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ABSTRACT 

C-Methylations of the sterol side-chain at carbon-24 (phytosterols) serve as 

markers of diversity between the kingdoms in biology. The consecutive C-methylation 

steps are important in the biosynthesis phytosterols plants. S-Adenosyl-L-Methionine to 

A Sterol Methyltransferase (SMT), the enzyme responsible for catalyzing the C-

methylation reaction of substrate acceptor molecules in Glycine max, was subcloned into 

erg6 yeast and BL21 (DE3) bacterial cells. Kinetic parameters, inclucding substrate 

specificity and product distribution, of the SMT enzyme were characterized. SMT was 

found to catalyze both C-methylation steps at the same active site; however, the first C-

methylation was catalyzed at a much higher effeciency. Substrate specificity studies with 

17 stmcturally modified sterols indicated that cycloartenol was the preferred substrate for 

the first C-methylation and 24(28)-methylene-lophenol was the preferred substrate for the 

second C-methylation reaction. SMT transformed cycloartenol into a single sterol 

product, where as 24(28)-methyl-lophenol gave rise to three products. Studies involving 

isotopically labeled substrates, stereospecific inhibition of SMT and inhibition by 

transition state analogs are consistant with the steric-electric plug model, which proposes 

a noncovalent p-face C-methylation mechanism. Kinetic mechanism studies indicated 

SMT follows a sequential ordered mechanism. 
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CHAPTER I 

THE IMPORTANCE AND MECHANISM OF THE 

STEROL METHYL TRANSFERASE ENZYME 

Sterol Stmcture and Physiology 

The sterol molecule has been of great interest in science. Cholesterol is one of 

biochemistry's most celebrated molecules garnering numerous Nobel Prizes and other 

prestigious awards for its study. According to Parker and Nes (1992), a working 

definition for a sterol is as follows: 

A steroid is any chiral tetracyclic isopentenoid which may be formed by the 
cyclization of squalene oxide through the transition state possessing 
stereochemistry similar to the protosteroid cation, and retains a polar group at C-3 
(hydroxyl or keto), and all trans-anti stereochemistry in the ring system and a side 
chain 20R-configuration (p. 111). 

As with many biomolecules, the initial nomenclature of sterols rapidly became 

inadequate, furthermore the lUPAC system offers a quite complicated system to identify 

the complex nature of sterol molecules. In order to adequately name a sterol without 

unneeded complications, current sterol nomenclature methods are a combination of 

nomenclature systems and revisions. Nes and McKean (1977) offered a nomenclature 

method for sterols, shown in Figure 1.1, utilizing the general numbering system but 

ignoring the stereochemistry and geometry (Nes and McKean, 1977). However, more 

detail is needed to precisely assign all the features of a sterol (Parker and Nes, 1992). 

While the lUPAC method requires that only the geometric positions of the 

substituents be elucidated, the JCBN mles demand that the stereochemical description 

(R/S) of the carbon atoms in the sterol nucleus and side chain be derived from the 

cholestane skeleton (Figure 1.2) (Parker and Nes, 1992). Problems arise in the JCBN 

method when naming geminyl methyls attached to C-24. A further flaw in the JCBN 

system is the consideration of C-26 and C-27 to be identical, yet these two carbon atoms 

are magnetically and biochemically discemable. A third method, the "biosynthetic side 

chain mle," discussed by Parker and Nes (1992) assigns either the distinction of R/S of 

o/p for chiral groups arising in the side chain. The o/p approach is allows the 
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description of geminyl methyls as in front of the plane of the molecule, a, or in back of 

the plane of the molecule, p, independent of the substituents of neighboring atoms. 

Considerations in referring to the face of the double bond in the side chain as Si or Re are 

based on mechanistic reasoning. Finally when a reaction center has two enantiotopic 

coordinates, it is prochiral and referred to as pro R or pro S. 

Sterol Physiology 

Sterols are ubiquitous components of membranes in the cells of eukaryotes. 

(Simons and Ikonen. 2000) Enzymes involved in sterol biosynthesis have also recently 

been isolated from Mycobacterium tuberculosis (Bellemine et al. 1999). One of the 

primary functions of sterols is to reduce the passive permeability of the lipid bilayer and 

increase membrane durability by adding a measure of rigidity to the membrane (Simons 

and Ikonen, 2000). Sterols however have received great interest because they are more 

than mere membrane inserts. Cholesterol has been postulated to have other key cellular 

roles including assistance in post-Golgi protein sorting through regulation the thickness 

of the lipid bilayer (Bretscher and Munro, 1993). segregation of and concentration of 

membrane proteins by playing a key role in lipid raft assembly (Brown and London, 

1998) and further metabolism into the steroid hormones. In the plant kingdom, sterols 

are known to function as membrane inserts (e.g., sitosterol and stigmasterol), precursors 

to hormones (e.g.. brassinosteroids and ecdysteroids) and phytoalexins (e.g., steroidal 

alkaloids), and as trigger molecules for cell proliferation (Nes et al., 1993; Nes 1990; 

Roddick, 1987; Haughan et al, 1988). These functions require the ceU to highly regulate 

both the total cellular sterol levels as well as the distribution between membranes. There 

is still much to be learned about the regulation of sterols on both the level of genetic 

regulation and enzymatic biosynthesis. 

The best documented physiological role of sterols is that of an architectural 

membrane insert (Nes et al, 1976, 1977; Nes, 1974). Typical plasma membranes are 

composed of a phospholipid bilayer with a hydrophobic core and polar exterior 

accessible to the aqueous environment surrounding the membrane. The membrane has a 

thickness of approximately 40-50 angstroms. The phospholipid bilayer also contains 



various proteins that serve as receptors, transporters, and ion balancers. In eukaryotes the 

responsibility of membrane stability falls mainly on sterols. Sterols have a length of 

approximately 20 angstroms, roughly one half the width of the membrane. The hydroxyl 

group at C-3 interacts with the polar head groups of the phospholipids while the rigid 

sterol skeleton occupies the spaces between the saturated hydrocarbon chains of the 

phospholipid (Figure 1.3, Rawn, 1989). This imparts a certain measure of stability to the 

membrane allowing it to withstand temperature fluctuations. 

Sterol Biosynthesis in Glycine max 

Plants and animals have only a few areas of difference in primary metabolism. 

Sterol biosynthesis is one such area (Nes, 2000). Plants produce phytosterols of C2& and 

C29 as end products to the sterol biosynthesis while animals produce C27 cholestane-

based sterols. Most sterol-producing organisms have a similar pathway leading from 

acetyl-CoA to squalene. In a series of two steps acetyl-CoA is converted to p-hydroxyl-

P-methylglutaryl-CoA (HMG-CoA). HMG-CoA reductase, which converts HMG-CoA 

into mevalonate, exercises a cmde control over the overall sterol biosynthetic enzymatic 

pathway (Figure 1.4). Mevalonate through a series of steps is converted into the 

activated isoprenes A -isopentenyl pyrophosphate and dimethylallyl pyrophosphate. 

These C5 isoprene molecules undergo head to tail condensation to form the C15 molecule 

famesyl pyrophosphate. Two famesyl pyrophosphate molecules are joined head to head 

to yield squalene (Lehninger, 1982). While researchers have recently uncovered a 

mevalonate-independent pathway through which glucose is converted into isoprene units 

(Green et al, 1994; Goodman et al, 1986), G. max as well as most if not all plants 

generate squalene exclusively through the acetate-mevalonate pathway. Post-squalene 

sterol biosynthesis varies between the various kingdoms as seen in Figure 1.5 (Parker and 

Nes, 1992). Unlike members of the fungal and animal kingdom, plants cyclize squalene 

into cycloartenol, which is metabolized into stigmasterol in vascular plants and 

poriferasterol in algae. In the metabolism of cycloartenol to stigmasterol, a series of 

methylations, demethylations reductions, oxidations, and isomerizations lead to the sterol 

biosynthesis end product (Figure 1.6, Nes et al, 1993). The sterol methyl transferase 



(SMT) enzyme is believed to be rate limiting and exercises control over this pathway 

through feedback inhibition. 

History of Sterol Methyl Transferase 

Of currently known enzymes roughly 3% can be classified as (S)-Adenosyl-L-

methionine (AdoMet) dependent methyl transferases (Nes et al, 1998). SMT catalyzes 

the transfer of a methyl group from AdoMet to C-24 of the sterol creating the AdoHcy 

and 24(28)-methylene-sterol products (Figure 1.7). There are three conserved regions of 

homology in all AdoMet dependent methyl transferases responsible for AdoMet and 

nucleotide binding (Kagan and Clark, 1994). These are referred to regions II, III, and IV. 

Another conserved region in the SMT enzyme known as region I has been shown to be 

responsible for sterol binding through affinity labeling and site-directed mutagenesis 

(Nes et al, 1998). Region I lies close to the N-terminus of the protein and has a 

conserved sequence of YEXGWGXXFHF (X= any amino acid). Of the 16 known or 

proposed amino acid sequences of SMT enzymes from plant and fungi, there is a high 

degree of homology (Figure 1.8, Nes, 2001). Experiments have shown region II, which 

has a conserved sequence of GCGXGGPXREI to be responsible for AdoMet binding 

(Nes and Marshall, unpublished). 

Plants are known to produce sterols with side chains ethylated at C-24. Because 

the substrates for the first and second methylation are quite different (Figure 1.6, Nes, 

2001), questions have arisen about the presence of one multifunctional plant SMT 

enzyme responsible for both the alkylations versus the physiological utilization of 

various SMT isomforms specific to the first or the second methylation steps (Benveniste 

et al, 1997; Nes et al, 1991). Original microsomal SMT assays from various plants 

showed catalysis of both methylation steps, yet the number of varying SMT enzymes in 

the microsome could not be distinguished at that time (Nes, 2000). Recent cloning and 

purification studies of various plant SMT enzymes suggest that two distinct SMTs are 

physiologically responsible for the two alkylation steps, although the inherit ability to 

catalyze both alkylations resides in several SMT enzymes. SMT enzymes that primarily 

catalyze the first methylation are termed SMTI and those specific for the second 



alkylation as SMTH. It is important to note that there is one conserved difference in the 

sequences of region I for the known SMTI and SMTH. All of the known SMTII region I 

sequences contain a YEWGWGXXFHF while the SMTI sequences begin YEY or YEF. 

Description of the SMT Enzyme and Kinetic Parameters 

A recombinant SMT cloned from a cDNA library (Shi, Gonzales, and 

Bhattacharyya, 1996) provided by the Nobel Foundation into E. coli as described in the 

experimental methods section was used for this study. The molecular weight and pi of 

native SMT from G. max has been predicted to be 41.5 kDa and 7.64 from the gene 

sequence (Shi, Gonzales, and Bhattacharyya, 1996). Gel filtration chromatography on a 

calibrated Sephacyl S300 26mm x 60 cm column (Pharmacia) (1.35 to 670 kDa 

standards) and SDS-PAGE analysis have verified the native and monomer molecular 

weight to be approximately 161.4 kDa and 41.5 kDa. Partially purified SMT has two Km 

values of 20 and 65 \xM for cycloartenol and 25 and 60 jxM for AdoMet. The lower Km 

values could possible correspond to a T state (taunt, sites unoccupied) while the higher 

values could be assigned to an R state (relaxed, sites occupied). Sitosterol inhibited SMT 

activity, suggesting feedback inhibition. It has been shown that the SMT enzyme from 

Saccharomyces cerevisiae is allosterically affected by ATP (Marshall, 1999). Because 

SMT also contains a site for nucleotide binding, it is believed that ATP has allosteric 

effect on this enzyme as well. It is proposed that SMT utilizes a conformational control 

mechanism in the higher stmcture of the enzyme to regulate specificity and reactivity 

(Nes et al , 1998). Under the classical definition of a rate-limiting enzyme cf 

(Lehninger, 1982), a regulatory enzyme may possess some or all of the following 

characteristics: large multimeric protein, subject to down regulation by the product of 

the pathway, and displays cooperativity or allosterism for enzyme activity control. Using 

this definition, Nes and coworkers (1998) proposed that the SMT enzyme acts as a 

regulatory or rate-limiting enzyme in the post-squalene sterol biosynthesis pathway. 



Mechanism of C-Methylation 

The chemical mechanism by which the SMT enzyme catalyzes the C-methylation 

of the 7t-bond on the sterol substrate has been under some debate. Because design of 

effective inhibitors to the SMT enzyme depends on the mechanism of catalysis, knowing 

the mode of action of SMT is important. Two possible chemical mechanisms for SMT 

have been proposed, the "X-group" mechanism and the steric-electric plug mechanism 

(Comforth, 1968; Wokciechowski, Goad, and Goodwin, 1973; Parker and Nes, 1992; 

Zhou, Guo, and Nes, 1997). Understanding the differences between the two mechanisms 

and exploring the validity of both mechanisms will lead to better understanding of the C-

methylation reaction, rational dmg design, and engineering of stronger crop plants. 

The "X-Group" Mechanism 

Comforth (1968) and Wokciechowski, Goad, and Goodwin (1973) proposed a 

mechanism initiated by the enzyme catalyzed of the 7C-electrons associated with the Â "̂ -

double bond by the methyl carbon of AdoMet (Figure 1.9). This attack is assisted by an 

"X-group" counter ion (unidentified amino acid residue) to AdoMet. This counter ion 

will later serve as the deprotonating agent and must be across the A '̂̂ -double bond on the 

sterol from AdoMet. The interaction of the "X-group" nucleophile and the AdoMet 

electrophile mediates the 1,2-hydride shift of H-24 to C-25. The X-group mechanism 

proceeds in a logical stepwise manner based on an electrophilic addition from a "methyl 

cation" to an alkene, and can suggest an SNI mechanism. This type of mechanism has 

the stereochemical consequences of both retention or racemization of the stereochemistry 

around C-25. Comforth proposed that the 1,2-hydride shift of H-24 to C-25 proceeds 

along the Si-facQ of the original A '̂̂ -double bond, meaning the methyl addition would 

come from the Re-facc. 

