   5'-GAGTGTTAAAGCCTCTTCAATATTTTGCTGC-3' 

Q218L   5'-GTGTTAAAGCCTGGTCTGTATTTTGCTCTTATGAATGG-3' 
Y219L   5'-GTGTTAAAGCCTGGTCAATTGTTTGCTGCTTATGAATGG-3' 

Y223F    5'-GGTCAATATTTTGCTGCTTTCGAATGGTGCATGACC-3' 

Y223L   5'-GGTCAATATTTTGCTGCTCTGGAATGGTGCATGACC-3' 
D276L   5'-GAGGTAATATGGGAGAAACTTCTAGCAGTGGACTCTTCC-3' 

D276Q  5'-GAGGTAATATGGGAGAAACAGCTAGCAGTGGACTCTTCC-3' 

D276R  5'-GAGGTAATATGGGAGAAACGTCTAGCAGTGGACTCTTCC-3' 

37 
32 

32 

38 

36 
40 

31 

38 
39 

36 

36 
39 

39 

39 

81.0 
80.9 

80.9 

83.2 

82.4 
84.1 

75.6 

79.9 
81.0 

81.0 

82.1 
83.1 

84.3 

84.2 

The mutagenic codons are underlined and are formatted with bold style. 

 

 

2.2.4 Transformation: 

 To transfom the plasmid containing the recombinant DNA competent E coli 

BL21(DE3) cells (Stratagene, stored at -80°C in aliquots of 50 -100 µL) were used. The 

competent cells were kept on ice until they were thawed. About 50 ng of plasmid DNA (1 

µL PCR product) was added to the competent cells, gently mixed and allowed to 

continued incubation on ice for 30 minutes. A negative control was produced by the 

addition of 10 µL of sterile distilled water to the competent cells. Both set of competent 

cells were subjected to heat-shock at 42 °C for 45 seconds followed by incubation on ice 

for 5 minutes. 250 µL of SOS medium (included in the kit) were added to both control 

and plasmid containing competent cells and incubated at 37 °C for 1 hour in a shaking 

225 rpm and finally plated on LB agar plates containing 50 µg/mL of ampicillin. The 

plates were incubated upside down overnight for 12-14 hours at 37 °C. No colonies 

should be observed in the negative control plates while a large amount of isolated 
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colonies on plates containing pET23a(+) E coli BL21(DE3) were observed. Several of 

these colonies were screened for the point mutation by DNA sequencing. 

      

2.2.5 DNA Sequencing 

 The mutants plasmid were transformed into E coli BL21(DE3) as explained above 

and the isolated colonies obtained on LB agar plates containing 50 µg/mL of ampicillin 

were used in generating mutated plasmids. The presence of site-specific mutation was 

confirmed by DNA sequencing. DNA Sequencing was performed at the Biotech Core 

Facility (Texas Tech University) using most often the T7 sequence as the promoter.  

 

2.3  SMT Assays and Product determination: 

2.3.1  Enzyme Assays: 

  Standard assays of enzyme activity were performed using 600 µL total volume in 

9 mL test tubes. The assay solutions contained the following: 12 µL of 5% Tween-80 

prepared in 100 % ethanol (v/v); 100 mM of the studied substrate (prepared by drying the 

substrate solution by blowing N2; 1 to 2 mg of total protein (from the lysate fraction) in 

100 µL  (as determined by the Bradford method described above),); 400 µL of 

resuspension buffer consisting of 50 mM Tris HCl; 2 mM magnesium chloride; 2 mM β-

mercaptoethanol; 5% glycerol (v/v); 1 mM EDT, pH 8.8. Assays were performed at this 

pH to more closely mimic the purification protocol used previously [10]. Equivalent 

amounts of SMT protein and buffer were added to obtain a total volume of 500 µL. 

Finally, 100 µL (100 µM) were added of radioactive AdoMet (see above) which start the 
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reaction. The assay solution was incubated in a water bath maintained at 35°C for 45 or 

60 minutes, which resulted in radioactivity counts under optimal conditions between 1 x 

10
4
 

to 5 x 10
5
 

dpm of the methylated product. After the incubation time, the mixture was 

quenched with 600 µL solution of 10% methanolic KOH and the mixture was heated at 

80°C for 20 minutes in a water bath to stop the reaction. The methylated sterol product(s) 

was extracted three times with 2.5 mL each in hexane and vortexed for 30 seconds. A 30 

seconds centrifugation using the top speed of a bench-top centrifuge helped in separating 

the organic layer. This organic layer was then transferred to a 7 mL scintillation vial and 

dried overnight in the hood or under N2. To these vials, 5 mL of scintillation cocktail 

(ScintiVerse®, Fisher Scientific) was added and mixed well by vortexing the samples at 

top speed for 15 seconds. The radioactivity of the samples was measured using a liquid 

scintillation counter (Beckman) and the rate of conversion of substrate into product was 

calculated against a blank, which contained no sterol substrates.  

  

2.3.2 Product Distribution Analysis  

 To investigate the amount and type of product formed using different substrate-

SMT enzymes combinations, overnight assays were performed as in a similar manner as 

above with the important exception that the number the assays were increased by nine 

times i.e. 9 assays per substrate. Each assay contained 100 µL of the lysate solution. 

Bradford protein quantification assays of this lysate solution showed that the protein 

concentration was 10 µg/µL so that each assay contained 1.0 mg of total protein for a 

total of 9.0 mg per experiment. For studies involving KI, we varied the protein 

concentration from 1 mg to 0.4 mg to ensure maximal inhibitory effect of the inhibitor. 
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The conditions were used as mentioned in the previous section, with the exception that 

non-radioactive AdoMet chloride salt was used and that the reaction was incubated at 

35°C for 16 hours. After stopping the reaction, extracting the sterol content and drying, 

the sample was mixed with 15 µL of methanol and 1 µL was injected in the GC-MS for 

analysis. A relative activity value was obtained from the percentage conversion of 

substrate to product relative to that of the wild type by taking the area of the GC product 

peak divided by the area of the unreacted substrate peak. 

 

2.3.3 Identification of Products: 

 The most important identification method used gas chromatography - mass 

spectrometry (GC-MS) and the comparison of the fragmentation pattern and molecular 

mass with expected sterol product. Before this could be achieved, the following 

separation protocol was used. Two incubation experiments were conducted in parallel, 

one using radioactive AdoMet which will result in radioactive products and one with 

non-radioactive AdoMet whose product will be analyzed by GC-MS.  

 The dried material containing the product of the enzymatic catalysis from the 

enzyme assay was resuspended in 60 µL methanol (HPLC grade) and filtered using 0.45 

µm centrifuge tube nylon filters (Corning Inc. non-sterile, 2 mL capacity). Products 

(monol and diols) were resolved by injecting 50 µL of the samples in the HPLC equipped 

with a reverse phase C18
 
column maintained at 20° (Phenomex, 4.6mm x 25 cm, particle 

size-5 µ) at 1 mL/min using 100% methanol (HPLC grade) as the solvent. Fractions were 

collected every 1 min between 0-60 min. Radioactive and non-radioactive fractions were 

monitored in parallel with the non-radioactive sterol related products being used for GC-
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MS determinations. For each experimental set 9 assays were used each containing 1.0 mg 

of total protein. Incubations were performed for 16 h at 35°C. Radioactivity results 

indicate that the total recovery was approximately 2% and 0.6% for incubation of CB 

with the Y81F mutant strain and for the incubation of diFCA with the wild type enzyme 

respectively.  

 

2.3.4 NMR 

 In some cases the mass spectra of a sterol product was unexpected. In some of 

these cases, NMR spectra were recorded. Following analysis by GC/MS and HPLC, these 

sterols were further purified by HPLC to 95% purity and their structures determined by 

NMR. Proton and carbon NMR spectra were recorded in deuterochloroform at 300 MHz 

using a Bruker AF300 spectrometer. Chemical shifts (δ, ppm) are referenced to 

tetramethyl slilane (δ, 0).  

 

2.4  Determination of steady-state kinetic parameters  

2.4.1  Determination of Vmax, KM:   

 In order to determine the steady-state kinetic parameters Vmax and KM, activity 

assays were performed at several sterol substrate concentrations ranging from 5 µM to 

150 µM as described in previous sections in triplicates with [methyl 
3
H3]AdoMet 

concentration held at 100 µM as per the standard assay conditions. Following the 

quenching and extraction of methylated products the samples were analyzed for 

conversion rate at each substrate concentration by liquid scintillation counting against a 

blank that contained all the components according to the standard assay conditions except 
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the sterol substrate. The most active preparation assayed using cycloartenol yielded a 

radioactivity count of 10
5
 dpm. Radioactivity values in dpm for the blank were substrated 

and the resulting values were first converted into product amount in pmol units and then 

divided by the amount of time of incubations to give a rate of product formation. This 

value was also divided by the amount of SMT enzyme used (in mg) in order to compare 

all results from different SMT sources. Using Sigmaplot 2001 with the enzyme kinetics 

module software package, Michaelis-Menten plots were generated and fitted to the 

Michaelis-Menten equation using a nonlinear least-squares approach. Variations in the 

kinetic constants were smaller than 10% between the trials and the R
2
 

values were 

between 0.94 and 0.99.  