The Steric-Electric Plug Mechanism 

Substrate specificity studies on the SMT enzyme from S. cerevisiae revealed 

several important features of the sterol molecule for binding and catalysis (Nes, Janssen, 

and Bergenstahle, 1991). Sterol characteristics important for catalysis included the 3P-



hydroxyl group, the A'"'- double bond, right-handed orientation of the side chain, free 

rotation of the side chain to the right into a pseudocyclic conformation, and the presence 

or absence of methyl substituents in the nucleus. Over 40 stmcturally similar inhibitors 

were used for kinetic analysis of SMT. From these studies, Nes and coworkers believed 

the H-24 to C-25 hydride shift and the C-methylation were concerted in an SN2 type 

mechanism (Figure 1.10) without the formation of a carbocation at C-25. The steric-

electric plug model describes the topological relationship of the sterol-AdoMet-complex. 

According to this model, the sterol should bind with the P-face pointed toward the 

interior of the hydrophobic pocket, and the H-24 to C-25 hydride shift was predicted to 

occur on the Re-face, while the methyl transfer occurred on the Si-face. 

The "X-Group" Mechanism versus the Steric-Electric Plug Mechanism 

There are several key differences between the "X-group" mechanism and the 

steric-electric plug mechanism. First are the stereochemical concerns of the "X-group" 

mechanism. When originally proposed, the "X-group" mechanism was thought to 

mediate the stereochemistry of sterol C-methylation producing the natural 25R 

configuration similar to cholesterol (Wokciechowski, Goad, and Goodwin, 1973; Rahier 

et al., 1986; Withers, Tuttle. Goad, and Goodwin, 1979; Comforth, 1968). However, as 

stated before, there are stereochemical consequences to a mechanism of this type. When 

a free carbocation is generated at either the migration terminus or the origin of a non-

racemic substrate, stereochemical integrity will be lost from that center. In contrast, a 

concerted mechanism will yield an inversion of the absolute stereochemistry at the 

migration center (Nes, 2000). Therefore, the products from the "X-group" mechanism 

should be a racemic mixture of 25R and 25S while the steric-electric plug mechanism 

will yield only 25R. 

Another difference between the two mechanisms is how constricted the catalytic 

pocket is around the sterol substrate. In the case with the "X-group" mechanism, 

addition of the methyl on the Re-face of the A"*̂ - double bond and concomitant 

antiperiplanar addition of an "X-group" to an unspecified amino acid side chain on the 

enzyme positioned adjacent to the terminal end of the sterol side chain isopropyl group 
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would give a covalently bound intermediate. Rotation of C-24 by 120*" would place the 

"X-group" with concomitant hydride migration in an antiperiplanar arrangement. The 

1,2-hydride shift of H-24 to C-25 releasing the "X-group" from C-25 followed by the 

deprotonation of C-28 would give the C-24(28) methylene product (Nes, 2000). The 

other possibility is 120° rotation around C-25 implying that methyl transfer and 

deprotonation occur on the AdoMet face of the original A""*- double bond. Therefore, the 

"X-group" mechanism assumes a lack of substrate specificity from the SMT enzyme and 

the stabilization of cations can follow various paths to 24-methyl and 24-ethyl sterols 

(Nes. Janssen, and Bergenstahle, 1991). 

In contrast, the steric-electric plug model accounts for the complementation of the 

sterol substrate by the SMT catalytic pocket. This mechanism also considers the 

noncovalent forces during the methyl transfer reaction and the importance of maintaining 

a high degree of substrate specificity to mediate the reactive behavior of the tetrameric 

enzyme. In the steric-electric plug mechanism, a bridged carbenium ion is formed on the 

Re-face of the original A^̂ - double bond (Figure 1.9) after a bond is made between C-24 

and the incoming methyl group on the Si-face. At this point both C-24 and C-25 have 

become tertiary carbons and are equally stabilized by the hyperconjugation. This eases 

the 1,2-hydride shift of H-24 to C-25. The steric-electric plug mechanism yields a one-

step process lacking intermediates (Nes, Guo, and Zhou, 1997). A further consideration 

of the steric-electric plug mechanism is the necessity of the tetrameric form of the 

enzyme for cooperative behavior to be maintained allowing for down regulation from the 

pathway end product. 

There is one final observable distinction between the "X-group" mechanism and 

the steric-electric plug mechanism. Because the "X-group" mechanism involves a 

covalently bound intermediate, the kinetics of this model should display a ping-pong 

behavior. A study of the Bi-substrate and product inhibition kinetics should further 

prove the validity of either mechanism. 
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Characteristics Distinguishing the First and Second C-Methylation 

Much has already been elaborated on the mechanism of the first C-methylation of 

the A" - double bond in the sterol side chain. There has also been discussion on the 

importance both 24-methyl and 24-ethyl sterols in the physiology and sterol biosynthetic 

pathway in plants. It becomes necessary to explore the nature of both alkylation steps in 

an enzymological manner in order to fully understand the nature of sterol homeostasis 

and the regulation of sterol biosynthesis in plants. 

Mechanism of the Second C-Methylation 

Studies in the last decade have verified the utilization of the steric-electric plug 

model for SMT enzymes over the "X-group" mechanism. Therefore, the mechanism 

proposed for the second C-methylation (Figure 1.11 A) is a modified version of the 

previously proven steric-electric plug model. The methyl transfer comes from the 5/-face 

of the A" double bond. Hyperconjugation of a hydrogen atom either between C-24 

and C-28 or C-24 and C-25 is needed to stabilize the added positive charge induced by 

the methyl transfer. In the first case, one of the hydrogen atoms from C-28 moves down 

the C-24(28) bond to form the hyperconjugation complex. The remaining proton on C-

28 is removed by the SMT enzyme allowing the hyperconjugated proton to shift back to 

C-28 restoring the Â """̂ ^ double bond. Note that either of the two protons may shift into 

the hyperconjugation state depending on the steric interferences that direct the angle of 

the C-28(29) bond. This leads to the formation of both the 24-E and 24-Z-ethylidene 

isomers. During the first C-methylation, three different mechanisms of demethylation 

are displayed by different SMT enzymes (Figure 1.1 IB). The positive charge produced 

by C-methylation of the Â '*̂ ^̂ ^ double bond can also be stabilized by shift of H-25 into a 

hyperconjugation complex between C-24 and C-25. When this occurs, C-27 can be 

deprotonated by the enzyme followed by a reverse shift of H-25 back to C-24 giving the 

24-p-ethyl-25(27)-ene sterols. 



Enzymology of the First and Second C-Methylation 

Much evidence for the presence of two C-methylation steps in sterol biosynthesis 

has been presented by natural product analysis of many plants. Two schools of thought 

have arisen about the enzymological nature of both alkylation steps, that is to say are the 

first and second C-methylations carried out in a successive or a step-wise manner. A 

successive pattern would suggest that a single SMT enzyme is utilized in the sterol 

biosynthesis pathway, while a step-wise nature leads to the involvement of two distinct 

SMT enzymes. 

A group of French researchers lead by Pierre Benveniste has presented evidence 

for the operation of two separate SMT enzymes in plant sterol biosynthesis following the 

"X-group" mechanism (Bouvier-Nave, Husselstein and Benveniste, 1998). This group 

found that cycloartenol was a better substrate for SMT than 24(28)-methylene-lophenol 

(Fonteneau, Hartmann-Bouillon and Benveniste, 1977). They also showed that SMT 

from bramble cells was inhibited more by 24-a-nitrogen substituted sterols than sterols 

containing a 24-P-nitrogen substitution (Rahier et al, 1984). The nitrogen containing 

sterols would mimic the transition-state during C-methylation. Thus the angle of the 

nitrogen could shed light on the direction of methyl attack on the double bond. A 24-a-

nitrogen would mimic the Re-face attack proposed in the "X-group" mechanism. Cmde 

microsomal preparations from com were used to show that the Kj of 25-azacycloartenol 

towards cycloartenol in the first C-methylation to be different than the Kj of the AdoMet 

transition-state analog for 24(28)-methylene-lophenol in the second C-methylation 

(Rahier et al, 1980). Several cDNAs coding for SMT isoforms have been isolated from 

Arabidopsis thaliana further suggesting that separate SMT enzymes are responsible for 

the first and second C-methylations. 

There appears to be flaws in the current data supporting a step-wise manner of the 

first and second C-methylation steps. Extensive evidence for the steric-electric plug 

model has been shown for SMT from fungi (Nes, Janssen and Bergenstrahle, 1991). 

Primary to the belief that different SMTs are responsible for the two C-methylations was 

the long standing dogma that cycloartenol was a bent molecule while 24(28 )-methylene-

10 



lophenol was planar. It was thought highly unlikely that the AdoMet binding site could 

accommodate two molecules with such different three-dimensional stmctures. Detailed 

NMR and crystallographic studies of cycloartenol have recently shown cycloartenol to be 

planar rather than bent (Nes et al, 1998). It has also been shown that SMT is subject to 

end product regulation. Cmde enzyme preparations from com would contain sitosterol, 

which could have different effects on the first and second C-methylafions. The fact that 

cycloartenol and 24(28)-methylene-lophenol are metabolized with differing efficiencies 

and are inhibited differently by the AdoMet inhibitor in assays from cmde sources can be 

explained by a difference in specificity of a single SMT enzyme for these two substrates 

as well as differing effects from sitosterol contaminating the incubation. Nes and 

WenXu (1999) showed that recombinant SMT was inhibited by 24-p-methyl-

cycloartenol, while 24-a-methyl-cycloartenol had no effect, thus verifying utilization of 

the steric-electric plug model by SMT from a plant source. It was also shown that SMT 

could present 24(28)-methylene and 24(28)-ethylene sterol products (Figure 1.12). 

While showing a single SMT enzyme was capable of both C-methylation steps, this 

experiment raised several important questions that have yet to be resolved. First, are 

there two successive methylations of the sterol on the AdoMet surface of the enzyme? 

Second, are there two different catalytic sites for cycloartenol and 24(28)-methylene-

lophenol? It is hoped that this study can answer these questions. 
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Figure 1.1. The numbering system for sterol nomenclature and ring assignments. 
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Conventional Numbering System 

30 31 

(26-homo) 

(26-hydfDxy) 

Revisions to the Numbering System 

29 28 

(No provision fo identifying A ^ ^ ^ ^ sterols as 
required when considering biosynthetic origin of 
cartxxi atoms) 

27a 

(27a-homo) 

No Change 

Figure 1.2. JCBN mles for numbering sterols and revisions to the mles for 
synthetic purposes. 
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Figure 1.3. A typical plasma membrane: A. a cholesterol molecule interacting 
within a lipid monolayer, B. composition of a typical eukaryotic 
membrane containing cholesterol (Rawn, 1989). 
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Figure 1.8. Amino acid composition of Region I and predicted MW (kDa) and pi 
of several SMTs. Full sequence data can be obtained from GenBank 
(bold (yellow colored) indicates a conserved residue). Start residue in 
parenthesis. Phylogenetic tree illustrating SMT relatedness was 
generated by Neighbor Joining Method embedded in the Vector NTI 
Suite 6.0 software package (Infomax) This figure was provided by 
WenXu Zhou. 
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Figure 1.10. The steric-electric plug mechanism for the sterol methyl transferase 
enzyme: A. three-dimensional view of the substrate in the active 
site (-) is an unspecified base in the active center and (CHa"̂ ) is the 
methyl donor from AdoMet (Parker and Nes, 1992), B. mechanism 
for C-methylation. 
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(A) and 24(28)-methylene-cycloartanol (B). 

23 



CHAPTER n 

EXPERIMENTAL METHODS 

Preparation of the SMT Recombinant Expression System 

A plasmid harboring the SMT gene (pSERT) was provided by the Noble 

Foundation (Shi, Gonzales, and Bhattacharyya, 1996). The cDNA sequence inserted into 

the pSERT plasmid is as follows: 

GAATTCGGCACGAGATTTGGGACCAGGTATTGATGTAATGTTGCCAGT 
TGCCATCTTACTAATGTCTTATGACTTAAATTAACTAAAATACTTTCTT 
GAAAACAATTTAATACATATTATGAACTATGTTATCATAACAAAGTCG 
AGGGGTAAGTTTTGTGGATGCAAAAAAAAAAAAAAAATCGAAACGAG 
GTCGTTTTGTGTTCCGCCGAAGGCACCGGAGGTTGTAGCAGGCTAGCA 
GCTATGGATTTGGCATCCAATCTCGGTGGCAAGATTGACAAAGCCGAA 
GTTCTCTCTGCCGTTCAGAAGTATGAGAAGTATCATGTTTGCTATGGA 
GGTCAAGAGGAAGAGAGGAAAGCTAATTATACCGATATGGTTAATAA 
ATACTACGATCTTGTTACCAGCTTTTATGAGTTTGGCTGGGGGGAATC 
TTTCCATTTTGCACCCAGATGGAAAGGGGAATCTCTTCGAGAGAGCAT 
CAAGCGACATGAACACTTCCTTCCTTTACAACTTGGACTGAAGCCAGG 
GCAGAAGGTTTTGGATGTTGGATGTGGAATTGGGGGACCATTAAGAG 
AAATTTCTCGATTTAGCTCAACTTCAATTACCGGGTTGAATAACAATG 
AGTACCAGATAACAAGAGGAAAGGAACTCAATCGCATTGCTGGAGTG 
GACAAGACTTGCAATTTTGTCAAGGCTGACTTCATGAAAATGCCATTC 
CCAGACAACAGTTTTGATGCAGTGTATGCGATTGAAGCCACTTGCCAT 
GCACCGGATGCTTATGGATGCTATAAAGAGATTTTTAGAGTGTTAAAG 
CCTGGTCAATATTTTGCTGCTTATGAATGGTGCATGACCGATTCTTTTG 
ATCCCCAAAACCCAGAGCACCAAAAAATCAAGGCAGAAATTGAGATT 
GGTGATGGGCTACCTGACATTCGATTGACTGCTAAGTGTCTTGAAGCT 
CTGAAGCAAGCAGGTTTTGAGGTAATATGGGAGAAAGATCTAGCAGT 
GGACTCTCCTCTTCCTTGGTATTTGCCTTTAGACAAAAGTCACTTCTCA 
CTGAGTAGCTTCCGTCTAACTGCTGTCGGGCGACTTTTCACCAAAAAC 
ATGGTCAAGGTTCTGGAGTATGTTGGACTGGCTCCAAAGGGTAGTCTA 
AGGGTTCAAGACTTCCTGGAGAAGGCTGCAGAGGGACTAGTTGAAGG 
AGGGAAGAGAGAGATTTTCACACCAATGTACTTCTTCCTGGCACGGAA 
GCCTGATTTAGACAGGAACTAAGCTGGCTGTACAAATAGGTTGCTGTT 
TTCATCAGTTACGGTGATTCTGGTAGGGTGAACCGTAAGCTAGGATTG 
TTTTTGGCCTTGTTGCCTTAGTGATTCTTGCTGTTTCTTTGTTTTGTTTA 
GGTTACCAACACTTCATTTTGCTGCTTGTTTCGATGAAGCAGTGCTCCT 
CCATATTATGTTTACCCTACATATTATATGCTCTTTTACTTTGTTTAAA 
AAAAAAAAAAAAAAAA 
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Primers 1 and 2 with sequences of GGA ATT CCA TAT GCA AAA AAA AAA 

AAA AAA TCG AAA C and CGC GGA TCC TTA GTT CCT GTC TAA ATC AGG C 

were designed to amplify the SMT gene using PCR while adding the Ndel and BamHl 

restriction sites to the beginning and end of the open reading frame (Figure 2. LA). The 

PCR reaction was carried out in 100 |J,L with 1 mM MgCL, 0.2 mM dNTP 0.1 ng 

pSRET, 33 pmol of each primer, and 5 U of Taq DNA polymerase. This mixture was 

denatured at 94''C followed by 30 cycles of denaturing, annealing, and extension steps at 

94^C, 55°C and 72''C. 

The PCR product was subcloned into the TA vector PCR2.1 purchased from 

Invitrogen using methods provided by the manufacturer (Figure 2. LB). In the presence 

of Xgal, E. coli colonies containing the PCR2.1 vector harboring the SMT gene will 

remain white. Plasmids from these colonies were isolated using the Wizard Plus 

Minipreps DNA Purification System (Promega) and digested with EcoRI endonuclease 

(New England Biolabs). Analysis of the digestion products on a 0.8% agarose gel 

confirmed the presence of a 1.1 kb insert in the PCR2.1 vector now named SMT/PCR2.L 

Ndel and BamHl endonucleases (New England Biolabs) were used to digest 1 jig of 

SMT/PCR2.1 in 30 jiL at 37°C for 3 hours. The products from the digestion were run on 

a 0.8% agarose gel at lOOV for 45 minutes. The band corresponding to 1.1 kb was 

removed for the gel using dialysis in the presence of an electrical field of lOOV for 2 

hours. 

The expression vector pET23a(-i-) was also digested with Ndel and BamHl and 

isolated by running the reaction products on an 0.8% agarose gel followed by retrieval of 

the linear plasmid using dialysis. The SMT gene was ligated into the linear pET23a 

plasmid using T4 DNA ligase (New England Biolabs) (Figure 2.1.C). The ligation 

reaction containing 70 ng of the SMT gene, 200 ng of linear pET23a, and 3 U of T4 

ligase in 10 |xL of ligase buffer was run at 15°C for 14 hours. The resulting ligation 

mixture was placed in the presence of 100 |iL BL21 (DE3) competent E. coli cells and 

cooled at 4°C for 30 minutes followed by incubation for 30 seconds at 47°C and then 4°C 

for another 2 minutes in order to transfer the pET23a plasmid harboring the SMT gene 

into the E. coli cells (Figure 2.1.D). The cells were added to 0.9 mL of SOC medium 
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(Difco bacto-tryptone 20 mg/mL, Difco bacto-yeast extract 5 mg/mL, NaCl 0.5 mg/mL, 

2.5 mM KCl, MgS04 25 mM, MgCl2 25 mM, and glucoselOO mM, pH 7.0) and 

incubated at 37oC for 1 hour. A portion of the incubation mixture was spread onto a 

Luria broth agar plate (Difco bacto-tryptone 10 mg/mL, Difco bacto-yeast extract 5 

mg/mL, NaCl 10 mg/mL, agar 7.5 mg/mL, and Sigma ampicillin 50 |Lig/mL, pH 7.0) and 

incubated overnight at 37''C. 

SMT/PCR2.1 was digested with fco/?/endonuclease to yield a 1.1 kb fragment. 

The yeast expression plasmid pYX213 (Novagen) was also digested with EcoRl for 

linearization. The SMT gene with EcoRl ends was ligated to the linear pYX213 using T4 

ligase (Figure 2.2). 

The ligation mixture was transformed into E. coli strain JM109 by the heat shock 

method describe previously. Several colonies were grown separately. The plasmids 

from each were isolated and digested with Nhel endonuclease. When the SMT gene is 

inserted into pYX213 in the sense orientation Nhel digestion will produce two DNA 

fragments of 1.1 kb and 7.9 kb, while the antisense orientation will yield fragments of 

0.25 kb and 8.75 kb (Figure 2.3). Plasmids giving the sense orientation digestion pattern 

with Nhel were renamed SMT/pYX213. 

The erg6 strain of S. cerevisiae lacks the SMT gene. These cells were cultured in 

0.5 mL YEPD medium (Difco bacto-yeast extract 10 mg/mL, Difco bacto-peptone 20 

mg/mL, dextrose 20 mg/mL, and 0.005% Adenine Sulfate, pH 7.0) at 30°C for 10 at 150 

rpm. Cells were harvested by centrifugation at 10,000 x g for 10 minutes and 

resuspended in 50 |LtL yeast resuspension buffer (10 mM Tris.HCl, 1 mM EDTA, and 10 

mM LiOAc, pH 7.5). This solution was added to a tube containing 5 jiL of 0.75 mg/mL 

SMT/pYX213 and 3 |xL of 1 mg/mL single stranded salmon sperm DNA. Three tenths 

of a mL of yeast transformation buffer containing 40% polyethylene glycol was added 

and incubated for 35 minutes at 25°C followed by a 15 minute incubation at 42°C. The 

cells were then harvested by centrifugation at 10,000 x g for 10 minutes, resuspended in 

0.1 mL of water, spread across a select YEPD agar plate (Difco bacto-yeast extract 

without amino acids 10 mg/mL, NaOH 0.2 mg/mL, dextrose 20 mg/mL, Sigma Adenine 

Hemisulfate 0.067 mg/mL, Sigma L-Arginine 0.134 mg/mL, Sigma L-Aspartic Acid 
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0.402 mg/mL, Sigma L-Histidine 0.067 mg/mL, Sigma L-Isoleucine 0.201 mg/mL, 

Sigma L-Leucine 0.402 mg/mL, Sigma L-Lysine 0.268 mg/mL, Sigma L-Methionine 

0.067 mg/mL, Sigma-L-Phenylalanine 0.402 mg/mL, Sigma L-Threonine 0.335 mg/mL, 

Sigma L-Tryptophan 0.268 mg/mL, Sigma L-Tyrosine 0.1 mg/mL, and agar 22 mg/mL, 

pH 7.0), which lacks uracil, and incubated at 30"C for 3 days. 

Culturing Conditions 

BL21 (DE3) strain E. coli cells containing the SMT/pET23a plasmid were stored 

at ~80°C in 20% (v/v) glycerol LB A medium. Aliquots were transferred from ~80°C 

storage to an LB A agar plate and incubated for 12 hours at 37'̂ C. A single colony was 

used to inoculate a 250 mL LB A starter culture and shaken for 10 hours at 30°C and 250 

rpm. The optical density at 600 nm was measured to be no greater than 1.2 on a 

Beckman DU 640 UV/visible spectrophotometer. Four 20 mL aliquots of the starter 

culture were transferred to 4 2.7L Fembach flask containing 1 L of LBA medium each 

and incubated at 30°C and 250 rpm until the optical density at 600 nm is 0.5. IPTG (0.4 

mM, 4 mL of 100 mM stock solution) is added to each culture in order to induce G. max 

SMT or SMT synthesis. The cultures are incubated for an additional 2 hours at 30°C and 

250 rpm. Cells are then harvested by centrifugation at 10,000 x g for 10 minutes and 

used immediately or stored at ~80°C for up to 2 months. 

One hundred mL of select YEPD medium without uracil was inoculated with a 

single of colony of erg6 containing pYX213-SMT and incubated at 30''C for 24 hours. 

The cells were then harvested by centrifugation at 10,000 x g for 10 minutes and 

resuspended in 300 mL of YEPD medium without uracil where galactose is substituted 

for dextrose and incubated at 30°C for 2 days. Cells were harvested by centrifugation at 

10,000 xg for 10 minutes. 

Enzyme Assays 

Assays containing 50 to 150 )ig of SMT and 1 to 2 mg of total protein were 

preformed in 0.6 mL of resuspension buffer (50 mM Tris buffer, 2 mM MgCb, 2mM 2-

mercapto-ethanol, and 20% (v/v) glycerol, pH 7.5). The sterol substrate is varied 
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between 10 and 200 |LtM. [^H-methyl]-S-adenosyl-methionine (^H-AdoMet) (New 

England Nuclear) is diluted with S-adenosyl-methionine iodide salt (AdoMet) (Sigma) so 

that isotope effects will be minimized. The assay concentration of 3H-AdoMet and 

AdoMet is typically held constant at 1.425 nM and 99.99 |xM. Each assay will contain 

1.2 |uCi of ^H. Solubilization of the sterol substrate is added with Tween 80 (1 % v/v). 

Assays were carried out at 35°C for 45 minutes, and stopped by the addition of 0.5 mL of 

10% (w/v) Methanoic Potassium Hydroxide and 0.5 mL Dimethyl Sulfoxide. Assays 

were then heated to 80°C for 30 minutes and cooled the room temperature. Sterols were 

extracted from the assays 3 times with 2.5 mL skelly hexanes. The organic layer is 

transferred to a 7 mL scintillation vile and evaporated. The remaining radioactive 

residue is resuspended with 5 mL of ScintiVerse (Fisher) and analyzed using a Beckman 

LS 6500 multipurpose scintillation counter. 

Protein Characterization 

Protein AdoMetples were quantitatively and qualitatively analyzed by SDS-

PAGE. The gel electrophoresis was carried out using the buffering system described by 

Laemmli in a 12% polyacrylamide vertical slab gel preceded by a 4% polyacrylamide 

stacking gel (16 x 16 x 1 cm, PROTEAN II vertical gel apparatus, 1.0 mm thickness) at a 

constant voltage of 150 V (Bio-Rad 1000/500 power supply) for 1 hour. Gels were 

stained with 2.0% (w/v) Coomassie brilliant blue R-250 in methanol:acetic acid:water 

(45:10:45) (Laemmli, 1970). Molecular weight markers ranging from 1.35 to 670 kDa 

(Promega) were used as reference. Native molecular weight was analyzed by loading 0.5 

mL of the 100,000 x g supernatant, described later, on a calibrated Pharmacia High Prep 

Sephacryl S-300 gel filtration column coupled to a Pharmacia LKB FPLC system. Flow 

rate was held constant at 0.5 mL/min. 

Protein Purification 

All manipulations were carried out on ice or at 4''C in a Revco commercial 

refrigerator. BL21 (DE3) cells containing SMT were cultured as described above. Cell 

pellets were resuspended in QA buffer (50 mM Tric-HCl, 2 mM MgC12, 2 mM p-
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mercaptoethanol, I mM EDTA, 0.5% emolphagin w/v glycerol v/v, pH 8.0) The 

resuspended cells were disrupted by sonication using a Model 250 sonifer (Branson 

Ultrasonics Corp.) with a power setting of 7 and duty cycle of 50% for three cycles of 4 

minutes with 4 minutes of rest between cycles. Disrupted cells were centrifuged at 

10,(XX) X g for 30 minutes. The supernatant was subjected to further centrifugation at 

100,(XX) X g for 1 hour. The supernatant was gathered and loaded onto a 7.5 x 20 cm 

column filled with Q-sepharose resin (Sigma) to a height of 10 cm and equilibrated with 

QA buffer. Flow through the colunm was maintained at 2.0 mL/min using a Econo pump 

system (Bio-Rad) NaCl concentration of the buffering system was raised gradually from 

0 to 1 M over 10 hours. 

Substrate Preparation 

Of the many sterol substrates tested against SMT only cholesterol, lanosterol, and 

ergosterol may be purchase commercially. Even then a series of purification steps 

including recystalization and chromatography steps must be taken before these sterols are 

ready to be used for kinetic work. Great pains were taken by the Nes Lab group to 

isolate other sterols to be used in the kinetic study of SMT for natural and organically 

synthesized sources. The purity and integrity of all substrates and inhibitors were verified 

by GC/MS analysis. 

Cycloartenol, 24(28)-methylene-cycloartanol, and cycloartenol were acquired 

from the saponification of y-oryzanol (Spectrum Quality Products, Inc.). After 

saponification sterols were purified by silica gel, which separates sterols into fractions 

based on the degree of substitution at C-4, and argentation chromatography, which 

separates based on the number and position of 7i-bonds in the molecule, and HPLC 

reverse phase techniques (Xu et al., 1988). 

Other sterols were isolated from saponification of red algae, com pollen, or cactus 

pollen. The NSF from these sources was applied to a silica gel column. Further 

purification was performed using HPLC reverse phase techniques. 