 

2.4.2 Determination of KI:  

 To determine the potency of the inhibitor (26-difluorocycloartenol) activity assays 

were performed in triplicates using different inhibitor concentrations concentration and 

fixed [methyl 
3
H3]AdoMet of 100 µM as described previously for standard assay 

conditions in resuspension buffer at pH 8.8 for each inhibitor concentration. As noted 

earlier, we varied the total protein concentration from 1 mg to 0.4 mg per assay to ensure 

maximal inhibitory effect of the inhibitor. Following the quenching and extraction of 

methylated products the samples were analyzed for conversion rate at each substrate 

concentration by liquid scintillation counting against a blank that contained all the 

components according to the standard assay conditions except the sterol substrate. The 

dpm values obtained for the samples were copied into a worksheet. Radioactivity values 

in dpm for the blank were subtracted and the resulting values were first converted into 
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product amount in pmol units and then divided by the amount of time of incubations to 

give a rate of product formation. This value was also divided by the amount of SMT 

enzyme used (in mg) in order to compare all results from different SMT sources. Using 

Sigmaplot 2001 with the enzyme kinetics module software package, Michaelis-Menten 

and Lineweaver-Burke plots were generated and fitted to the Michaelis-Menten equations 

for competitive inhibition as the plots clearly demonstrated this type of mechanism. 

Variations in the kinetic constant KI were smaller than 15% between the trials. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

 

The overall goal is to understand the structure-catalytic properties of SMT 

enzymes with the intent of eventually developing global and/or specific inhibitors that 

can be used as drugs against pathogens with little or no effects on mammalian cells. 

As stated previously our objective is to probe the relationship between structure 

and catalytic activity of the SMT enzyme. In order to achieve this goal a series of four 

types of experiments were performed: 1) the type and amount of product formed was 

evaluated; 2) site-directed mutagenesis of SMT was performed for several amino-acid 

residues and the product formation and kinetic activity of the resulting strains were also 

evaluated; 3) the kinetic activity of the all substrate-enzyme combinations was quantified 

by determining values of KM and Vmax; 4) a novel substrate derivative was assayed and its 

inhibition kinetics were tested. This dissertation is divided into two parts. In part one, the 

C1 and C2 activities of different substrate and SMT strains combinations are probed. In 

part two, a novel synthetic sterol derivative, 26-difluorocycloartenol (diFCA), was tested 

as both a substrate and an inhibitor of SMT activity. 

 

3.1      C1 and C2 Activity  

3.1.1 Wild type activity of substrates 

Three different substrates were investigated to identify and quantify the amount 

and type of products formed from both the C1 and C2 methylation reactions catalyzed by 
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SMT enzymes. Cycloartenol (CA), used as a screen for C1 activity, cyclobranol (CB) and 

24(28)-methylenecycloartanol (MCA), both of which are used to determine differences in 

product formation and C2 activity. We first studied pure substrates to characterize these 

reagents and later help in the identification of the products of the methylation reactions. 

Table 3.1 shows the sources structures and key characteristics determined in this 

study and well as in previous studies [10, 39, 42] for all substrates that will be discussed 

in this work, including the fluorinated substrate analogues that will be discussed in 

section 3.3. All compounds approach 98 % purity as determined by GC.  

Figure 3.1 shows the capillary gas chromatogram (panel A) and the associated 

mass spectrum (panel B) of the pure CA compound. A high degree of purity is observed 

for this substrate. 

 

 

Figure 3.1 Panel A, capillary GC of purified CA compound and panel B, MS of 

compound at RRTc 1.36. 
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Table 3.1 Characteristics of pure substrates used in this study. 

Compound 

Name 

Identification 

Number 
Structure 

Molar Mass 

(amu) 
Source 

GC
a
 

RRTc 

GC
b
 

RRTc 

HPLC
c        

ααααc 
Mass Spectrum 

Cycloartenol 1 

 

426 
Nes 

Laboratory 
1.83 1.36 1.10 

 

24(28) 

methylene 

cycloartanol 

2 

 

440 
Nes 

Laboratory 
2.09 1.45 1.18 

 

Cyclobranol 3 

 

440 
Nes 

Laboratory 
2.47 1.64 1.32 

 

24-fluorocy-

cloartenol
d
 

4 

 

444 
Nes 

Laboratory 
2.23 1.99 1.14 Not available 

26-difluoro-

cycloartenol 
5 

 

462 
Nes 

Laboratory 
2.05 1.62 0.56 

 
a
 A 3% SE-30 Packed column GC was used. 

b
 A capillary column (30 m x 250 µm i.d.) coated with a 0.25 µm film of ZB-5 was used. 

c
 Column used was a reversed phase C18 phenomenex (1.46 mm x 25 cm, particle size – 5 µm) with 100% methanol. 

d
 Data from reference [42]. Column used was a reversed phase C18-TSK-gel with methanol.  
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Using CA as the substrate for the methylation reaction catalyzed by the wild type 

strain of G. max SMT1 results in the production of a methylated cycloartenol. The 

determination of the amounts of product formed involves incubating the enzyme with the 

substrate of interest and non-radioactive (cold) SAM for a set period of time. The product 

is extracted using hexane (the non-saponifiable fraction, NSF) and later is further 

separated using gas chromatography (GC) as detailed in the experimental section. 

Figure 3.2 shows the GC chromatogram of the product of the results of 

cycloartenol (CA) incubation with the wild type strain of the G. max SMT1 enzyme, as 

well as the mass spectrum of the methylated product. Peak 1 indicates the presence of 

excess cycloartenol while peak 2 is the most important product of the reaction. The 

relative amount of product is determined by dividing the GC peak height by the GC peak 

height related to amount of substrate and divided by the similar ratio found for the wild 

type strain of the enzyme. As can be observed, the relative amount of product is almost as 

large as the amount of unreacted substrate which suggests that the amount of CA 

substrate converted is high. This is expected since CA is the preferred substrate for G. 

max in nature. The mechanism for this reaction has been found to proceed through a high 

energy intermediate as shown in Figure 3.3 [39]. 

 



Texas Tech University, Thi Thuy Minh Nguyen, August 2009 

 

40 

 

 

Figure 3.2 Panel A, capillary GC of of the non-saponifiable fraction of the 
incubation of CA with wild type strain of G. max SMT1. Panel B, MS of compound 

2 at RRTc 1.48. Peak 1 represent CA (substrate) and peak 2 represents MCA 

(product), with a molecular weight of 440 amu and RRTc of 1.48. 
  

 

 

 

Figure 3.3 Mechanism of the methylation of CA catalyzed by SMT [39]. 
 

 

The second compound used as a substrate is cyclobranol, which is already 

methylated at position C24. The high purity of the compound is observed on the GC 

(panel A) and associated MS (panel B) of the pure CB shown in Figure 3.4. The GC 

chromatogram of the product of the results of cyclobranol (CB) incubation with the wild 

type strain of the G. max SMT1 enzyme, as well as the mass spectrum of the methylated 
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product are shown in Figure 3.5. The figure again contains two peaks. The peak at RRTc 

1.64 corresponds to the presence of excess cyclobranol (structure 3) while the peak at 

RRTc 1.68 (structure 6) is the most important product of the reaction. Here, the relative 

amount of product is much smaller compared to using CA as the substrate, as the peak 

height of the CB product is approximately 25% as high as that of the CB excess peak. 

This decrease in CB substrate conversion into methylated product can be expected as 

cyclobranol is a sterol with a methyl group at the C24 position while keeping a double 

bond between C24 and C25. This means that the sterol product will most probably be the 

addition of another methyl group at the C24 position. This should result in a single 

dimethyl C24 sterol. As the methylation reaction results in a second methyl group added 

at position C24, this reaction is a C2 addition, which is the secondary role of this SMT1 

enzyme. However, other reaction possibilities exist. The CB substrate reaction, after 

rearrangement in the enzyme pocket, could result in the addition of a methyl group at 

position C25 and containing a double bond between C24 and C28. While the 

chromatogram (Figure 3.5) does not show more than one peak representing products, it is 

interesting to determine if the SMT1 enzyme can use a substrate containing a double 

bond between C24 and C28 for further methylation. A previously proposed mechanism 

of the methylation reaction of CB is shown in Figure 3.6. Three products are expected, 

structure 6a is the main product observed at RRTc 1.68. 
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Figure 3.4 Panel A, capillary GC of purified CB compound and panel B, MS of 
compound 3 at RRTc 1.64. 

 

 

 

Figure 3.5 Panel A, capillary GC of the non-saponifiable fraction of the incubation 
of CB with the wild type strain of G. max SMT1. Panel B, MS of compound 6 at 

RRTc 1.68. Peak 3 represent CB substrate and peak 6 represents the methylated 
product, with an RRTc of 1.68. 
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Figure 3.6 Mechanism of the methylation of CB catalyzed by SMT; structure 6a is 

the product of CB catalyzed by SMT1. [39] 

 

 The third compound used as a substrate is 24(28) methylenecycloartanol (MCA) 

which is the product of the first methylation of CA. The purity of the MCA is evident on 

the GC (panel A) and mass spectrum (panel B) shown in Figure 3.7. The capillary GC 

chromatogram of the products resulting from the incubation of MCA with G. max SMT1 

is shown in Figure 3.8.  The large peak in Figure 3.8 represents the excess unreacted 

MCA. A group of three very small peaks, better shown in the blowup, are observed and 

are attributed to the products of the enzymatic reaction. The small heights of the peaks 

reveal that this reaction is not favored by the enzyme but can occur nonetheless. Figure 

3.8 also shows the MS of the product peaks which reveal that compounds 8 and 9 are 

probably isomers. The methylation reaction of this substrate involves a C2 addition and 

will result in an ethyl group at position C24. Figure 3.9 summarizes the possible reactions 

involving MCA. The structure numbering corresponds to that of the peaks in the GC 

(Figure 3.8).  As shown, three possible products are formed when MCA is used as the 

substrate: the addition of the methyl group at position C28 can result in two isomers still 

containing a double bonds between C24 and C28, or a rearrangement can occur resulting 
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in a sterol with a single bond between C24 and C28 and a double bond now between C25 

and C26 or C27. All these products have a molecular mass of 454 amu. 