Two transition state analogs and one mechanism-based inactivator were (Figure 

2.4) utilized for inhibition studies or SMT. Since it was first synthesized in 1988 (Parish 

29 



et al., 1988) 24(R,S),25-epiminolanosterol has been widely in inhibition studies of SMT 

enzymes. Another class of transition state analogs that contain a tertiary substituted 

nitrogen at C25 of the sterol side chain has classically been used for inhibition analysis 

for SMT enzymes (Nes et al., 1997). Because SMT comes for a plant source, 25-aza-

4,4,14a-trimethyl-9p,19-cyclo-5a-cholesta-3p-ol which contains the cycloartenol 

nucleus was chosen for the inhibition studies of SMT. The synthesis of the suicide 

substrate 4,4,14a-trimethyl-9p,19-cyclo-5a-26-homocholesta-24,26-dien-3p-ol has been 

described previously (Nes, Xu and Parish, 1989) 

Product Analysis 

Numerous assays containing 100 pM sterol and 100 pM AdoMet were run 

overnight in order to obtain sufficient amounts of C-methylated products for 

characterization. The products of these assays were saponified and extracted as 

described above. Sterol products were purified by HPLC utilizing a Phenomenex 10 mm 

X 25 cm X 10 |J,m Selectosil 10 Cig column eluted with isopropyl alcohol to acetonitrile 

4: las the solvent or a 7.8 mm x 30 cm x 10 jim TosoHaas Tsk-gel column eluted with 

methanol as the solvent. Purified sterol products were analyzed by GLC, GC/MS, H-

NMR, and '^C-NMR when amounts generated allowed. NMR analysis was conducted 

by Dr. David Purkiss on a Varian 500 MHz instrument. 
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Figure 2.1. Steps involved in the construction and expression of recombinant 
SMT in E. coli. A. Amplification of the SMT gene by PCR using 
Primers I and 2 (cf p.25) and ligation into the TA cloning vector 
PCR2.1. The restriction site Ndel was added to the gene sequence to 
generate the native form of SMT. B. Double digestion of the pET23a 
expression vector and the PCR2.1 vector containing the SMT gene 
with the Ndel and BamHl restriction endonucleases. C. Ligation of 
the SMT gene into pET23a using the Ndel and BamHl overhangs 
(sticky ends) generated in II. D. Transformation of BL21 (DE3) cells 
with the pET23a expression vector containing the SMT gene by heat 
shock. E. Expression of recombinant SMT by the addition of IPTG 
to the growth media of the BL21 (DE3) cells. 
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Figure 2.2. Steps involved in the plasmid construction for the expression of 
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Figure 2.3. Diagram of Me/digestion of the pYX213 plasmid with the SMT 
gene inserted in the antisense orientation (I) and in the sense 
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24(R,S)-25-Epimino-4.4,14a-timethyl-5a-cholest-8-en-3p-ol 
Epiminolanosterol 
MW=441 g/mol 

25-aza-4,4,14a-trimethyl-9b, 19-cyclo-5a-26-cholesta-3p-ol 
25 - Aza-cycloartenol 
MW=427 g/mol 

4,4,14a-trimethyl-9p,19-cyclo-5a-26-homocholesta-24,26-dien-3p-ol 
Cyclopropylidene Cycloartenol (26,27-Dehydrocycloartenol) 
MW=427 g/mol 

Figure 2.4. Inhibitors prepared in the Nes Laboratory for the study of SMT. The 
lUPAC nomenclature is stated first (Top) followed by the trivial 
name (Middle) and the molecular weight (Bottom). 
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Figure 2.5. Synthesis of tritiated cycloartenol. 
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Figure 2.6. Synthesis of 3-desoxy-cycloartenol. 
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CHAPTER III 

SMT CHARACTERIZATION 

Properties of SMT 

To study the various characteristics of SMT, an adequate protein source had to be 

resolved. Overexpression of SMT in E. coli would provide an easy method of producing 

SMT free of endogenous phytosterols for further study. The erg6 mutant yeast strain 

lacks the ability to perform C-methylations of sterols. Expression of SMT in erg6 cells 

should restore the C-methylation step to the phytosterol pathway of these cells thus 

verifying that the gene expressed codes for SMT. 

Overexpression of SMT in E. coli 

The expression vector pET23a which utilizes T7 promoter was chosen for 

expression of SMT in E. coli. In the BL21 (DE3) strain ofE. coli, expression levels of 

the T7 RNA polymerase may be control by IPTG concentration in the media. Addition 

of IPTG at the mid-lag phase of BL21 (DE3) growth would induce production of the T7 

polymerase leaded to the expression of the gene inserted into the pET23a plasmid. 

In order for expression of the native SMT sequence, it was necessary to add a 

Ndel restriction site at the 5" end of the SMT gene. The new Ndel site would allow the 

start codon of the SMT gene to be inserted in close proximity to the T7 promoter region 

on the pET23a plasmid. A BamHl restriction site was added to the 3' end of the SMT 

gene allowing that end of the SMT gene to be annealed to a BamHl site in the multiple 

cloning region of the pET23a plasmid. The addition of these restriction sites was 

accomplished by PCR amplification of the SMT gene with primers containing the 

restriction sites. 

The TA cloning vector PCR2.1 was chosen to subclone the SMT gene after the 

PCR amplification. This vector was used a branch point between cloning SMT into 

BL21 (DE3) and erg6. Once inside the PCR2.1 vector, the Ndel and BamHl 

endonucleases could now recognize the Ndel and BamHl sites flanking the SMT gene. 

Digest of these sites would produce an SMT gene with Ndel and BamHl overhangs at the 
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5' and 3'ends. These overhangs matched similar overhangs in the pET23a plasmid 

digested with the AdoMete enzymes allowing the SMT gene to be ligated into the 

expression vector. The resulting pET23a plasmid containing the SMT gene was 

sequenced to verify the presence of the SMT gene. The plasmid was found to have a 

DNA insert with a sequence as follows: 

ATGTTGCCAGTTGCCATCTTACTAATGTCTTATGACTTAAATTAACTAA 
AATACTTTCTTGAAAACAATTTAATACATATTATGAACTATGTTATCAT 
AACAAAGTCGAGGGGTAAGTTTTGTGGATGC AAAAAAAAAAAAAAAA 
TCGAAACGAGGTCGTTTTGTGTTCCGCCGAAGGCACCGGAGGTTGTAG 
CAGGCTAGCAGCTATGGATTTGGCATCCAATCTCGGTGGCAAGATTGA 
CAAAGCCGAAGTTCTCTCTGCCGTTCAGAAGTATGAGAAGTATCATGT 
TTGCTATGGAGGTCAAGAGGAAGAGAGGAAAGCTAATTATACCGATA 
TGGTTAATAAATACTACGATCTTGTTACCAGCTTTTATGAGTTTGGCTG 
GGGGGAATCTTTCCATTTTGCACCCAGATGGAAAGGGGAATCTCTTCG 
AGAGAGCATCAAGCGACATGAACACTTCCTTCCTTTACAACTTGGACT 
GAAGCCAGGGCAGAAGGTTTTGGATGTTGGATGTGGAATTGGGGGAC 
CATTAAGAGAAATTTCTCGATTTAGCTCAACTTCAATTACCGGGTTGA 
ATAACAATGAGTACCAGATAACAAGAGGAAAGGAACTCAATCGCATT 
GCTGGAGTGGACAAGACTTGCAATTTTGTCAAGGCTGACTTCATGAAA 
ATGCCATTCCCAGACAACAGTTTTGATGCAGTGTATGCGATTGAAGCC 
ACTTGCCATGCACCGGATGCTTATGGATGCTATAAAGAGATTTTTAGA 
GTGTTAAAGCCTGGTCAATATTTTGCTGCTTATGAATGGTGCATGACC 
GATTCTTTTGATCCCCAAAACCCAGAGCACCAAAAAATCAAGGCAGA 
AATTGAGATTGGTGATGGGCTACCTGACATTCGATTGACTGCTAAGTG 
TCTTGAAGCTCTGAAGCAAGCAGGTTTTGAGGTAATATGGGAGAAAG 
ATCTAGCAGTGGACTCTCCTCTTCCTTGGTATTTGCCTTTAGACAAAAG 
TCACTTCTCACTGAGTAGCTTCCGTCTAACTGCTGTCGGGCGACTTTTC 
ACCAAAAACATGGTCAAGGTTCTGGAGTATGTTGGACTGGCTCCAAA 
GGGTAGTCTAAGGGTTCAAGACTTCCTGGAGAAGGCTGCAGAGGGAC 
TAGTTGAAGGAGGGAAGAGAGAGATTTTCACACCAATGTACTTCTTCC 
TGGCACGGAAGCCTGATTTAGACAGGAACTAA 

This DNA insert coded for a 367 amino acid protein with a molecular weight of 

41.5 kDa and a sequence as follows: 

MQKKKKNRNEVVLCSAEGTGGCSRLAAMDLASNLGGKIDKAEVLSAVQ 
KYEKYHVCYGGQEEERKANYTDMVNKYYDLVTSFYEFGWGESFHFAPR 
WKGESLRESIKRHEHFLPLQLGLKPGQKVLDVGCGIGGPLREISRFSSTSrr 
GLNNNEYQFFRGKELNRL^GVDKTCNFVKADFMKMPFPDNSFDAVYAIE 
ATCHAPDAYGCYKEIFRVLKPGQYFAAYEWCMTDSFDPQNPEHQKIKAE 
lEIGDGLPDIRLTAKCLEALKQAGFEVIWEKDLAVDSPLPWYLPLDKSHFS 
LSSFRLTAVGRLFTKNMVKVLEYVGLAPKGSLRVQDFLEKAAEGLVEGG 
KREIFTPMYFFLARKPDLDRN 
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The pET23a plasmid harboring the SMT gene \\ as renamed pET23a-SMT and 

transformed into BL21 (DE3) cells. These cells were grown on LB medium with 

ampicillin and IPTG. 

Protein extracts from the cultures showed an enhanced band at 41.5 kDa on a 

n^c SDS-PAGE gel (Figure 3.1). Homogenate aliquots of BL21 (DE3) cells with and 

without the pET23a-SMT plasmid were incubated overnight at 35°C with cycloartenol 

and ['H]AdoMet. Only extracts from cells containing the pET23a-SMT plasmid 

produced measurable C-methylation products. These experiments confirm the 

expression of recombinant SMT in BL21 (DE3) cells and that any measure C-

methylation activity arises from the recombinant protein alone. 

Expression of SMT in erg6 Cells 

The PCR2.1 vector contained two EcoRl restriction sites close to both ends of the 

SMT gene. Digestion of the PCR2.1 vector containing the SMT gene with the EcoRl 

endonuclease would produce a SMT gene with EcoRl overhangs at the 5" and 3' ends. 

The yeast expression vector pYX213, which contains a GAL promoter upstream of a 

multiple cloning site, was also digested with the EcoRl endonuclease. This produce a 

linear form of the pYX213 plasmid with EcoRl overhangs at either end matching the 

overhangs of the SMT gene cut out of the PCR2.1 \ ector. This allowed the SMT gene to 

be ligated into the pYX213 plasmid in both the sense and antisense orientations. The 

resulting plasmid was sequenced and anahzed by restriction digest to insure the gene 

was in the correct orientation. The pYX213 vector harboring the SMT gene in the sense 

orientation was renamed pYX213-SMT and transformed into erg6 cells. 

Sterol Analysis of erg6 with and without Recombinant SMT 

A single colony of erg6 was used to inoculate 1(X) mL of YPD medium (Difco 

bacto-yeast extract 10 mg/mL, Difco bacto-peptone 20 mg/mL. dextrose 20 mg/mL, pH 

7.0) and incubated at 30°C for 24 hours. 1 mL of this inoculum was added to 3(X) ml of 

YPD and incubated at 30oC for 2 days. Cells were harvested by centrifugation at 10,000 

x g for 10 minutes and saponified with a ten to one ratio (w/v) of 10% (w/v) Methanoic 
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Potassium Hydroxide. The NSF was extracted three times with equal volume skelly 

hexanes and analyzed by GLC and GC/MS. As expected, the NSF from the erg6 cells 

lacked 24-methylated sterols (Figure 3.2.A). 

100 mL of select YEPD medium without uracil was inoculated with a single of 

colony of erg6 containing pYX213-SMT and incubated at 30''C for 24 hours. The cells 

were then harvested by centrifugation at 10,(XX) x g for 10 minutes and resuspended in 

300 mL of YEPD medium without uracil where galactose is substituted for dextrose and 

incubated at 30°C for 2 days. Cells were har\ested by centrifugation at 10,000 x g for 10 

minutes and saponified with a ten to one ratio (w/v) 10% (w/v) Methanoic Potassium 

Hydroxide. The NSF was extracted three times with equal volume skelly hexanes and 

analyzed by GLC and GC/MS. The erg6 cells functionally complimented with the SMT 

gene produced 24-methylated sterols (Figure 3.2 B). However, 24-ethylated sterols were 

not observed in the sterol analysis of the functionally complimented cell. It was unclear 

if limits of detection played a roll in this observation, therefore, further study of the SMT 

enzyme in a free cell system was necessary to full characterize the ability of SMT to 

catalyze both the first and second C-methylations. 

Native and Subunit Molecular Weight 

BL21 (DE3) cells containing the pET23a-SMT plasmid were grown to mid-lag 

phase and induced with 4 mM IPTG. The cultures were harvested by centrifugation at 

10,000 X g for 10 minutes. The BL21 (DE3) cells were resuspended in Q-buffer 

containing 0.5 % emolphagin. The cell walls were disrupted by sonification for three 

cycles of four minutes each. The cellular homogenate was incubated with 3- H-26,27-

dihydorcycloartenol and AdoMet for 15 hours at 35°C followed by analysis on a 12% 

SDS-PAGE. The 12% SDS-PAGE gel was dried and exposed to radiosensitive film for 

two weeks. The developed the film revealed a single band corresponding to 41.5 kDa 

(Figure 3.3). 

Cellular homogenates for BL21 (DE3) cells expressing SMT were centrifuged for 

1 hour at 1(X),(XX) x g. The resulting supernatant was run through a calibrated gel 

filtration column as described in the experiment method section. Fractions eluted from 
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the column were incubated with cycloartenol and [^H]AdoMet at 35°C for 15 hours, and 

the amount of C-methylation product was compared to elution time (Figure 3.4). The 

greatest activity observed corresponded to a protein molecular weight of 161.4 kDa. 

Partial Purification of SMT 

A 12 gram portion of BL21 (DE3) cells containing recombinant SMT was 

resuspended in 60 mL of Q-buffer containing 0.5 % emolphagin. The cells were 

disrupted by subjection to ultrasound. Cell debris was removed by centrifugation at 

10,000 X g for 30 minutes. The pellet was discarded, and the supernatant was then 

subjected to centrifugation at 100,000 x g for one hour to separate the membrane bound 

and soluble proteins. Once again the pellet was discarded. The soluble proteins were 

loaded onto a 7.5 x 20 cm column filled with Q-sepharose resin to a height of 10 cm. 

Proteins were eluted from the column, initially equilibrated with Q-buffer, with a 

gradient of Q-buffer containing 0 to 1 M NaCl over 10 hours. The fractions eluted from 

the Q-sepharose column were collected every 15 minutes and assayed for SMT activity 

and checked for purity by SDS-PAGE. A plot of SMT activity versus fraction number 

eluted from the Q-sepharose column showed fractions 14, 15 and 16 displayed SMT 

activity in a bell shaped pattern with the greatest activity shown in fraction 15 which had 

an NaCl concentration of 0.2 M. Table 3.1 shows the amount of SMT activity per total 

protein throughout the partial purification. 

Assay Conditions 

Much of the kinetic characterizations discussed latter in this study were done 

under steady state conditions. Experiments had to be performed to test the effect of time, 

temperature, pH, and enzyme concentration on the steady state parameters. Time course 

studies of SMT showed the rate of C-methylation to be linear for up to 2 hours from the 

start of the reaction (Figure 3.4). A time period of 45 minutes was chosen for kinetic 

assays because it rested within the linear range. Activity of SMT was measured at 

temperatures ranging from 15''C to 42^C (Figure 3.5). The activity was highest at 35°C, 

so this temperature was chosen for the kinetic studies. A pH range study using phosphate 
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buffer at various pH values found SMT to be active between the pH values of 6 to 8 with 

pH 7.5 having the highest activity (Figure 3.6). It was determined that the kinetic assays 

should be ran at a pH of 7.5, which close the physiological pH of G. max. The effect of 

SMT concentration was considered by measuring the initial rate of product accumulation 

versus the amount of SMT in each 0.6 mL assay. Data from this experiment showed the 

initial rate to increase lineariy when 0.025 to 0.15 mg of SMT was added per assay 

(Figure 3.7). From these experiments it was determined that steady state assay should 

contain approximately 0.1 mg of SMT and be ran for 45 minutes at a pH of 7.5 and 

temperature of 35°C. 

Analysis of Substrate Specificity 

Product distribution studies of SMT, discussed in Chapter IV, reveled that SMT 

was capable of catalyzing both the first and second C-methylations (Figure 3.8). In order 

to understand the structural requirements of the sterol substrate for SMT, SMT was 

assayed against 18 different sterols under steady-state conditions (Figure 3.9). These 

sterols tested the necessity of the 3-p-hydroxyl group, methyl groups present at C-4 and 

C-14, nuclear double bond position, 9,19 cyclopropyl group, presence and location of the 

double bond in the side chain, and a 24(28)-methylene group. The Km and Vmax values 

were determined for sterols that under went C-methylation using nonlinear regression 

plots of initial rate versus sterol concentration while holding AdoMet at a constant 

saturating concentration (Table 3.2) based on a simple polynomial equation, the 

Michaelis-Menton equation and the Adair equation. 

The plots of initial rate compared to substrate concentration are shown for the 

preferred substrates of the first and second C-methylation (Figures 3.10, 3.11, 3.12 and 

3.13). Michaelis-Menton plots were used to calculate the apparent Km and Vmax values. 

The plots for sterol for the both C-methylations and the plot for AdoMet for the first C-

methylation displayed sigmoidal behavior, alluding that cooperative behavior is present 

in SMT action. Hill plots displayed linear behavior yielding Hill values of approximately 

2. This suggests that two binding sites are active during catalysis fitting with affinity 

labeling studies using SMT from S. cerevisiae and [3- H]26,27-dehydrozymosterol 
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which showed a ratio of 2 to 1 for sterol substrate to SMT enzyme (Nes and Marshall, 

1999). Analysis of sigmoidal plots yielded two Km values for the corresponding 

substrates. The lower Km values could possible correspond to a T state (taunt, sites 

unoccupied) while the higher values could be assigned to a R state (relaxed, sites 

occupied). Cycloartenol had Km values of 20 and 65 |LiM and a Vmax value of 680 

pmol/min/mg SMT, while 24(28)-methylene-lophenol displayed Km values of 50 and 100 

jiM and a Vmax value of 50 pmol/min/mg SMT. AdoMet had Km values of 25 and 60 |iM 

for the first C-methylation and a Vmax value of 225 pmol/min/mg SMT. When the initial 

rate for the second C-methylation is examined with respect to AdoMet concentration, a 

more hyperbolic curve is generated, yielding a single Km value of 60 |LtM a Vmax value of 

18 pmol/min/mg SMT. The change in the nature of AdoMet kinetics for the first and 

second C-methylations suggests SMT never reaches the T state for the second methyl 

transfer reaction and that the nature of the sterol substrate effects AdoMet kinetics. 

Structural Requirements of the Nucleus 

SMT was found to lack a high degree of specificity for changes in the nuclear 

structure of the sterol substrate. Cycloartenol, structure 1, was found to be the preferred 

substrate as expected. However, sterols with different degrees of substitution at C-4 and 

C-14, structures 7, 13, and 16, were also metabolized by SMT with high efficiency. 

Metabolism of structures 6, and 7 showed sterols with a double bond in the Â ^̂^ position 

to also be adequate substrates of SMT. Parkeol, structure 16, which has a double bound 

in the Â ^̂ ^̂  position, also underwent C-methylation. The preferred sterol substrate of the 

second C-methylation, 24(28)-methylene-lophenol, structure 14 possesses a A''̂ ^^ double 

bond. The only variation of double bond position that proved to be detrimental to 

substrate conversion was the Â  double bond of desmosterol, structure 8. 

The 3-p-hydroxyl group of the sterol has been found to be important for substrate 

recognition by various sterol biosynthesis enzymes (Belamine et al., 2000; Nes, Janssen, 

and Bergenstahle, 1991). The inability of 3-desoxy-cycloartenol to undergo C-

methylation confirms the necessity of the hydroxyl group at C-3 for C-methylase action. 
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Side-chain Structure 

Three important features of the side-chain of the sterol, the stereochemistry at C-

20, the presence of the A"'̂ *̂ '̂ ^ double bond, and methyl substitution at C-24, substrate 

were tested. Euphol, structure 17, has the opposite stereochemistry about C-20 as 

cycloartenol. This sterol did not undergo C-methylation, proving the importance of the 

R-configuration about C-20. Cycloartanol, structure 3, lacks the Â"̂^̂^̂  double bond, and 

did not undergo conversion. The Â '̂ ^̂ ''̂  double bond is needed as an electrophile during 

the C-methylase reaction. Sterols having a 24-methyl or 24(28)-methylene group, 

structures 4, 5, 9, 10, 11, 12, 14, and 18, were found to harmful to SMT activity. A 

methyl group at C-24 would produce steric interference to the in coming methyl from 

AdoMet. The 24(28)-methylene group presents a side-chain double bond in a less 

favored position of methyl attack by AdoMet. 

Structural Requirements for the Second Alkylation 

Seven sterols with a 24(28)-methylene structure, 4, 5, 9, 10, 12, 14, and 18, 

structures were analyzed for C-methylase activity. The structural restrictions for the 

second C-methylation proved to be more highly regulated than substrates for the first C-

methylation. 24(28)-Methylene-lophenol was shown to be the preferred substrate for the 

second methyl transfer. Any variations to this structure reduced the amount of 

conversion. 
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Figure 3.1. SDS-PAGE of a fraction eluted from a Q-sepharose column (1) and 
radioflourogram of SMT labeled with [3H]-DHC (2). Std denotes 
location of molecular weight standards in kDa (Promega), 1 is a 300 
mg aliquot of from a 60 mg of total protein fraction eluted from Q-
sepharose ion-exchange column with 0.2 M NaCl and showing the 
highest SMT activity loaded on a 12% SDS-PAGE gel which was 
subjected to 150 V for 1 hour and stained with Coomassie blue. 2 is 
an x-ray film of the cellular homogenate from BL21 (DE3) cells 
expressing SMT radiolabeled with the SMT mechanism based 
inhibitor [^H]-26,27-dehydrocycloartenol and run on a 12 % SDS-
PAGE gel. 

Table 3.1. Partial purification of SMT. 

Protein Source 

Cell Homogenate 
10,000 x g, pellet 
10,000 x g, supernatant 
100,000 x g, pellet 
100,000 X g, supernatant 
Q-sepharose elutant^ 

mgSMT 

140 
10 

129 
62 
66 
30 

% Recovery' 

100 
7 

92 
44 
47 
21 

SMT activity 
Per Total Protein 

3.1 pmol/min/mg 
2.9 pmol/min/mg 
3.3 pmol/min/mg 
3.5 pmol/min/mg 
3.6 pmol/min/mg 
6.2 pmol/min/mg 

1- % Recovery based on total protein in fraction. 
2- Corresponds to fraction 15 which displayed the highest SMT activity. 
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Figure 3.2. GLC profile of the sterol composition of control erg6 cells lacking 
recombinant SMT (A) and functionally complemented with soybean 
SMT DNA (B). 
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Figure 3.3. Chromatogram of recombinant SMT eluted from a gel filtration 
colunm. The Y-axis on the left side of the chromatogram denotes the 
amount of enzyme generated 24-methylated product (DPM) 
corresponding to each fraction incubated with t^Hl-AdoMet and 
cycloartenol. The Y-axis on the right side of the chromatogram 
denotes protein molecular weight established using a log scale. 1-
670.0 kDa molecular weight marker, 2- 158.0 kDa molecular weight 
marker, 3- 44.0 kDa molecular weight marker, 4- 17.0 kDa molecular 
weight marker, and 5- 1.35 kDa molecular weight marker. 
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Figure 3.4. 24-Methylated sterol product formation over time. Assays were 
performed at 35°C and pH 7.5 with 0.1 mg of SMT and saturating 
amounts of AdoMet and cycloartenol. 
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Figure 3.5. SMT activity at over a range of temperatures. Assays were 
performed at pH 7.5 for 45 minutes with 0.1 mg of SMT and 
saturating amounts of AdoMet and cycloartenol. 
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Figure 3.6. SMT activity over a pH range. Assays were performed at 35°C for 45 
minutes with 0. Img of SMT and saturating amounts of AdoMet and 
cycloartenol. 
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Figure 3.7. SMT activity with increasing enzyme concentration. 
Assays were performed at pH 7.5 and 35°C for 45 minutes with 
saturating amounts of AdoMet and cycloartenol. 
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Figure 3.8. GLC profile of the enzyme generated NSF from BL21 (DE3) cellular 
homogenate harboring SMT A- assayed with cycloartenol and B-
24(28)-methylene-cycloartanol. 
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Figure 3.9. Structures of sterol substrates assayed against SMT. 
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Table 3.2. Sterol substrates assayed against SMT. 