 Kinetics activity parameters for these substrates with wild type G. max SMT1 are 

presented in table 3.2. The values of KM and Vmax confirm the finding from GC that CA 

results in about five times more substrate conversion compared to CB while MCA is only 

about 1% conversion compared to CA.  

 

 

 

Figure 3.7 Panel A, capillary GC of purified MCA compound and panel B, MS of 

compound 2 at RRTc 1.45. 
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Figure 3.8 Panel A, capillary GC of the non-saponifiable fraction of the incubation 
of MCA with wild type strain of G. max SMT1. The inset shows an enlargement of 

the product peaks noted 7, 8, and 9. Panels B, C and D show the MS of compounds 

7, 8 and 9 respectively. See experimental methods for details. Peak 2 represent the 
MCA substrate and peaks 7, 8 and 9 represent the methylated products. 
 

 

D
e
te

c
to

r 
R

e
s
p

o
n

s
e

D
e

te
c
to

r 
R

e
s
p

o
n

s
e

2 

7 8 9 

A 

B 

C D 



Texas Tech University, Thi Thuy Minh Nguyen, August 2009 

 

46 

 

 

Figure 3.9 Mechanism of the methylation of MCA catalyzed by soybean SMT1.  

Product compound names are (7) 24 ββββ-ethyl-25(27)-dehydrocycloartanol; (8) 

24(28)E-24 ethylidenecycloartanol; (9) 24(28)Z-24 ethylidenecycloartanol. [43] 

 

 

 

Table 3.2 Kinetic activity of G. max SMT1 assayed with substrates. 

Compound 
KM 

(µµµµM) 

Vmax  

(pmol/min/mg) 

Vmax/ KM 

(%) 

KI 

(µµµµM) 
Products 

CA  (1) 25 840 100 N/A 2 

MCA (2) 41 14  9 9 7, 8, 9 

CB (3) 35 223  19 25 6 

KM and Vmax values determined from Michaelis-Menten plots (section 3.1.3) from 
experiments as described in the methodology section.  

Values are in agreement with literature except for CB for which a more active preparation 
was used in this study. N/A: not applicable. KI values are reported from the literature [10] 

and were determined from the amount of CA methylation catalyzed by G. max SMT1 in 

the presence of the compounds for increasing concentration of inhibitor. 
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3.1.2 Activity of mutant strains 

Since SMT enzymes have been demonstrated to catalyze the methylation reaction 

of several substrate compounds, it is expected that several amino acid residues are 

involved in both the binding of the substrates and the catalytic activity such as the 

deprotonating base as suggested in the steric electric plug model. As stated previously, 

the sequence alignment of the various sources of SMT enzyme (Figure 1.5) as well as the 

hydropathy plots for S. cerevisiae and G. max SMT show four conserved regions that 

could be implicated in substrate binding or catalytic site. Past investigations in our 

laboratory have suggested that region I, spanning amino acid residues 81-91, is related to 

binding of the sterol side chain, region II, spanning residues 124-133, is associated with 

binding of SAM. The roles of regions III, spanning residues 192-199 and IV, spanning 

residues 215-225 have not been confirmed but they are believed to be associated with 

sterol binding and catalytic sites [26].  

In this study we looked at the importance of regions III and IV while confirming 

the generality of the interpretation of region I. Region II, because of its role in SAM 

binding will not be a component of this investigation. To study the importance of specific 

amino acid residues, site directed mutagenesis was performed at several locations on the 

G. max SMT1 protein, as explained in the methodology section. The targeted residues 

were replaced by two different types of amino acid residues: leucine and phenylanaline. 

Leucine contains a non-polar side chain of relatively short dimensions. Replacement by 

this amino acid residue will result in loss of polarity which may be important for binding, 

stabilizing the substrate and a specific position or for catalytic activity such a 

deprotonation of the intermediate. Phenylanaline also contains a non-polar side chain but 
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whose dimensions are significantly larger. Replacement by this amino acid residue may 

result in geometric changes in addition to loss of polarity. Table 3.3 lists the residues that 

were mutated and their general location within the STM sequence. The nomenclature 

used throughout the study is that of the ERG6 gene which results in a shift of two amino 

acid residue in the sequence of G. max. A total of 3 residues from region I, one from 

region III and four from region IV were investigated based on the fact that each except 

one contain polar side-chains. Residue G217 was also targeted for mutagenesis because 

of its very small side chain suggesting a possible role in the geometry of the assembly of 

the enzyme’s three dimensional structure. While residue S79 is not normally included in 

region I it is conserved and in such proximity to this region that it is considered a member 

of region I in this discussion. In addition residue D276 was selected for mutation as it is 

conserved and may be geometrically close to the substrate upon protein folding [26]. All 

these residues were chosen because past studies [26, 44] have demonstrated that similar 

mutations of S. cerevisiae SMT resulted in altered C1 activity or promotion of C2 activity.  
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Table 3.3 Mutations performed on specific conserved amino acid residue.  

The nomenclature used throughout the study is that of the ERG6 gene which results 
in a shift of two amino acid residue in the sequence of G. max. 

 

 

 The GC traces of the non saponifiable fraction (NSF) fraction resulting from the 

incubation of CA with mutant strains of region I on the relative amount of product 

formed showed no change in the general features compared to that of the wild type. The 

retention times relative to cholesterol (RRTc) for both the reacted substrate (compound 1) 

and product (compound 2) are shown in table 3.4. All strains have significant C1 activity 

resulting in peaks at similar retention times, indicating no changes in product formation. 

These results show that for all strains, CA is converted into MCA. The relative amounts 

of products formed are shown as histograms (Figure 3.20 and 3.21) at the end of the 

section. 

 

Mutation

Region of 

conserved 

sequence

S79L I

Y81L I

E82L I

Y192L III
G217L IV

Q218L IV

Y219L IV

Y223L IV

Y81F I

Y192F III

Y223F IV

D276L

D276Q

D276R
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Table 3.4 RRTc of the capillary GC of the NSF of the incubation of CA, AdoMet 
and various mutant strains of G. max SMT1 of conserved sequence region III. 

Identical incubation conditions were followed for all strains. All experiments were 

performed on different days resulting in some RRTc shifts. See methodology section 
for details. The similar RRTc indicates that no new products were formed; only the 

relative amount of product formed was changed from one strain to another. 

Strain 
RRTc of compound 

1 

RRTc of compound 

2 

Wild type 1.36 1.48 

S79L 1.39 1.46 

Y81L 1.34 1.44 

E82L 1.33 1.45 

Y81F 1.33 1.45 

 

 

The incubation of CB with most mutants of region I strains also showed no 

significant changes in product formation although the relative amounts varied. One 

exception is the Y81F mutant. The capillary GC of NSF of the incubation of CB with the 

wild type (panel A) is compared to that of the Y81F (panel B) SMT1 in Figure 3.10. 

Large differences are observed. The retention times relative to cholesterol (RRTc) for all 

unreacted substrates and product GC peaks are shown in table 3.5.  The several peaks 

found in Figure 3.10B may represent a larger number of different sterol products that 

result from the Y81F strain confirming the potential of SMT to form a variety of products 

from a single substrate. The mass spectra of the peaks shown in Figure 3.10B suggest that 

only peaks 11, 3, 14 and 17 are associated with steroidal compounds; compound 11 (M
+
: 

440) is associated with cyclolaudenol, compound 3 (M
+
: 440) is the unreacted substrate; 

compound 14 (M
+
: 454) is the usual product of the reaction (same as compound 6) 

compound 17 (M
+
: 470) is associated with a diol sterol structure.  
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Figure 3.10 Capillary GC of the NSF of the incubation of CB with wild type (panel 
A) and Y81F (panel B) mutant strain of G. max SMT1. A determined by the MS of 

peaks 10 to 18, only peaks 11, 14 and 17 were associated with steroidal compounds.  
  

 
 

 

 

Table 3.5 RRTc of the capillary GC of the NSF of the incubation of CB assays with 
wild type and various mutant strains of G. max SMT1.  

Strain 
RRTc of compound 

3 

RRTc of compound 

6 

Wild type 1.64 1.68 

S79L 1.60 1.65 

Y81L 1.62 1.66 

E82L 1.59 1.64 

Y81F 1.65 1.69
a
 

a
 This compound is associated with peak 14 in Figure 3.10. Other metabolites were 

detected as shown in Figure 3.10B. 
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To confirm which products were formed, a more elaborate approach was 

attempted to distinguish the bands that were associated with the methylation reaction. 

The products resulting from overnight SMT enzyme assays with diFCA were therefore 

subjected to detailed analysis using HPLC followed by GC-MS. Two incubation 

experiments were conducted in parallel, one using radioactive AdoMet which resulted in 

radioactive products, and one with non radioactive AdoMet. Following extraction, the 

products of the incubations were separated using HPLC. The radioactivity of each 

fraction was measured and the fractions with the highest radioactive count were those 

that included the highest amount of methylated products. The non radioactive fractions 

corresponding to the highest amount of methylated products were analyzed using GC-

MS. Figure 3.11 shows the radioactivity of the HPLC fractions of the catalytic 

methylation of CB with the Y81F strain. The HPLC trace of the pure CB substrate is 

overlayed.  
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Figure 3.11 Radioactivity of the HPLC fractions using a reversed phase  

C18 phenomenex column (1.46 mm x 25 cm with particle size of 5 µµµµm using 100% 

methanol) on the NSF of the incubation of CB with the Y81F SMT1 strain (solid 

blue line). The HPLC of the pure CB substrate is overlayed (dashed red line). See 
text for methodology details. 