Stmcture 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

Name 

Cycloartenol 

3-desoxy-cycloartenol 

Cycloartanol 

24-methylene-cycloartenol 

24-methyl-cycloartanol 

Lanosterol 

Zymosterol 

Desmosterol 

24-methylene-cholesterol 

Fecosterol 
24-methylcholesta-5,23-

dienol 

Obtusifoliol 

31 -NOR-cycloartenol 

24-methylene-lophenol 

Parkeol 

dehydropollenstanol 

Euphol 

% Activity compared 

with cycloartenol 

100 

0 
0 
5 
0 
95 
90 
20 
3 
2 

0 
0 
95 
10 
90 
90 
0 

Km 
app 

20 

NA 

NA 

12 

NA 

27 

35 

NA 

NA 

NA 

NA 

NA 

32 

50 

43 

45 

NA 

'max 
app 

680 

NA 

NA 

14 

NA 

395 

498 

NA 

NA 

NA 

NA 

NA 

520 

60 

375 

426 

NA 

» max' 

" • m a p p 

34 

NA 

NA 

1.16 

NA 

15.9 

14.24 

NA 

NA 

NA 

NA 

NA 

16.25 

1.2 

8.72 

9.47 

NA 
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Figure 3.10. The effects of cycloartenol concentration on SMT activity. Effects 
on SMT activity are shown by a Hill plot (A) and a Michaelis-
Menton plot (B) showing the effect of cycloartenol binding on SMT 
activity. Approximately 0.1 mg of SMT enzyme was incubated at 
35°C with increasing concentrations of cycloartenol (0, 20, 25, 30, 
40, 50, 55, 60, 65, 70, 75, 80, 90, 120 and 160 |iM) and 100 îM of 
AdoMet. A best-fit line was generated using a statistical polynomial 
non-linear regression. The dashed line in A represents a slope of 1. 
Each point represents the average of three similar assays. 
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Figure 3.11. The effects of 24(28)-methylene-lophenol concentration on SMT 
activity. Effects on SMT activity are shown by a Hill plot (A) and a 
Michaelis-Menton plot (B) showing the effect of cycloartenol 
binding on SMT activity. Approximately 0.1 mg of SMT enzyme 
was incubated at 35°C with increasing concentrations of 24(28)-
methylene-lophenol (0, 20, 30, 40, 50, 60, 70, 80, 90, 100, 120, 130, 
140, 150, 170 and 180 ^M) and 100 |iM of AdoMet. A best-fit line 
was generated using a statistical polynomial non-linear regression. 
The dashed line in A represents a slope of 1. Each point represents 
the average of three similar assays. 
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Figure 3.12. The effects of AdoMet concentration on SMT activity. Effects on 
SMT activity are shown by a Hill plot (A) and a Michaelis-Menton 
plot (B) showing the effect of cycloartenol binding on SMT activity. 
Approximately 0.1 mg of SMT enzyme was incubated at 35°C with 
increasing concentrations of AdoMet (0, 10, 20, 25, 30, 35, 40, 50, 
75, and 100 |LiM) and 100 |LiM of cycloartenol. A best-fit line was 
generated using a statistical polynomial non-linear regression. The 
dashed line in A represents a slope of 1. Each point represents the 
average of three similar assays. 
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Figure 3.13. The effects of AdoMet concentration on SMT activity. Effects on 
SMT activity are shown by a Hill plot (A) and a Michaelis-Menton 
plot (B) showing the effect of cycloartenol binding on SMT activity. 
Approximately 0.1 mg of SMT enzyme was incubated at 35°C with 
increasing concentrations of AdoMet (0. 10, 20, 30, 40, 50, 60, 80, 
90, 100, 120, and 140 |LiM) and 100 [iM of24(28)-methylene-
lophenol. A best-fit line was generated using a statistical polynomial 
non-linear regression. The dashed line in A represents a slope of 1. 
Each point represents the average of three similar assays. 
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CHAPTER rV 

STEREOCHEMISTRY OF CATALYSIS 

Product Distribution 

The structures of the products of the first and second C-methylation were 

determined by preparative scale-incubations followed by analysis by GC/MS and ' H 

NMR after purification of each sterol by HPLC. A preparative assay containing 500 |Lig 

of cycloartenol at 100 jiM was carried out for 15 hours at 35''C. The assay was 

saponified and extracted three times with equal volume hexane. The resulting 

nonsaponible fraction or NSF was purified using HPLC techniques. 200 |ig of final 

product was analyzed by GC/MS and 'H NMR. The first C-methylation yielded a single 

24(28)-methylene product (GLC, RRTc 1.87; MS, M+ 440, 425, 422, 407, 379, 353, 341, 

315, 300, 285, 259, 245, 229; 'H NMR, H-18, 0.968 (s), H-19, 0.334 and 0.554 (d), H-

21, 0.899 (s), H-25, 2.245 (m), H-26, 1.026 (d), H-27, 1.031(d), H-30, 0.968 (s), H-31, 

0.811 (s), H-3, 3.286 (m), and H28 4.716 and 4.665 (d)) with no other products 

observable by GLC/MS (Figures 4.1 and 4.2). 

To study the product distribution of the second C-methylation, SMT was 

incubated with 5 mg of 24(28)-methylene-lophenol, 10 mg of 24(28)-methylene-

cycloartanol, and 1 mg of 24(28)-methylene-lanosterol. The preparative assays were 

saponified and extracted three times with equal volume hexane. The resulting 

nonsaponible fraction or NSF was purified using HPLC techniques yielding final product 

amounts of 150 [Ltg of sterol from the 24(28)-methylene-lophenol assay, 200 pg of sterol 

from the 24(28)-methylene-cycloartanol assay and 30 pg of sterol from the 24(28)-

methylene-lanosterol assay. All three incubations yielded three sterol products. The 

24(28)-methylene-lophenol assay was found to produce 24(28)-Z-ethylene-lophenol 

(GLC, RRTc 2.12; MS, M+ 426, 411, 393, 379, 355, 328, 313, 299, 285, 269, 245, 227; 

' H NMR, H-18, 0.538 (s), H-19, 0.828 (s), H-21, 0.957 (s), H-25, 2.811 (m), H-26 and 

H-27, 0.976 (s), H-29, 1.598 (s) H-30, 0.984 (s), H-3, 3.126 (m.), H-7, 5.194 (d) and H28 

5.115 (m)), 24(28)-E-ethylene-lophenol (GLC, RRTc 2.08; MS, M+ 426,411, 393, 379, 

355, 328, 313, 299, 285, 269, 245, 227; Ĥ NMR, H-18, 0.538 (s), H-19, 0.828 (s), H-21, 
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0.957 (s), H-25, 2.196 (m), H-26 and H-27, 0.976 (s), H-29, 1.567 (s) H-30, 0.984 (s), H-

3, 3.126 (m), H-7, 5.194 (d) and H-28 5.115 (m)) and 24-b-ethyl-25(27)-ene-lophenol 

(GLC, RRTc 2.04; MS, M+ 426, 411, 393, 379, 357, 343, 328, 313, 299, 285, 269, 245, 

227; ' H NMR, H-18, 0.538 (s), H-19, 0.828 (s), H-21, 0.978 (s), H-26, 0.976 (s), H-29, 

0.796 (s) H-30, 0.984 (s), H-3, 3.126 (m), H-7, 5.194 (d) and H-27, 4.718 and 4.632 (d)) 

in a ratio of 3:1:2 (Figure 4.3, 4.4, and 4.5). 

The 24(28)-methylene-cycloartanol assay was found to produce 24(28)-Z-

ethylene-cycloartenol (GLC, RRTc 2.47; MS, M+ 454, 439, 421, 393, 355, 341, 323, 

281; ' H NMR, H-18, 0.538 (s), H-19, 0.556 and 0.333 (d), H-21, 0.896 (s), H-25, 2.834 

(m), H-26, 0.982, H-27, 0.987 (s), H-29, 1.584 (s) H-30, 0.984 (s), H-31, 0.811 (s), H-32, 

0.901 (s), H-3, 3.126 (m), and H28 5.113 (m)), 24(28)-E-ethylene-cycloartanol (GLC, 

RRTc 2.43; MS, MS, M+ 454, 439, 421, 393, 355, 341, 323, 281; Ĥ NMR, H18, 0.538 

(s), H-19, 0.556 and 0.333 (d), H-21, 0.896 (s), H-25, 2.358 (m), H-26, 0.982, H-27, 

0.987 (s), H-29, 1.570 (s) H-30, 0.984 (s), H-31, 0.811, H-32, 0.901, H-3, 3.126 (m), and 

H-28 5.185 (m)) and 24-P-ethyl-25(27)-ene-cycloartenol (GLC, RRTc 2.39; MS, M-i-

454, 439, 421, 393, 355, 341, 323, 281; 'H NMR, H-18, 0.538 (s), H-19, 0.556 and 0.333 

(d), H-21, 0.896 (s), H-26, 1.568 (s), H-29, 0.804 (t) H-30, 0.984 (s), H-3, 3.126 (m), and 

H-27, 4.731 and 4.647 (d)) in a ratio of 3:1:2 (Figure 4.6, 4.7, and 4.8). 

The 24(28)-methylene-lanosterol assay was found to produce 24(28)-Z-ethylene-

lanosterol (GLC, RRTc 2.47; MS, M+ 454, 439, 421, 393, 367, 355, 341, 323, 281, 253, 

227), 24(28)-E-ethylene-lanosterol (GLC, RRTc 2.43; MS, M+ 454, 439, 421, 393, 367, 

355, 341, 323, 281, 253, 227) and 24-p-ethyl-25(27)-ene-lanosterol (GLC, RRTc 2.39; 

MS, M+ 454, 439, 421, 393, 367, 355, 341, 323, 281, 253, 227) in a 3:1:2 ratio (Figure 

4.9). 

C-methylation Utilizing Isotopically Labeled Substrates 

Isotopically labeled substrates were used to determine the stereochemistry of the 

C-methylation reaction and study the H-24 to C-25 hydride shift. By labeling the sterol 
1 ^ 

substrate at C-26 and C-27 with C, these two atoms will no longer appear equivalent on 
13 C NMR and the stereochemistry at C-25 can be distinguished. When methyl addition 

57 



occurs from the Si-face, the product should adopt the 25-R conformation. However, if C-

methylation occurs on the Re-face, C-25 should hold an 25-S conformation. 

SMT was incubated with 10 mg of 27-'-^C-lanosterol, 12 mg of 27-'-''C-

cycloartenol and 2 mg of [1, 7, 15, 22, 26, 30-'^C6l-cycloartenol, provided by WenXu 

Zhou (Nes and Zhou, 2000.). The preparative assays were saponified and extracted three 

times with equal volume hexane. The resulting nonsaponible fraction or NSF was 

purified using HPLC techniques yielding final product amounts of 4 mg from the 27-'^C-

lanosterol incubation, 5 mg from the 27-'^C-cycloartenol incubation and 750 pg from the 

[1,7, 15, 22, 26, 30- C^]- C-cycloartenol incubation. The products were analyzed by 

GLC/MS, *H NMR and '̂ C NMR. It was determined that the stereochemistry at C25 of 

27-'^C-24(28)-methylene-lanosterol (GLC, RRTc 1.88; MS, M-i- 441, 426, 408, 393, 365, 

323, 286, 259, 241; ' H NMR, H-18, 0.688 (s), H-19, 0.996(s), H-21, 0.918 (d), H-26, 

1.024 (d), H-27, 1.017 (d), H-30, 0.977 (s), H-31, 0.806, H-32 0.977 (s), H-3, 3.225 (m), 

and H-28 4.683 (d); '^C NMR; C-20, 36.46, C-21, 18.68, C-22, 18.68, C-23, 31.25, C-24, 

156.90, C-25, 33.78, C-26, 21.84, C-27, 21.97, C-28 105.84) was in the pro-R 

conformation (Figures 4.10 and 4.13). The 27-'^C-24(28)-methylene-cycloartanol (GLC, 

RRTc 1.87; MS, M+ 441, 426, 423, 408, 380, 354, 341, 315, 301, 286, 259, 245, 229; ' H 

NMR, H-18, 0.968 (s), H-19, 0.334 and 0.554 (d), H-21, 0.899 (d), H-25, 2.245 (m), H-

26, 1.026 (d), H-27, 1.031 (d), H-30, 0.968 (s), H-31, 0.811 (s), H-32 0.999 (s), H-3, 

3.286 (m), and H-28 4.665 and 4.716 (d); ^̂ C NMR; C-20, 36.110, C-21, 18.024, C-22, 

35.530, C-23, 31.952, C-24, 156.934, C-25, 33.791, C-26, 21.860, C-27, 21.992, C-28 

105.904) was also found to be in the pro-R conformation (Figures 4.12 and 4.13). [1, 7, 

15, 22, 26, 30-'^C6l-'^C-24(28)-methylene-cycloartanol (GLC, RRTc 1.87; MS, M+ 441, 

426, 423, 408, 380, 355, 341, 315, 301, 286, 259, 245, 229; '''C NMR; C-20, 36.110, C-

21, 18.024, C-22, 35.530, C-23, 31.952, C-24, 156.934, C-25, 33.791, C-26, 21.860, C-

27, 21.992, C-28 105.904) product was determined to maintain the pro-S conformation at 

C25 (Figures 4.11 and 4.13). 

The H24 to C-25 hydride shift was studied by incubating SMT with AdoMet and 

12 mg of 24-deutero-cycloartenol. The incubation was saponified and extracted as 

described above, resulting in 5 mg of 25-deutero-24(28)-methylene-cycloartanol product 
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(GLC, RRTc 1.87; MS, M-h 441, 426, 423, 408, 380, 354, 341, 315, 301, 286, 259, 245, 

229; ' H NMR, H-18, 0.968 (s), H-19, 0.334 and 0.554 (d), H-21, 0.899 (d), H-26, 1.026 

(d), H-27, 1.031 (d), H-30, 0.968 (s). H-31, 0.811 (s), H-32 0.999 (s), H-3. 3.286 (m), and 

H-28 4.665 and 4.716 (d) (Figure 4.14 and 4.15). The signal for H-25 at 2.245 

disappeared as a result of D-24 in the substrate shifting to C25 in the product. The 25-

deutero-24(28)-methylene-cycloartanol product was in tum was used in a preparative 

assay with SMT to further study the second C-methylation. The assay was saponified 

and extracted as described above, resulting in 0.075 mg of 25-deutero-24(28)-Z-ethylene-

cycloartenol product (GLC, RRTc 2.47; MS, M+ 455, 440, 422, 394, 354, 341, 323, 281, 

' H NMR, H-18, 0.538 (s), H-19, 0.556 and 0.333 (d), H-21, 0.896 (s), H-26, 0.982, H-27, 

0.987 (s), H-29, 1.584 (s) H-30, 0.984 (s), H-3L 0.811 (s), H-32, 0.901 (s), H-3, 3.126 

(m), and H-28 5.113 (m)), 0.025 mg of 25-deutero-24(28)-E-ethylene-cycloartenol 

product (GLC, RRTc 2.43; MS, M+ 455, 440, 422, 394, 354, 341, 323, 281, 'H NMR, H-

18, 0.538 (s), H-19, 0.556 and 0.333 (d), H-21, 0.896 (s), H-26, 0.982, H-27, 0.987 (s), 

H-29, 1.570 (s) H-30, 0.984 (s), H-31, 0.811 (s), H-32, 0.901 (s), H-3, 3.126 (m), and H-

28 5.185 (m)) and 0.03 mg of 24-deutero-24-p-ethyl-25(27)-ene-cycloartenol (GLC, 

RRTc 2.39; MS, M+ 455, 440, 422, 394, 354, 341, 323, 281) (Figure 4.14 and 4.15). The 

signal for H26 and H27 for 25-deutero-24(28)-Z-ethylene-cycloartenol and 25-deutero-

24(28)-E-ethylene-cycloartenol collapsed into a single duplet, and the signals for H-25 

on the two products disappeared signifying the deuterium remained at C-25. The limited 

amount of the 24-deutero-24-p-ethyl-25(27)-ene-cycloartenol product prevented study by 

'H NMR. However, the MS of this compound revealed the deuterium atom remained on 

the sterol. The formation of the 25(27) double bond would require the deuterium atom to 

shift away from C-25. We hypothesize that this shift matches that described during the 

conversion of cycloartenol to 24-p-methyl-25(27)-ene-cycloartenol by SMT from 

Prototheca wickerhamii (Mangla and Nes, 20(X)). 

Stereospecific Inhibition of SMT Activity 

24-a-Methyl-cycloartanol and 24-p-methyl-cycloartanol were tested for 

inhibitory effects of SMT activity. As the side chain of these two sterols rotate to fit into 
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the active site of SMT, the 24-a-methyl group will point into what would be the Si-face 

of the side-chain double bond in cycloartenol while a 24-p-methyl would protrude into 

the Re-face. The position AdoMet should cause steric interference to bind of one of 

these sterols while having no effect on the other based on the direction of methyl attack 

on the sterol. If the attack comes from the Re-face as predicted in the "X-group" model 

of catalysis, 24-a-methyl cycloartanol should bind competitively with cycloartenol, and 

24-p-methyl-cycloartanol will be unable to fit into the active site. However, if the 

direction of C-methylation is from the Si-face as predicted in the steric-electric plug 

model, the 24-P-methyl group would be allowed to position itself in the space where the 

H-4 to C-25 hydride shift occurs and 24-a-methyl-cycloartanol will be unable to bind to 

the enzyme. 

The initial rates of C-methylation were studied in the presence of varying 

amounts of cycloartenol and either 24-a-methyl-cycloartanol or 24-P-methyl-

cycloartanol. 24-a-Methyl-cycloartanol failed to inhibit SMT action. 24-p-Methyl-

cycloartanol was found to be a competitive inhibitor of SMT with respect to the sterol 

substrate. This suggests that the methyl group from AdoMet attacks from the 5'/-face of 

the Â"*̂^̂^ double bond of cycloartenol. 
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Figure 4.1. Chromatographic and spectral analysis of a cell free incubation 
containing cycloartenol, AdoMet, and SMT. Capillary GLC 
chromatogram (Top). Corresponding mass spectra of peaks 
identified on GLC (Bottom): mass spectrum of cycloartenol (A), 
mass spectrum of the C-methylated sterol product (B). Incubations 
were performed with 0.5 mg of cycloartenol and 0.5 mg AdoMet at 
saturating concentrations. Sterol and coenzyme were added to 5.0 
mg of total protein as described in the text. 
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Figure 4.2. 'H NMR spectral analysis of the C-methylation product of the 
incubation of recombinant SMT with cycloartenol and AdoMet. The 
field strength was set to 500 MHz. Incubations were performed with 
0.5 mg of cycloartenol and 0.5 mg AdoMet at saturating 
concentrations. Sterol and coenzyme were added to 5.0 mg of total 
protein as described in the text. 
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Figure 4.3. Chromatographic and spectral analysis of a cell free incubation 
containing 24(28)-methylene-lophenol, AdoMet, and SMT. 
Capillary GLC chromatogram (Top). Corresponding mass spectra of 
peaks identified on GLC (Bottom): mass spectrum of 24(28)-
methylene-lophenol (A), mass spectrum of the C-methylated sterol 
product (B,C and D). Incubations were performed with 5 mg of 
24(28)-methylene-lophenol and 5 mg AdoMet at saturating 
concentrations. Sterol and coenzyme were added to 25 mg of total 
protein as described in the text. 
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Figure 4.4. H NMR spectral analysis of the C-methylation products of the 
incubation of recombinant SMT with 24(28)-methylene-lophenol and 
AdoMet. The field strength was set to 300 MHz. Incubations were 
performed with 5 mg of 24(28)-methylene-lophenol and 5 mg 
AdoMet at saturating concentrations. Sterol and coenzyme were 
added to 25 mg of total protein as described in the text. 
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Figure 4.5. Ĥ NMR spectral analysis of the E and Z C-methylation product 
isomers from the incubation recombinant SMT with 24(28)-
methylene-lophenol and AdoMet. The field strength was set to 500 
MHz. Incubations were performed with 5 mg of 24(28)-methylene-
lophenol and 5 mg AdoMet at saturating concentrations. Sterol and 
coenzyme were added to 25 mg of total protein as described in the 
text. 
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Figure 4.6. Chromatographic and spectral analysis of a cell free incubation 
containing 24(28)-methylene-cycloartanol, AdoMet, and SMT. 
Capillary GLC chromatogram (Top). Corresponding mass spectra of 
peaks identified on GLC (Bottom): mass spectrum of 24(28)-
methylene-cycloartanol (A), mass spectrum of the C-methylated 
sterol product (B,C and D). Incubations were performed with 10 mg 
of 24(28)-methylene-cycloartanol and 10 mg AdoMet at saturating 
concentrations. Sterol and coenzyme were added to 50 mg of total 
protein as described in the text. 
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Figure 4.7. 'H NMR spectral analysis of the E and Z C-methylation product 
isomers from the incubation recombinant SMT with 24(28)-
methylene-cycloartanol and AdoMet. An expanded view of the 
methyl region of the Ĥ NMR spectrum is shown (Insert). The field 
strength was set to 500 MHz. Incubations were performed with 10 
mg of 24(28)-methylene-cycloartanol and 10 mg AdoMet at 
saturating concentrations. Sterol and coenzyme were added to 50 mg 
of total protein as described in the text. 
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Figure 4.8. 'H NMR spectral analysis of the 24-p-ethyl-25(27)-ene-cycloartanol 
C-methylation product isomers from the incubation recombinant 
SMT with 24(28)-methylene-cycloartanol and AdoMet. The field 
strength was set to 5(X) MHz. Incubations were performed with 10 
mg of 24(28)-methylene-cycloartanol and 10 mg AdoMet at 
saturating concentrations. Sterol and coenzyme were added to 50 mg 
of total protein as described in the text. 
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Figure 4.9. Chromatographic and spectral analysis of a cell free incubation 
containing 24(28)-methylene-lanosterol, AdoMet, and SMT. 
Capillary GLC chromatogram (Top). Corresponding mass spectra of 
peaks identified on GLC (Bottom): mass spectrum of 24(28)-
methylene-lanosterol (A), mass spectrum of the C-methylated sterol 
product (A, B, and C). Incubations were performed with 1 mg of 
24(28)-methylene-lanosterol and 1 mg AdoMet at saturating 
concentrations. Sterol and coenzyme were added to 5.0 mg of total 
protein as described in the text. 
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Figure 4.10. Chromatographic and spectral analysis of a cell free incubation 
containing t27-'^Cl-lanosterol, AdoMet, and SMT. Capillary GLC 
chromatogram (Top). Corresponding mass spectra of peaks 
identified on GLC (Bottom): mass spectrum of cycloartenol (A), 
mass spectrum of the C-methylated sterol product (B). Incubations 
were performed with 10 mg of 127- C]-lanosterol and 10 mg 
AdoMet at saturating concentrations. Sterol and coenzyme were 
added to 50 mg of total protein as described in the text. 
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Figure 4.11. Chromatographic and spectral analysis of a cell free incubation 
containing 11,7, 15, 22, 26, 30-'^C6]-cycloartenol, AdoMet, and 
SMT. Capillary GLC chromatogram (Top). Corresponding mass 
spectra of peaks identified on GLC (Bottom): mass spectrum of 
cycloartenol (A), mass spectrum of the C-methylated sterol product 
(B). Incubations were performed with 2 mg of [1, 7, 15, 22, 26, 30-
'^Ce]-cycloartenol and 2 mg AdoMet at saturating concentrations. 
Sterol and coenzyme were added to 10 mg of total protein as 
described in the text.] 
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Figure 4.12. 'H NMR spectral analysis of the C-methylation product of the 
incubation of recombinant SMT with cycloartenol (Top) and 127-
'̂ C]-cycloartenol (Bottom) and AdoMet with the olefin regions 
shown for both compounds (Inserts). The field strength was set to 
500 MHz. Incubations were performed with 10 mg of [27- C]-
cycloartenol and 10 mg AdoMet at saturating concentrations. Sterol 
and coenzyme were added to 50 mg of total protein as described in 
the text. 
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13 
Figure 4.13. C NMR spectral analysis of the C-methylation products of the 

13, incubations of recombinant SMT with C labeled substrates The 
13/ spectrum of [1, 7, 15, 22, 26, 30-'X6]-24(28)-methylene-

13/ cycloartanol (A), the spectrum of [27- C]-24(28)-methylene-
13/ cycloartanol (B) and spectra of [27- C]-24(28)-methylene-

lanosterol (C). The field strength was set at 125 MHz. Incubations 
13/ were performed with 10 mg of [27- C]-cycloartenol and 10 mg of 

[27- C]-lanosterol with equal amounts of AdoMet as described in 
the text. 
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Figure 4.14. H NMR spectral analysis of the C-methylation product of the 
incubation of recombinant SMT with cycloartenol (Top) and 24-
deutero-cycloartenol (Bottom) and AdoMet with the olefin region 
shown for both compounds (Inserts). The field strength was set to 
500 MHz. Incubations were performed with 10 mg of 24-deutero-
cycloartenol and 10 mg AdoMet at saturating concentrations. Sterol 
and coenzyme were added to 50 mg of total protein as described in 
the text. 
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Figure 4.15. Chromatographic and spectral analysis of a cell free incubation 
containing 25-deutero-24(28)-methylene-cycloartanol, AdoMet, and 
SMT. Capillary GLC chromatogram (Top). Corresponding mass 
spectra of peaks identified on GLC (Bottom): mass spectrum of 25-
deutero-24(28)-methylene-cycloartanol (A), mass spectrum of the C-
methylated sterol product (A, B, and C). Incubations were performed 
with 1 mg of 25-deutero-24(28)-methylene-cycloartanol and 1 mg 
AdoMet at saturating concentrations. Sterol and coenzyme were 
added to 5.0 mg of total protein as described in the text. 
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'H NMR spectral analysis of the E and Z C-methylation product 
isomers from the incubation recombinant SMT with 25-deutero-
24(28)-methylene-cycloartanol and AdoMet. An expanded view of 
the methyl region of the 'H NMR spectrum is shown (Insert). The 
field strength was set to 500 MHz. Incubations were performed 
with 5 mg of 25deutero-24(28)-methylene-cycloartanol and 5 mg 
AdoMet at saturating concentrations. Sterol and coenzyme were 
added to 25 mg of total protein as described in the text. 
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CHAPTER V 

KINETIC MECHANISM OF SMT ACTION 

Binding Order 

The results of the product distribution studies of SMT raised the important 

question of why no ethyl product is observed in assays containing cycloartenol. One 

would theorize that since a 24(28)-methylene-sterol can bind to SMT and be converted to 

the ethylated product, the product of cycloartenol undergoing C-methylation would bind 

to SMT and be metabolized. Binding affinity differences between cycloartenol and 24-

methylene-cycloartenol alone cannot answer this question. Binding order must have an 

effect on the conformation of the SMT enzyme regulating which substrate is metabolized 

in a solution containing both cycloartenol and 24-methylene-cycloartenol. Therefore 

establishing the binding order and kinetic mechanism of SMT becomes vital to 

understand the C-methylation reaction. 

Bi-Substrate Analysis 

Bi-substrate analysis was carried out to help determine if the kinetic mechanism 

of SMT followed a "ping-pong," sequential, or equilibrium-ordered patterns. The C-

methylation reaction utilizes two substrates, sterol and AdoMet, and has two products, 

24-methylated-sterol and demethylated AdoMet. Various C-methylation reactions 

involve enzyme bound intermediates (ping-pong) as well as direct methyl transfer 

(sequential); therefore, it was necessary to perform Bi-substrate analysis of the SMT 

enzyme to try to distinguish between possible mechanisms. Steady state assays were 

carried out containing varied amounts of cycloartenol and AdoMet. The results were 

plotted on a double reciprocal plot based on the best nonlinear least squares fit. When 

the data was fitted to a double reciprocal plot with the x-axis derived from cycloartenol 

concentration (Figure 5.1) a clear pattern of intersecting lines on the 1/v axis was 

observed. In contrast, when AdoMet concentration was used to establish the x-axis 

(Figure 5.2) the lines intersected in quadrant II of the Cartesian plain. This data gives 

evidence for the formation of a ternary complex between cycloartenol, AdoMet, and 
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SMT before catalysis can take place. The difference in the intersection points between 

the two plots suggests that the binding affinities of cycloartenol and AdoMet to SMT are 

different. This data best fits a simple sequential mechanism. 

Product Inhibition 

While the Bi-substrate analysis clear shows the necessity for a ternary complex 

between both substrates and the enzyme, the order of substrate binding and product 

release could not be determined from the Bi-substrate analysis alone. In an effort to 

further establish the kinetic mechanism of SMT, product inhibition experiments using 

24(28)-methylene-cycloartanol and AdoHcy were performed. 

Initial velocities for SMT were determined as a function of varying AdoHcy and 

[ H] AdoMet or cycloartenol while holding the other substrate constant. The data from 

these experiments was fitted to double reciprocal plots of the appropriate equations. This 

yield two separate plots, one with AdoMet held constant (Figure 5.3) and one with 

cycloartenol held constant (Figure 5.4). In both cases, a noncompetitive pattern was 

observed. These results give evidence that AdoHcy binds the neither of the enzyme 

forms that bind cycloartenol or AdoMet. 