 

Figure 3.11 shows four regions of particular interest between 0 and 35 minutes, 

three in which large amounts of compounds are found. These regions were further 

analyzed using capillary GC-MS. The GC of the first fraction, between 0 and 7 minutes is 

shown in Figure 3.12. The low signal to noise ratio indicates the low amount of steroidal 

products found and hence, no accurate mass spectra were measured. In addition, the very 

high RRTc of the major peak (RRTc: 2.10) cannot be associated with any known sterol 

product.  
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Figure 3.12 Capillary GC of the HPLC fraction between 0 and 7 minutes of the NSF 

of the incubation of CB with the Y81F strain SMT1 enzyme.  
See text for details. 

 

The GC of the second fraction, between 8 and 18 minutes is shown in Figure 

3.13A. Two prominent peak groups appear. Peak group numbered 19 while having 

retention times reasonable for sterol products could not be identified from their mass 

spectra. Peak 20, has a retention time of 2.09, much higher than expected sterol products. 

Its mass spectrum is shown in Figure 3.13B and compared to that of a methylated CB 

standard (Figure 3.13C). The strong similarities between the two suggest a shared 

structure, however since peak 20 has a much higher retention time this compound must 

have a higher polar content. Previous studies on S. cerevisiae SMT have suggested the 

presence of diol sterols formed from the addition of KOH to the incubation solution to 

stop the reaction [45]. Hence, the retention time and mass spectrum of peak 20 suggest 

the possible diol formation i.e. a methylated CB containing an extra hydroxyl.  
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Figure 3.13 Capillary GC (panel A) of the HPLC fraction between 8 and 18 minutes 
of the NSF of the incubation of CB with the Y81F strain SMT1 enzyme.  

The mass spectrum of peak 20 is shown in (panel B) and compared to that of a 
methylated CB standard (panel C). See text for details. 

 

The GC of the third fraction, between 19 and 28 minutes is shown in Figure 

3.14A. While several small peaks are observed, two prominent peaks appear. Peak 

numbered 21 is a non steroidal compound as determined from its mass spectrum. Peak 

22, has a retention time of 1.53 which coincides with that of cyclolaudenol. Its mass 

spectrum is shown in Figure 3.14B and compared to that of a cyclolaudenol standard 
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(Figure 3.14C). The extremely similar MS along with similar retention times (1.53 

compared to 1.55) suggest the possible formation of cyclolaudenol. This result is greatly 

unexpected since cyclolaudenol can be a product of CA methylation but usually not of 

CB.  

 

 

  

Figure 3.14 Capillary GC (panel A) of the HPLC fraction between 19 and 28 

minutes of the NSF of the incubation of CB with the Y81F strain SMT1 enzyme.  
The mass spectrum of peak 22 is shown in (panel B) and compared to that of a 

cyclolaudenol standard (panel C). See text for details. 
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 Figure 3.15 shows a suggested pathway to explain the presence of cyclolaudenol 

in the product fraction of the incubation of CB with the Y81F mutant strain of SMT. The 

blue solid arrows represent the direction of the usual formation of CB, CL and MCA 

from CA. The red dashed arrows represent the possible reversible reaction that occurs 

when the residue Y81 is mutated into a phenylalanine. 

 

 

Figure 3.15 Hypothetical pathway explaining the formation of cyclolaudenol (CL) 

using cyclobranol (CB) as the substrate of SMT1. The blue solid arrows represent 

the direction of the usual formation of CB, CL and MCA from CA. The red dashed 
arrows represent a possible reversible pathway explaining the presence of CL in 

Figure 3.15. 
 

 

 The GC of the fourth fraction, between 29 and 35 minutes is shown in Figure 

3.16A. Three important prominent peaks are observed. The MS of peaks 23, 24, and 25 

are shown in Figure 3.16B, C and D respectively. The RRTc and MS could not readily be 

identified although the MS suggests that they are steroidal compounds.  
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Figure 3.16 Capillary GC (panel A) of the HPLC fraction between 29 and 35 

minutes of the NSF of the incubation of CB with the Y81F strain SMT1 enzyme.  
The mass spectrum of peak 23, 24 and 25 are shown in panels B, C, and D 

respectively. See text for details. 
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The incubation of MCA with mutants strains of region I resulted in no formation 

of new sterol products; the relative amount of product formed did vary from one strain to 

another (Figures 3.20 and 3.21). In addition, an important observation was the fact that 

the mutant Y81F catalyzed a different product profile i.e. the relative amount of product 

formed was different. Figure 3.17 compares the GC traces of the NSF of the incubation 

of MCA with wild-type (panel A) and Y81F mutant strain (panel B) SMT. Table 3.6 

shows the product profile for the three strains that clearly resulted in formation of 3 

products. As can be observed, the Y81F mutant catalyzes product formation in a different 

ratio.  

Table 3.7 shows the RRTc for all capillary GC of MCA-mutant strains 

incubations. The general features of the traces are similar for wild type, Y81L and Y81F 

although the Y81L product peaks are very small while the Y81F product peaks are 

significantly larger than those of the wild type. This indicated that a change from leucine 

to phenylalanine is critical to the C2 catalytic activity of the enzyme. Mutant strain S79L 

and E82L did not catalyze measurable amounts of product.  
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Figure 3.17 Capillary GC traces of the NSF of the incubation of MCA with wild type 
(panel A) and Y81F (panel B) G. max SMT1 strains.  

 

 
 

 

 
 

 

Table 3.6 Product profile determined from the capillary GC of the NSF fraction of 
the incubation of MCA with wild different G. max SMT1 strains (Figure 3.17).  

The Y81F strain shows a different profile with an increase in compound 8. 

Strain Relative ratio of product 

7:8:9 

Wild type 2:1:4 

Y81L 2:1:4 

Y81F 4:3:10 
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Table 3.7 RRTc of the capillary GC of the NSF of the incubation of MCA with wild 
type and various mutant strains of G. max SMT1.  

 

Strain 
RRTc of 

compound 2 

RRTc of 

compound 7 

RRTc of 

compound 8 

RRTc of 

compound 9 

Wild type 1.45 1.59 1.63 1.68 

S79L 1.45 N/A 

Y81L 1.44 1.56 1.61 1.66 

E82L 1.44 N/A 

Y81F 1.43 1.57 1.62 1.66 

N/A: not applicable as no product formation was detected. 

 

 

The GC traces of the non saponifiable fraction (NSF) fraction resulting from the 

incubation of CA with mutant strains of region III on the relative amount of product 

formed showed no change in the general features compared to that of the wild type. The 

retention times relative to cholesterol (RRTc) for both the reacted substrate (compound 1) 

and product (compound 2) are shown in table 3.8. All strains have significant C1 activity 

resulting in peaks at similar retention times, indicating no changes in product formation. 

These results show that for all strains, CA is converted into MCA. The relative amounts 

of products formed are shown as histograms (Figure 3.20 and 3.21) at the end of the 

section. 

 

Table 3.8 RRTc of the capillary GC of the NSF of the incubation of CA, with wild 
type and various mutant strains of G. max SMT1 of conserved sequence region III.  

Strain 
RRTc of compound 

1 

RRTc of compound 

2 

Wild type 1.36 1.48 

Y192L 1.34 1.45 

Y192F 1.33 1.45 
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The GC traces of the non saponifiable fraction (NSF) fraction resulting from the 

incubation of CB with mutant strains of region III on the relative amount of product 

formed showed no change in the general features compared to that of the wild type. The 

retention times relative to cholesterol (RRTc) for both the reacted substrate (compound 3) 

and product (compound 6) are shown in table 3.9. In this case both mutant strains show 

good C2 activity resulting in peaks at similar retention times, indicating no changes in 

product formation. These results show that for all strains, CB is converted into 

methylated products. The relative amounts of products formed are shown as histograms 

(Figure 3.20 and 3.21) at the end of the section. 

 

Table 3.9 RRTc of the capillary GC of the NSF of the incubation of CB with wild 
type and various mutant strains of G. max SMT1 of conserved sequence region III. 

 

Strain 
RRTc of compound 

3 

RRTc of compound 

6 

Wild type 1.64 1.68 

Y192L 1.60 1.65 

Y192F 1.59 1.64 

 

 

The RRTc of the capillary GC of the NSF of the incubation of MCA, AdoMet and 

various mutant strains of G. max SMT1 of conserved sequence region III are shown in 

table 3.10. The RRTc for all mutant peaks are similar to those of the wild type strain, 

indicating no changes in the type of product formed. However, some changes exist in the 

amount of product formed. The GC trace of the NSF fraction resulting from the 

incubation of MCA with the Y192F mutant of region III strains on the relative amount of 

product formed is shown in Figure 3.18 and compared to that of the wild-type. No new 
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products were formed and the relative ratio of the product peaks is constant at 2:1:4 for 

all tested region III mutant strains. However, the Y192F the mutant strain shows a large 

increase in product formation. Hence, once again, both mutant strains show good C2 

activity however, the Y192F shows a significant increase in product formation. In this 

case however, the relative ratio of the product triplet for all region III mutant strains is 

unchanged.  

 

 

  

Figure 3.18 Capillary GC traces of the NSF of the incubation of MCA with wild type 
(panel A) and Y192F (panel B) G. max SMT1 strains.  
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Table 3.10 RRTc of the capillary GC of the NSF of the incubation of MCA with wild 
type and various mutant strains of G. max SMT1 of conserved sequence region III.  

 

Strain 
RRTc of 

compound 2 

RRTc of 

compound 7 

RRTc of 

compound 8 

RRTc of 

compound 9 

Wild type 1.45 1.59 1.63 1.68 

Y192L 1.43 1.58 1.63 1.68 

Y192F 1.44 1.58 1.65 1.68 

 

 

The GC traces of the non saponifiable fraction (NSF) fraction resulting from the 

incubation of CA with mutant strains of region IV on the relative amount of product 

formed showed no change in the general features compared to that of the wild type. The 

retention times relative to cholesterol (RRTc) for both the reacted substrate (compound 1) 

and product (compound 2) are shown in table 3.11. All strains have significant C1 activity 

resulting in peaks at similar retention times, indicating no changes in product formation. 

These results show that for all strains, CA is converted into MCA. The relative amounts 

of products formed are shown as histograms (Figures 3.20 and 3.21) at the end of the 

section. 

 

Table 3.11 RRTc of the capillary GC of the NSF of the incubation of CA with wild 
type and various mutant strains of G. max SMT1 of conserved sequence region IV.  

 

Strain RRTc of compound 1 RRTc of compound 2 

Wild type 1.36 1.48 

G217L 1.34 1.46 

Q218L 1.38 1.49 

Y219L 1.33 1.45 

Y223L 1.39 1.50 

Y223F 1.33 1.45 
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The GC traces of the non saponifiable fraction (NSF) fraction resulting from the 

incubation of CB with mutant strains of region IV on the relative amount of product 

formed also showed no change in the general features compared to that of the wild type. 

The retention times relative to cholesterol (RRTc) for both the reacted substrate 

(compound 3) and product (compound 6) are shown in table 3.12. In this case both 

mutant strains show good C2 activity resulting in peaks at similar retention times, 

indicating no changes in product formation. However, three mutant strains, Y219L, 

Y223L and Y223F showed a large increase in product formation as seen in Figures 3.20 

and 3.21 at the end of the section. 

 

Table 3.12 RRTc of the capillary GC of the NSF of the incubation of CB with wild 
type and various mutant strains of G. max SMT1 of conserved sequence region IV.  

Strain RRTc of compound 3 RRTc of compound 6 

Wild type 1.64 1.68 

G217L 1.60 1.65 

Q218L 1.63 1.65 

Y219L 1.60 1.64 

Y223L 1.61 1.66 

Y223F 1.59 1.64 

 

 

The incubation of MCA with mutant strains of region IV resulted in no formation 

of new sterol products as demonstrated by the constant RRTc of product formed shown in 

table 3.13 for all capillary GC of MCA-mutant strains incubations. The general features 

of the traces are similar for wild type, Y223L and Y223F but no detectable products were 

measured for G217L, Q218L and Y219L. Relative amount of product formed did vary 
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from one strain to another (Figures 3.20 and 3.21). Figure 3.19 compares the traces of the 

NSF of the incubation of MCA with wild-type (panel A), Y223L (panel B) and Y223F 

(panel C) mutant strain SMT. An important observation was the fact that the mutant 

Y223F catalyzed a different product profile i.e. the relative amount of product formed 

was different. Table 3.14 shows the product profile for the three strains that clearly 

resulted in formation of 3 products. As can be observed, while the Y223L catalyzed the 

formation of products in the same ratio as the wild type, the Y223F mutant catalyzes 

product formation in a different ratio. This indicated that a change from leucine to 

phenylalanine is critical to the C2 catalytic activity of the enzyme.  

 

 

 

Figure 3.19 Capillary GC traces of the NSF of the incubation of MCA with wild type 
(panel A), Y223L (panel B) and Y223F (panel C) G. max SMT1 strains. 

 

 

D
e

te
c
to

r 
R

e
s

p
o

n
s
e

D
e

te
c
to

r 
R

e
s
p

o
n

s
e

D
e

te
c

to
r 
R

e
s
p

o
n

s
e

2 

7     8    9 

2 

7   8   9 

2 

7   8  9 

A C B 



Texas Tech University, Thi Thuy Minh Nguyen, August 2009 

 

67 

 

Table 3.13 RRTc of the capillary GC of the NSF of the incubation of MCA with wild 
type and various mutant strains of G. max SMT1 of conserved sequence region IV.  

 

Strain 
RRTc of 

compound 2 

RRTc of 

compound 7 

RRTc of 

compound 8 

RRTc of 

compound 9 

Wild type 1.45 1.59 1.63 1.68 

G217L 1.45 N/A 

Q218L 1.43 N/A 

Y219L 1.43 N/A 

Y223L 1.43 1.58 1.65 1.68 

Y223F 1.44 1.58 1.65 1.68 

N/A: not applicable as no product formation was detected. 

 

 

Table 3.14 Product profile determined from the capillary GC of the NSF fraction of 
the incubation of MCA with wild different G. max SMT1 strains (Figure 3.19).  

The Y223F strain shows a different profile with an increase in compound 7. 

Strain Relative ratio of product 

7:8:9 

Wild type 2:1:4 

Y223L 2:1:4 

Y223F 4:1:6 

 

 

Figure 3.20 shows histograms that summarize the relative activity results for 

leucine mutations for previously studied S. cerevisiae (A) and G. max (B) strains and for 

all three substrates investigated in this study. The relative activity is based on the 

percentage conversion of substrate to product determined from the capillary GC analysis. 

Figure 3.21 shows similar histograms for S. cerevisiae (A) and G. max (B) strains 

containing phenylalanine mutations. 
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Experiments are reported using all substrates for all strains. Incubations that did 

not result in detectable product formation using are not shown on the figures. The first 

strain on the left of all histograms represents the wild type’s activity. Since the reported 

activity is that relative to the wild-type, these have all been set to 100% regardless of the 

substrate used. However, we note that, as observed in the product chromatograms shown 

above, product formation using MCA is very small compared to using CB which is about 

four to five times smaller compared to the amount of product formed from using CA, the 

preferred substrate of this enzyme.  

Histograms of both Figures 3.20 and 3.21 suggest that these mutations did not 

affect the C1 activity of the S. cerevisiae enzyme. In addition, the C2 triplet activity also 

remained constant at about 5% that of C1. The C1 activity of G. max wax also not 

significantly affected, while the C2 activity was increased in some cases. Figures 3.20 and 

3.21 show that for G. max, using CA as the substrate, can result in small increases, as in 

strains S79L and Y192F, or in decreases in relative activity, as in the case of strains 

Y81L and Q218L. However, these changes are not extremely large i.e. less than 20%, 

which may not lead to clear conclusions about the importance of these amino acid 

residues in C1 activity. These relatively small changes in activity may be caused by the 

fact that the enzyme has evolved to use CA preferentially and is highly competent in 

using this substrate. The histogram of Figures 3.20 and 3.21 show that using CB as the 

substrate results in surprising relative activities for some mutant strains. Two amino acid 

residues, Y219 and Y223 when mutated resulted in strains of SMT that had significant 

increases in CB activity compared to the wild type. Since mutating Y223 to leucine or 

phenylanaline resulted in similar increases, the result can be attributed to the loss of 
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polarity of the residue side chain rather than to a geometric modification of the catalytic 

site. In addition, the mutant strain S79L showed a significant decrease in relative activity 

while no change in CA activity was measured. This result suggest that the residue S79 

from region I is important to the diversity of sterol binding while residues Y219 and 

Y223 from conserved region IV, may be related to the catalytic activity of the enzyme.  

While the CA substrate was used to probe the C1 enzyme activity and diversity, 

CB and MCA were used to probe the C2 activity of the mutant strains in an attempt to 

isolate possible amino acid residues involved in this reaction. Figures 3.20 and 3.21 show 

the histogram of the relative activities of the different mutant strains using MCA as the 

substrate. Several mutants including S79L and Y219L did not produce a detectable 

quantity of products, while two mutants, Y81F and Y192F, resulted in a significant 

increase in C2 enzyme activity. Because the corresponding leucine mutations of these 

positions did not results in an increase in activity, a change in the geometry of the binding 

pocket may be caused by the presence of the larger phenylanaline at Y81, region I and 

Y192, region IV. These results suggest that the three dimensional arrangement of the 

binding pocket is critical to C1 or C2 activity, as well as to the ability of the enzyme to 

accommodate different substrates to catalyze a variety of products.  
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Figure 3.20 Histograms of the relative C1/C2 activity of leucine mutant strains of 
SMT for S. cerevisiae using zymosterol (panel A) [26] and G.max (panel B) using 

CA, CB and MCA as the substrate. For comparison all strains use the ERG6 
nomenclatures due to a shift of two residues. Wild type G. max SMT1 converted CA 

to MCA with about a 50% conversion. All S. cerevisiae mutants show approximately 
5% triplet C2 activity. Large variations in C2 activity in G. max mutant strains were 

found in S79L, Y219L, Y223L (CB) and in Y192L (MCA). Some strains did not 

result in triplet C2 MCA product formation (S79L, E82L, G217L, Q218L, Y219L). 
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Figure 3.21 Histograms of the relative C1/C2 activity of phenylalanine mutant 
strains of SMT for S. cerevisiae using zymosterol (panel A) [26] and G.max (panel B) 

using CA, CB and MCA as the substrate.  For comparison all strains use the ERG6 
nomenclatures due to a shift of two residues. All S. cerevisiae mutants show 

approximately 5% triplet C2 activity. Large variations in C2 activity in G. max 

mutant strains were found in Y223F (CB), and Y81F, Y192F (MCA). Novel plant 

products in C2 outcomes were obtained from the methylation of CB catalyzed by the 
Y81F mutant strain, while both Y81F and Y223F modified the C2 triplet product 

profile of the methylation reaction of MCA. 
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Table 3.15 Comparison of the activity and product outcome of S. cerevisiae and G. 
max strains.  

Activity 
S. cerevisiae 

strain 

G. max 

strain 

Activity 

Product changes CA 

(C1/C2) 

CB 

(C2) 

MCA 

(C2) 

C2 Wild type Wild type Y Y Y N 

C1 D79L S79L Y Y N N 

NC Y81L Y81L Y Y Y N 

C1 E82L E82L Y Y N N 

NC Y192L Y192L Y Y Y N 

C2 G217L G217L Y Y N N 

C2 G218L Q218L Y Y N N 

C2 T219L Y219L Y Y N N 

NC Y223L Y223L Y Y Y N 

 Y81F Y81F Y Y Y 
New products with CB; 

Change in profile 

 Y192F Y192F Y Y Y  

 Y223F Y223F Y Y Y Change in profile 

The C2 activity of S. cerevisiae was confirmed with fecosterol [26]. New products were 
observed in Y81F (with CB) and changes in the C2 triplet (MCA) product profile were 

observed in both Y81F and Y223F mutants. 
NC: C2 activity was not confirmed using fecosterol  

Y: Detectable activity 

N: no detectable activity or changes in product formation 
 

 

Table 3.15 compares the activity and product outcome for the all strains, 

substrates for both S. cerevisiae and G. max SMT enzymes. All G. max SMT strains 

showed C1 activity. All these strains also showed C2 activity with CB but not all showed 

detectable C2 activity with MCA. In addition, Y81F and Y223F mutant strains catalyze 

MCA methylation but with a product profile different than that of the wild type enzyme. 

Y81F also produced a completely different set of products when CB was used as a 

substrate.  
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Analysis of products of other mutants did not reveal the presence of compounds 

different than those present in the wild-type enzymes. These mutants, while having a 

clear effect on the relative activity of the enzyme do not apparently modify the 

mechanism of catalysis of SMT. We will therefore concentrate on the role of certain 

amino acid residues in the changes in activity that their mutations introduce.  

 

3.2 Parameters of kinetic activity 

 The determination of both KM and Vmax is an important estimate of the affinity of 

the enzyme for the substrate as well as its ability to perform its function. The quantitative 

determination of KM and Vmax was performed on specific mutant strains of SMT and 

compared to the behavior of the wild type. Based on the preceding discussion, only eight 

strains of G. max SMT1 were selected for kinetic parameters determination. Six mutant 

strains were found to significantly modify the relative amount of product formed. Three 

(S79L, Y219L, Y223L) affected the behavior of the enzyme when cyclobranol was used 

as a substrate and three different mutant strains (Y81F, Y192F, Y192L) altered SMT 

kinetics when the substrate was 24-methylenecycloartanol. The kinetic parameters of the 

wild-type strain in the presence of each substrate were also established for comparison 

purposes.  
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3.2.1 Enzyme activity in the presence of CB 

 Figure 3.22 shows a typical response of the activity of wild type G. max SMT1 

enzyme as a function of the concentration of cyclobranol (CB). Such a plot of the rate of 

product formation as a function of substrate concentration yields a typical Michaelis-

Menten curve from which the parameters KM and Vmax can be extracted by fitting the 

Michaelis-Menten equation as explained in the methodology section. These parameters 

can also be determined using a Lineweaver-Burke plot, which involves computing the 

inverse of the rate of product formation as a function of the inverse of the substrate 

concentration. Figure 3.23 gives an example of such a plot. 

 

 

Figure 3.22 Michaelis-Menten plot of the methylation reaction of CB catalyzed by G. 

max SMT1. The recombinant SMT enzyme was incubated with increasing 

concentrations of CB (0, 5, 25, 50, 75, 100 µµµµM) and 100 µµµµM of AdoMet, as described 

in the methodology section. Values of KM and Vmax were determined to be 35 µµµµM and 

223 pmol/min/mg respectively.   
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Figure 3.23 Lineweaver-Burke plot of the methylation reaction of CB catalyzed by 
G. max SMT1. The Michaelis-Menten plot of this experiment is shown in Figure 

3.22. 
 

 As stated previously CB was used as a substrate to probe the versatility of SMT 

catalytic activity. While not the preferred substrate, the enzyme is capable of converting a 

significant amount of CB into methylated products, which helps the examination of the 

mechanism of the catalytic reaction as well as the evaluation of the important amino acid 

residues related to the catalytic diversity. Several mutant strains of G. max SMT1 were 

investigated based on their relative activities as determined by the amount of product 

formed, shown in Figures 3.20 and 3.21. Three mutants were of particular interest: S79L 

which showed a decrease in relative activity; Y219L and Y223L which showed 

significant increases in relative activity. 
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Figure 3.24 Michaelis-Menten plot of the methylation reaction of CB catalyzed by 
the wild-type (diamonds) and S79L mutant (triangles) strains of G. max SMT1. The 

recombinant SMT enzyme was incubated with increasing concentrations of CB (0, 

5, 25, 50, 75, 100, 150 µµµµM) and 100 µµµµM of AdoMet, as described in the methodology 

section. 
 

 

Figure 3.24 shows Michaelis-Menten plots comparing the wild type and the S79L 

strains’ response to an increase in concentration of CB. The figure clearly shows that in 

the mutant strain, KM increased while Vmax decreased resulting in a large decrease in 

enzyme activity. This result confirms the relative activity results. Fitting the curve to the 

Michaelis-Menten equation yields values of KM of 55 µM and Vmax of  106 pmol/min/mg 

compared to wild-type values (35 µM and 223 pmol/min/mg). These values support a 

decrease in apparent equilibrium binding of the substrate in the binding pocket (KM  

increased) and a decrease in the conversion rate of substrate to product (Vmax decreased). 

All values of KM and Vmax are summarized in table 3.16. The last column in the table 
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presents the ratio Vmax/KM (in % relative to wild type activity) which is an apparent 

second order rate constant that is an indicator of the activity of the enzyme. The table also 

contains the values of the kinetic parameters for several different enzyme-substrate 

systems; all of these will be addressed later in the discussion. Since the residue S79 is 

considered to belong to region I of the conserved residue sequence of SMT, which was 

previously assigned to the binding of sterol substrates, the observed decrease in catalytic 

activity suggests a decrease in substrate binding. However, the relative activity of this 

mutant strain when using CA is not decreased which implies that this strain is not 

involved in CA binding but may have be implicated in the acceptability of other 

substrates. The observed results could be attributed to the change in polarity of the 

residue which could be involved in the orientation of the side chain of the sterol substrate 

relative to the AdoMet methyl donor. 

Two mutant strains showed a large increase in their relative activity when using 

CB as a substrate. The kinetic parameters of these two strains were also investigated. 

Figure 3.25 shows Michaelis-Menten plots comparing the wild type and the Y219L and 

Y223L mutant strains. The figure indicates that an increase in Vmax is the result of using 

both mutant strains. However, the figure also suggests that no significant changes in KM 

occur for either mutant. Fitting the curve to the Michaelis-Menten equation yields values 

respective values for Y219L and Y223L of KM of 33 and 31 µM similar that of the wild 

type (35 µM), and Vmax of 321 and 355 pmol/min/mg, significantly larger compared to 

the wild-type value (223 pmol/min/mg). Both these amino-acid residues are located in  
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Figure 3.25 Michaelis-Menten plot of the methylation reaction of CB catalyzed by 

the wild-type (diamonds), Y219L (triangles) and Y223L (squares) mutant strains of 
G. max SMT1. The recombinant SMT enzyme was incubated with increasing 

concentrations of CB (0, 5, 25, 50, 75, 100, 150 µµµµM) and 100 µµµµM of AdoMet, as 

described in the methodology section. 
 

region IV of the conserved residue sequence of SMT, which has been tentatively 

associated with substrate binding. The relatively constant values of KM while the catalytic 

activity relative to the CB substrate increases, indicates that little change in substrate 

binding occurs. In addition, both mutations involved replacing tyrosine groups with 

leucine which implies a loss of polarity, but also a variation in the size of the side chain 

which could result in geometric modification and a change in the orientation of the 

substrate relative to the catalytic site. The elimination of the high electron density 

benzene ring of the tyrosine could also affect the enzymatic activity if electron density 
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has a role in the proper orientation of the substrate. However, these mutants did not show 

significant changes in activity when CA was used as the substrate. These residues may 

therefore increase the ability of the enzyme to use different substrates by helping with the 

orientation of its side chain. These results suggest that the residues Y219 and Y223 could 

be involved in the orientation of the side chain of the sterol substrate relative to the 

AdoMet methyl donor without affecting the actual binding affinity of the enzyme toward 

the substrates. 

 

3.2.2 Enzyme activity in the presence of MCA 

 MCA was used to determine the ability of G. max SMT1 to catalytically perform 

a C2 reaction involving the formation of a sterol product containing an ethyl group at 

position C24. Using site directed mutagenesis may help locate important amino acid 

residues involved in the C2 reaction. Three mutant strains were found to be of interest i.e. 

their relative activity using MCA as the substrate was either significantly lower, as in the 

case of Y192L, or higher than the wild type strain, as in the case of Y81F and Y192F.  

 Figure 3.26 compares the Michaelis-Menten plots of the wild type and the Y192L 

strains’ response to an increase in concentration of MCA. A large decrease in Vmax is 

observed, supporting the significant decrease in relative activity shown in Figures 3.20 

and 3.21. Fitting the curve to the Michaelis-Menten equation yields values of KM of 39 

µM, which is not significantly different to that of the wild-type (41 µM) and Vmax of 7.6 

pmol/min/mg which is lower compared to the wild-type value of 14.0 pmol/min/mg. The 

fact that KM is not affected suggests that the decrease in activity is not related to overall 
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binding capabilities of the enzyme for this substrate. Therefore, the decrease in relative 

activity is probably caused by a modification of the spatial arrangement that permits the 

proper alignment of the substrate and the methyl source, AdoMet. The residue Y192 is 

considered to belong to region III of the conserved residue sequence of SMT, which was 

previously tentatively assigned to the binding of sterol substrates. However, the relative 

activity of this mutant strain when using CA is not modified which suggest that this strain 

is not directly involved in CA binding but is necessary in the binding of substrates 

involved in C2 reactions. Because the size of tyrosine and leucine are different it is 

possible that the observed decrease in Vmax is the result of a geometry difference. To test 

this hypothesis the mutation of the same site was achieve by replacing the tyrosine by a 

phenylalanine residue, producing Y192F, which contains a side chain of similar size as 

the original tyrosine residue but still with the lack of polarity. 

 Figure 3.27 shows Michaelis-Menten plots using MCA as the substrate, 

comparing the wild type and the Y192F as well as the Y81F mutant strains, which we 

will discuss later. The figure clearly shows that the value for Vmax increased when the 

tyrosine at position 192 was replaced by a phenylalanine (Vmax of 22.4 pmol/min/mg 

compared to 7.6 pmol/min/mg for the Y192L strain). However as noted in table 3.16, the 

value of KM does not significantly vary. This result is quite interesting as the change from 

leucine to phenylalanine causes a very large change in the C2 activity of the enzyme. This 

supports the hypothesis that this residue helps orient the substrate or the side-chain of the 

substrate and in doing so helps the activation of the C2 activity. 
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Figure 3.26 Michaelis-Menten plot of the methylation reaction of MCA catalyzed by 
the wild-type (diamonds) and Y192L (triangles) mutant strains of G. max SMT1.  

The recombinant SMT enzyme was incubated with increasing concentrations of 

MCA (0, 5, 25, 50, 75, 100, 150 µµµµM) and 100 µµµµM of AdoMet, as described in the 

methodology section. 
 

It may be possible that the role of the conserved sequence region III is the proper 

orientation of the substrate and hence a key component of the diversity of the reactions of 

SMT. However, as stated earlier, another key factor may be that the higher electron 

density in the aromatic rings of the wild type and phenylalanine residues is somehow 

involved in the catalytic activity of the C2 reaction.  
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Figure 3.27 Michaelis-Menten plot of the methylation reaction of MCA catalyzed by 

the wild-type (diamonds), Y192F (triangles) and Y81F (squares) mutant strains of 
G. max SMT1. The recombinant SMT enzyme was incubated with increasing 

concentrations of MCA (0, 5, 25, 50, 75, 100, 150 µµµµM) and 100 µµµµM of AdoMet, as 

described in the methodology section. 
 

 

To verify the influence of the presence of a benzene ring the site directed 

mutagenesis of position Y81 was performed by replacing the tyrosine with a 

phenylalanine. This amino acid residue was previously identified as a possible 

deprotonating base for the C1 activity using CA as the substrate. 
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Table 3.16 Kinetic activity parameters of select assays for strains of G. max SMT1.  

The % activities determined from this method confirm that obtained using capillary 

GC (shown in Figures 3.24 and 3.25). 

 
 

 

 A mutant Y81L was previously determined to yield very low activity. In this case 

we studied the Y81F mutant. Figure 3.27 shows the results of Michaelis-Menten plots 

using MCA as the substrate, comparing the wild type and the Y81F mutant strains. A 

significant increase in Vmax is observed compared to that of the wild-type. Fitting the 

curve to the Michaelis-Menten equation yields values of KM of 36 µM similar that of the 

wild-type (41 µM), and Vmax of 19.4 pmol/min/mg larger compared to the wild-type value 

(14.0 pmol/min/mg). While this residue may act as a deprotonating base in C1 activity, 

since the phenylalanine side chain is non polar, but the mutant Y81F still shows high 

activity, it is probable that this residue does not act as a deprotonating base in C2 

reactions. It is also possible that the larger phenylalanine does modify the spatial 

K M V max V max /K M

(µµµµM) (pmol/min) (%)

wild type CA 25 840 100

wild type CB 35 223 100

S79L CB 55 106 30

Y219L CB 33 321 153

Y223L CB 31 355 180

wild type MCA 41 14.0 100

Y192L MCA 39 7.6 57

Y192F MCA 42 22.4 156

Y81F MCA 36 19.4 158

Strain Substrate
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orientation of the substrate to once again, promote C2 activity. Hence, while regions III 

and IV of the alignment sequence of SMT have been tentatively associated with sterol 

substrate binding, these results suggest a role in the orientation of the sterol with respect 

to the catalytic site.  

 

3.3 Activity of a novel synthetic substrate derivative 

In addition to the naturally occurring sterol substrates studied previously, a new 

substrate, 26-difluorocycloartenol (diFCA) was synthesized in the laboratory. This 

compound was designed for two reasons: a) to test the capability of SMT enzymes to use 

a variety of substrates, including unknown ones and b) to test the importance of 

variations in electron density on the sterol side chain on the C1 reaction. The presence of 

highly electronegative fluorine atoms in the vicinity of the reaction center is expected to 

slow the reaction. A similar effect was previously observed when the sterol derivative 24-

fluorocycloartenol was tested for activity on G. max SMT1 enzymes [42]. In that study 

the fluorinated sterol was shown to act as both a substrate and an inhibitor of SMT. To 

verify if these results were cause by a steric hindrance of the C24 active site or more 

likely caused by the electron withdrawing effect of fluorine, we tested the activity of 

diFCA.  
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Figure 3.28 Panel A, capillary GC of purified diFCA compound used as the 

substrate, and panel B, MS of compound 5 at RRTc 1.62. 

 

 

The purity of the compound is observed on the capillary GC (panel A) and 

associated MS (panel B) of the pure diFCA shown in Figure 3.28. Figure 3.29 shows the 

GC chromatogram of the NSF portion resulting from the incubation of diFCA with the 

wild type strain of G. max SMT1. The figure shows a large peak possibly representing 

the unreacted diFCA as well as several small peaks some of which are probably 

associated with a variety of products formed. The chromatographic trace is reminiscent of 

that of the methylation reaction of CB with the Y81F strain. Hence a similar treatment 

was used to attempt to determine the type of products formed by the methylation reaction 

of diFCA. 
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Figure 3.29 Capillary GC traces of the NSF of the incubation of diFCA used as the 
substrate with the wild type strain of G. max SMT1 showing the presence of new 

products formed. See experimental methods for details.  
 

 

The products resulting from overnight SMT enzyme assays with diFCA were 

therefore subjected to detailed analysis using HPLC followed by GC-MS. Two 

incubation experiments were conducted in parallel, one using radioactive AdoMet which 

resulted in radioactive products, and one with non radioactive AdoMet. Following 

extraction, the products of the incubations were separated using HPLC. The radioactivity 

of each fraction was measured and the fractions with the highest radioactive count were 

those that included the highest amount of methylated products. The non radioactive 

fractions corresponding to the highest amount of methylated products were analyzed 

using GC-MS. Figure 3.30 shows the radioactivity of the HPLC fractions of the catalytic 
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methylation of diFCA with the wild type strain. The figure shows three regions of 

particular interest between 0 and 20 minutes, in which larger amounts of compounds are 

found. These regions were further analyzed using GC-MS.  

The GC of the first fraction, between 0 and 7 minutes is shown in Figure 3.31A. 

Two large peaks are observed, one at low retention times, which is not clearly assigned 

and one at higher retention time (RRTc: 2.14). The mass spectrum of the later is shown in 

Figure 3.31B. While the MS confirms that this peak contains a steroidal structure, its 

assignment is unclear. The very high RRTc is higher than expected for a possible diol 

formation.  

 

 

Figure 3.30 Radioactivity of the HPLC fractions using a reversed phase C18 

phenomenex column (1.46 mm x 25 cm with particle size of 5 µµµµm using 100% 

methanol) of the NSF of the incubation of diFCA with the wild type SMT1 strain 
(solid blue line). The HPLC of the pure diFCA substrate is overlayed (dashed red 

line). 
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The GC of the second HPLC fraction, between 8 and 11 minutes is shown in 

Figure 3.32A. A very large peak is observed at a retention time of 1.62 which suggests 

the presence of unreacted diFCA. This hypothesis is confirmed by comparing the mass 

spectrum of the peak, shown in Figure 3.32B with that of diFCA (Figure 3.28B). Another 

large peak in Figure 3.32A is found at an RRTc of 2.01. This suggests the possible 

formation of a diol sterol as observed in both the CB incubation with the mutant strain 

Y81F and previous studies [45].  

 The GC of the third fraction, between 12 and 18 minutes is shown in 

Figure 3.33A. One large peak is observed at a RRTc of 1.62 and is attributed to unreacted 

diFCA, which is supported by the MS of this compound shown in Figure 3.33B. Several 

other peaks are observed including two at RRTc of 1.74 and 1.79 for which the mass 

spectra are shown in Figure 3.33 panels C and D and one peak are RRTc of 2.01 who’s 

MS is shown in Figure 3.33E, which is possibly attributed to presence of a diol sterol. 

These sterol compounds are attributed to products of the methylation reaction of diFCA. 
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Figure 3.31 Panel A, capillary GC of the HPLC fraction between 1 and 7 minutes of 
the NSF of the incubation of diFCA with the wild type strain SMT1 enzyme.  

The mass spectrum of peak at RRTc 2.14 is shown in (panel B). 
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Figure 3.32 Cappilary GC (panel A) of the HPLC fraction between 8 and 11 minutes 

of the NSF of the incubation of diFCA with the wild type strain SMT1 enzyme.  

The mass spectrum of peak at RRTc 1.62 is shown in (panel B) and is attributed to 
unreacted diFCA. 
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The kinetic activity parameters were determined quantitatively from the 

Michaelis-Menten plot shown in Figure 3.34. Fitting this curve, which was obtained as 

described in the methodology section, revealed the values of KM  and Vmax to be 16 µM 

38 pmol/min/mg respectively. These values, which are comparable to those obtained 

using 24-fluoroclycloartenol [42] confirm that diFCA can be used as a substrate for SMT. 

The inhibition properties of this sterol derivative were also investigated. 

Figure 3.35 shows the Lineweaver-Burke plots of the inhibition of the 

methylation of CA by diFCA. The figure shows all curves intersecting at the same 

location on the abscissa, implying that the mechanism of inhibition is that of a 

competitive inhibitor. The curves shown at increasing concentrations of inhibitor were 

fitted as detailed in the methodology section to yield a value of KI of 71 µM. This value is 

relatively high compared to more effective inhibitors such a 25-azalanosterol which was 

shown to inhibit S. cerevisiae in the nM range [10]. Past studies [42] have also shown 

that 24-fluorocycloartenol, was also a competitive inhibitor for the methylation of CA by 

G. max SMT1 with a KI of the 32 µM of the same order of magnitude as the present 

values found for 26-difluorocycloartenol. A comparative summary of the activity of both 

these fluorinated sterol derivatives is given in table 3.17.  
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Figure 3.33 Capillary GC (panel A) of the HPLC fraction between 12 and 18 

minutes of the NSF of the incubation of diFCA with the wild type strain SMT1 
enzyme. The trace resembles that of Figure 3.29. The mass spectra of peaks 5, 34, 

36, and 40 are shown in panels B, C, D, and E respectively.   
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Figure 3.34 Michaelis-Menten plot of the methylation reaction of diFCA catalyzed 
by G. max SMT1. SMT enzyme was incubated with increasing concentrations of 

diFCA (0, 10, 15, 50, 100 µµµµM) and 100 µµµµM of AdoMet, as described in the 

methodology section. The kinetic values of KM (16 µµµµM) and Vmax (38 pmol/min/mg) 

are comparable to a similar study on 24-fluorocycloartenol [42].  
 

 

 

Table 3.17 Summary of the kinetic activity of SMT in the presence of various 
fluorinated sterol derivatives used as substrates. 

Compound 
KM 

(µµµµM) 

Vmax  

(pmol/min/mg) 

KI 

(µµµµM) 
References 

24-fluoroCA (4) 33 60  32 42 

diFCA (5) 16 38 71 TS 

TS: this study 
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Figure 3.35 Lineweaver-Burke plots of the inhibition of the methylation of CA by 
26-difluorocycloartenol of the G. max wild type SMT1. The recombinant enzyme 

was assayed with 15, 25, 50, 100 µµµµM of CA and 100 µµµµM of AdoMet and varying 

concentrations of   diFCA (5, 10, 15, 50, 75 µµµµM). Total amount of protein was 0.4 mg 

(amount of SMT1 enzyme was evaluated to be 0.04 mg). These double-reciprocal 

plots were fitted as detailed in the methodology section to yield values of KI of 71 µµµµM 

for the inhibition of CA. 
 

 

The novel substrate diFCA was also tested for activity using the mutant strain 

Y81F. The GC of the NSF of the resulting incubation is shown in Figure 3.36A. Four 

large peaks are observed, confirming the capability of diFCA to act as a substrate for 

SMT. The mass spectra of the four large peaks are shown in Figure 3.36 panels B to E. 

Surprisingly, no peaks are found at the expected RRTc 1.62 which would represent 

unreacted diFCA. The red dashed line on Figure 3.36 represents the location of pure 
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diFCA. The absence of this compound in the GC suggests that the mutant Y81F enabled 

the complete conversion of diFCA into methylated products. This implies an extremely 

high activity. The four peaks observed are likely to be products of the methylation 

reaction. A hypothetical mechanism of the methylation reaction of diFCA is shown in 

Figure 3.37, which suggests that at least four products are expected. Using this 

mechanism, the assignment of compound 45 is still unclear while compound 43 may 

represent a different methylated and monofluorinated product that was not suggested in 

Figure 3.37. Compounds 44a and 44b have MS that are clearly identical suggesting that 

they represent isomers of the same structure. These results support the hypothetical 

mechanism introduced in Figure 3.37. The fact that diFCA, acting as a substrate of Y81F 

SMT, results in complete conversion, also suggest that this fluorinated compound is an 

excellent substrate.  

Since the product identification studies discussed previously, showed the presence 

of at least three products from the methylation of 26-difluorocycloartenol the inclusion of 

a highly electronegative atom on the side chain of the substrate enables it to perform a 

dual function, that of a substrate and that of an inhibitor.  
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Figure 3.36 Capillary GC (panel A) of the NSF of the incubation of diFCA with the 
mutant strain Y81F. The red dashed line represents the location of pure diFCA. The 

absence of this compound in the GC suggests that the mutant Y81F enabled the 
complete conversion of diFCA into methylated products. The mass spectra of the 

four major peaks, 45, 43, 44a, 44b are shown in panels B, C, D and E respectively. 

The spectra of panels D and E are very similar and can be attributed the presence of 
isomers, (structures 44) while the spectrum of panel C can assigned the structure 43. 
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Figure 3.37 Hypothetical mechanism of the methylation reaction of diFCA catalyzed by SMT1.  

Four products with the indicated masses are expected. Compound 43 is assigned to the mass spectrum of Figure 3.36C while 
the isomers of compounds 44 correspond to the mass spectra of Figure 3.36 panels D and E. 
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CHAPTER 4 

CONCLUSIONS 

 

The objective of this study was to probe the relationship between structure and 

catalytic activity of the sterol methyl transferase (SMT) enzyme to understand and 

determine the origin and extant of sterol diversity. In order to achieve this goal a series of 

four types of experiments were performed: 1) the type and amount of product formed was 

evaluated; 2) site-directed mutagenesis of SMT was performed for several amino-acid 

residues and the product formation and kinetic activity of the resulting strains were also 

evaluated; 3) the kinetic activity of the all substrate-enzyme combinations was quantified 

by determining values of KM and Vmax; 4) a novel substrate derivative was assayed and its 

inhibition kinetics were tested. 

 While gas chromatography determination of relative activity showed that all wild 

type SMT enzymes are very efficient at converting their preferred substrate into 

methylated products (C1 reaction), these enzymes were also shown to convert a 

measurable quantity of different substrates such as cyclobranol (CB), and 25-

methylenecycloartanol (MCA), into a variety of products (C2 reactions). In the case of 

MCA, several different products were catalyzed by G.max SMT1, which were identified 

as 25 ethyl(idene) sterols, demonstrating  that SMT1 enzymes specialized in C1 transfers 

may also perform C2 transfers although at much lower rates.. Hence, SMT enzymes have 

a capability of producing a large diversity of sterols.  
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 Sterol products were identified using combinations of GC-MS, HPLC, and 

radioactivity reactions. Results showed that MCA could form diol sterol compounds. One 

mutant of particular interest, Y81F was also shown to form cyclolaudenol using CB as 

the substrate, which was previously not observed. This lead to the conclusion that the 

Y81 residue is involved in the control of one of the reaction intermediates.  

 Results from other mutations on amino acid residues in regions I, II and IV of the 

conserved sequence of SMT showed that some mutants had a different behavior 

depending on the type of substrate. Six mutants showed a significant change in kinetic 

activity as determined by Michaelis-Menten plots: with CB as the substrate, S79L 

showed a significantly lower activity while Y219L and Y223L showed a large increase in 

activity; using MCA as the substrate, Y192L showed a significantly lower activity while 

the activity of both Y81F and Y192F increased. The analysis of the kinetic parameters of 

these strains suggested the following: residue S79 is not involved in CA binding but may 

have be implicated in the acceptability of other substrates, such as CB; residues Y219 and 

Y223 could be involved in the orientation of the side chain of the sterol substrate relative 

to the AdoMet methyl donor without affecting the actual binding affinity of the enzyme 

toward the substrates; the decrease in activity observed for the strain Y192L is probably 

caused by a modification of the spatial arrangement that permits the proper alignment of 

the substrate and the methyl source, AdoMet; which is supported by the mutation Y192F 

which results in an increase in C2 activity of the enzyme; residue Y81 may not act as a 

deprotonating base in C2 reactions. 

A new synthetic compound, 26-difluorocycloartenol (diFCA) was designed to 

contain highly electronegative elements on the side chains and was expected to slow the 
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rate of the enzymatic reaction. When tested diFCA was also shown to be a viable 

substrate which resulted in the formation of several different sterol compounds, as 

demonstrated by GC-MS and tentatively identified. In addition this new substrate was 

shown to act as an inhibitor of CA methylation. These results support our understanding 

of the mechanism of catalytic action of SMT enzymes and the steric electric plug model.  
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