Before the product inhibition analysis of 24(28)-methylene-cycloartanol could be 

performed, it was necessary to prove that none of 24(28)-methylene-cycloartanol would 

be converted into product when cycloartenol is present at the concentrations of the 

product inhibition study. Assays containing varying amounts of cycloartenol and 24(28)-

methylene-cycloartanol and constant AdoMet were conducted for 15 hours. The 

products of these assays were analyzed by GC/MS. As predicted no ethylated sterols 

were observed when cycloartenol was present. 

Product inhibition studies of 24(28)-methylene-cycloartanol versus cycloartenol 

in the presence of saturating [̂ H] AdoMet were carried out under steady state conditions. 

The data was fitted to the appropriate equation and plotted on a double reciprocal plot 

(Figure 5.5). The results of this experiment displayed a competitive pattern with lines 

intersecting on the 1/v axis alluding that the sterol substrate and product bind to the 

AdoMete form of the enzyme. 
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Inhibition Studies with Sterol Analogs 

In an effort to further understand the kinetic mechanism and physiological 

regulation of SMT, inhibition studies were conducted with sterol analogs of the proposed 

transition state of the steric-electric plug model of SMT action and various end products 

of sterol biosynthesis (Figure 5.6). Transition state analogs were used to verify the 

proposed kinetic and chemical mechanisms of SMT action. Down regulation by sterol 

biosynthesis end products could help establish the nature of the biosynthetic pathway as 

well as the role of SMT in the pathway. The results of these studies can be seen in Table 

5.1. 

Inhibition by Transition State Analogs 

The inhibition patterns and Ki's of two transition state analogs, 25-aza

cycloartenol and 24,25-epiminolanosterol, were obtained by initial velocity 

measurements of SMT in the presence of varying amounts of the inhibitors and 

substrates. 25-Aza-cycloartenol demonstrated a noncompetitive pattern of inhibition 

towards the both cycloartenol and 24(28)-methylene-lophenol with Ki's of 10 nM and 20 

nM. 24,25-Epiminolanosterol also displayed noncompetitive inhibition towards the 

sterol substrates for the first and second C-methylation with Kj of 12 nM toward both 

substrates. Similar inhibition patterns and Ki's of the first and second C-methylation 

lends proof that both forms of catalysis occur at the AdoMete binding site of SMT. 

24,25-Epiminolanosterol, however, inhibited AdoMet, in a competitive manner 

with a Ki of 15 nM. This data further substantiates the premise that AdoMet and the 

sterol substrate do not bind to the AdoMete form of SMT. Also the form of the enzyme 

binding AdoMet must be closely related to the catalysis step of the kinetic mechanism. 

Further more the amino group of 24,25-epiminolanosterol protrudes into the Re face of 

the reaction center mimicking the H-24 to C-25 hydride shift across the Re face in the 

steric-electric plug model of catalysis. 
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End Product Inhibition 

Several end products of sterol biosynthesis for plants as well as fungi and animals 

were screened for inhibition of SMT activity. The animal end product, cholesterol, and 

the fungal end product, ergosterol, failed to have any effect on SMT activity. The 

inability of the sterols to regulate SMT activity shows a degree of specificity by SMT for 

the end products of the species in which it resides. 

Four plant end products including sitosterol, stigmasterol, campesterol, and 

epicampesterol were tested for inhibition of SMT activity. Only sitosterol displayed a 

competitive inhibition pattern toward the sterol substrates for the first and second C-

methylations with a Ki's of 100 pM and 200 pM proving SMT is subject to down 

regulation by the major end product of the phytosterol biosynthetic pathway. 

Stigmasterol, campesterol, and epicampesterol failed to effect SMT activity. The first C-

methylation step appears to be more sensitive to down regulation giving further evidence 

that this step serves as the rate-limiting step in the pathway. The Â ^̂ ^̂ ^ double bond of 

stigmasterol freezes the conformation of the side chain preventing successful binding to 

SMT. Campesterol and epicampesterol which contain 24-a and 24-p methyl groups 

failed to inhibit SMT activity displaying the need for a 24-ethyl group such as the one in 

sitosterol for SMT down regulation. 

Mechanism Based Inhibition 

A suicide substrate was used to assist the measurement of the subunit molecular 

weight. Nes, Xu, and Parish (1989) first synthesized the 26,27-dehydrocycloartenol. 

When a this substrate undergoes C-methylation, the cyclopropyl group in the side chain 

opens leaving a positive carbocation at C-26, which covalently binds to the enzyme in a 

time dependent manner. 

A time-dependent inactivation kinetic study was used to calculate the Ki and knaa 

for 26,27-dehydrocycloartenol (Figure 5.7). The suicide substrate displayed a 

noncompetitive inhibition pattern towards cycloartenol with a Ki of 1.35 pM as well as 

towards 24(28)-methylene-lophenol with a Ki of 2 pM. A kinact value of 0.0455 min 
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was calculated from the plot of 1/A:app versus 1/inhibitor concentration. The half-life was 

determined to be 10 minutes. 
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Figure 5.1. Bi-substrate analysis of SMT using AdoMet and cycloartenol as 
substrates. A double reciprocal plot of 1/velocity versus 
1/[cycloartenol] at fixed concentrations of AdoMet. The assays were 
conducted at 35°C and pH 7.5 for 45 minutes with approximately 0.1 
mg of recombinant SMT. Cycloartenol concentrations of 0, 10, 20, 
35, 50, 75, and 100 mM were tested against AdoMet concentrations 
of 20 pM (Black Line), 40 pM (Red Line), 60 pM (Green Line), 80 
pM (Blue Line) and 100 pM (Brown Line). Each point represents 
the average of three similar assays. 
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Figure 5.2. Bi-substrate analysis of SMT using AdoMet and cycloartenol as 
substrates. A double reciprocal plot of 1/velocity versus 1/[AdoMet] 
at fixed concentrations of cycloartenol. The assays were conducted at 
35°C and pH 7.5 for 45 minutes with approximately 0.1 mg of 
recombinant SMT. AdoMet concentrations of 0, 20, 40, 60, 80 and 
100 mM were tested against cycloartenol concentrations of 20 pM 
(Black Line), 35 pM (Red Line), 50 pM (Green Line), 75 pM (Blue 
Line) and 100 pM (Brown Line). Each point represents the average 
of three similar assays. 

83 



00 
bX) 

S 

0.035 

0.030 -

0.025 -

0.020 

0.015 -

^ 0.010 -

0.005 

0.000 

-0.005 

-0.010 

0.000 0.015 0.030 0.045 0.060 

1/[cycloartenol] (pM) 

Figure 5.4. Double reciprocal plot of 1/velocity versus 1/[cycloartenol] showing 
cycloartenol C-methylation inhibited by 150 pM AdoHcy (Red Line), 
225 pM AdoHcy (Blue Line), and 300 pM AdoHcy (Green Line) in a 
non-competitive manner. Assays were conducted at 35°C and pH of 
7.5 for 45 minutes with 0.1 mg of recombinant SMT and saturating 
amounts of AdoMet. Cycloartenol concentrations of 10, 20, 35, 50, 
75 and 100 pM were used. Each point represents the average of three 
similar assays. 
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Figure 5.5. Double reciprocal plot of 1/velocity versus 1/[AdoMet] showing 
AdoMet consumption by the C-methylation reaction inhibited by 50 
pM AdoHcy (Red Line), 100 pM AdoHcy (Blue Line), and 150 pM 
AdoHcy (Green Line) in a non-competitive marmer. Assays were 
conducted at 35°C and pH of 7.5 for 45 minutes with 0.1 mg of 
recombinant SMT and saturating amounts of cycloartenol. AdoMet 
concentrations of 0, 20, 40, 60, 80, and 100 pM were used. Each 
point represents the average of three similar assays. 
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Figure 5.6. Double reciprocal plot of 1/velocity versus 1/[cycloartenol] showing 
cycloartenol C-methylation inhibited by 60 pM (black), 80 pM 
(red), and 100 pM (blue) 24(28)-methylene-cycloartanol in a 
competitive manner. Assays were conducted at 35°C and pH of 7.5 
for 45 minutes with 0.1 mg of recombinant SMT and saturating 
amounts of AdoMet. Cycloartenol concentrations of 10, 20, 35, 50, 
75 and 100 pM were used. Each point represents the average of three 
similar assays. 
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Figure 5.6. Mechanism of consecutive C-methylation reaction, (top) [A.- substrate, B.-
transition state, C- first C-methylated product, and D.- second C-methylated 
product] Analogs screened as inhibitors of SMT activity, (bottom) [A.-
substrate analog, B.-transition state analog, C- first C-methylated product 
analog, and D.- second C-methylated product analog] 

87 



Table 5.1. Sterol analogs used in the study of SMT. 

Inhibitor J 

25-Aza-cycloartenol 

25-Aza-cycloartenol 

24,25-Epiminolanosterol 

24,25-Epiminolanosterol 
26,27-dehydrocycloartenol 

26,27-dehydrocycloartenol 
sitosterol 
sitosterol 

campesterol 
epicampesterol 

stigmasterol 
ergosterol 
cholesterol 

Structure Substrate 

18 

18 
19 

19 
20 
20 
21 
21 
22 

23 
24 

25 
26 

cycloartenol 

24-methylene-lophenol 
cycloartenol 

24-methylene-lophenol 
cycloartenol 

24-methylene-lophenol 
cycloartenol 

24-methylene-lophenol 
cycloartenol 
cycloartenol 
cycloartenol 
cycloartenol 
cycloartenol 

Ki 

10 nM 

20 nM 

12 nM 
12 nM 

1.35 mM 

2mM 
100 mM 
200 mM 

NA 
NA 
NA 
NA 
NA 

Inhibition 
Type 

noncompetitive 

noncompetitive 

noncompetitive 
noncompetitive 

noncompetitive 
noncompetitive 

competitive 
competitive 

NA 
NA 
NA 
NA 
NA 
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Time (minutes) 

Figure 5.7. Time dependent inactivation of recombinant SMT by 26,27-
dehydrocycloartenol at concentrations ranging of 0, 2, 4, 5, 6 and 8 
pM showing the natural log of percent SMT activity retained versus 
time of SMT exposure to DHC and a double reciprocal plot of 1/Kobs 
versus 1/[inhibitor] (Inset). Assays were conducted at 35°C and pH 
of 7.5 for 45 minutes with 0.1 mg of recombinant SMT, saturating 
amounts of AdoMet and 25 pM cycloartenol. Each point represents 
the average of three similar assays. 
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CHAPTER VI 

DISCUSSION 

Proposed Chemical Mechanism 

Several pieces of data from this study have verified the validity of the steric-

electric plug model of the "X-group" mechanism. The substrates isotopically labeled at 

C-27 yielded products with only pro R stereochemistry at C-25. One would predict to 

see both the pro R and pro S configurations under the "X-group" mechanism. Analysis 

of the C-methylation of 24-deutero-cycloartenol proved the existence of the H-24 to C-25 

hydride shift during catalysis. Stereoselective inhibition by 24-P-methyl-cycloartenol 

arises from steric interference of a 24-a-methyl within the active site. The P-methyl 

protrudes into the Re-face of the active site lessening steric interference with the methyl 

donor. Therefore, the stereoselective inhibition by 24-p-methyl-cycloartenol proves the 

methyl attack proceeds from the Si-face. The transition state analog 24,25-

epiminolanosterol mimics the transition state with an amino group bonded to C-24 and y 

C-25. The positive charge on the amino nitrogen imitates the positive charge introduced 

during the H-24 to C-25 hydride shift. The amino group on 24,25-epiminolanosterol 

protrudes into the Re-face of the active site. The effective inhibition of SMT action by 

24,25-epiminolanosterol provides proof that the hydride shift occurs on the Re-face. 

Finally, under the "X-group" mechanism, Bi-substrate analysis should yield a plot of 

nonintersecting lines. The appearance of a "ping-pong" type mechanism arises from the 

covalent bond formed between the enzyme and sterol during catalysis. Also one would 

expect 25-aza-cycloartenol to be an irreversible inhibitor with the nitrogen at position 25 

covalently bonding with the enzyme. The absence of a parallel pattern from bi-substrate 

analysis and reversible inhibition of SMT by 25-aza-cycloartenol further disproves the 

possibility of the "X-group" mechanism operating in SMT. 
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Proposed Kinetic Mechanism 

Bi-substrate, product inhibition, and transition state analog inhibition studies have 

allowed us to propose a sequential ordered mechanism (Figure 6.1). The bi-substrate 

analysis of SMT introduced the necessity of the formation of a ternary complex between 

sterol, AdoMet, and SMT before any bond making and breaking steps can occur. 

Competitive inhibition of cycloartenol metabolism by 24(28)-methylene-cycloartanol 

points to the sterol substrate and sterol product binding to the AdoMete form of the 

enzyme. Non-competitive inhibition of AdoMet and cycloartenol by AdoHcy 

demonstrates that AdoHcy does not bind to the AdoMete form of the enzyme as AdoMet 

or sterol. Inhibition by 24,25-epiminolanosterol of cycloartenol and AdoMet yielded 

noncompetitive and competitive inhibition patterns. Cycloartenol must not bind to the 

form of responsible for catalysis. AdoMet however binds to the catalytic form of the 

enzyme. 

From the results of these experiments, we propose that cycloartenol binds to SMT 

first causing an adjustment in the enzyme allowing for AdoMet binding. Once both 

substrates are bound the C-methylation reaction occurs. Formation of the methylated 

sterol product causes SMT to shift to the conformation of product release. AdoHcy is 

expelled from the enzyme followed by the methylated sterol product. If a 24(28)-

methylene-sterol binds to the free enzyme, it once again assumes the conformation of 

product release. Under these conditions AdoHcy affinity for the enzyme should be 

greater than that of AdoMet. Without AdoMet binding to the enzyme while the 24(28)-

methylene-sterol is bound prevents any 24-ethylated products from arising. As long as a 

first C-methylation substrate or AdoHcy are present in solution, binding of the 24(28)-

methylene-sterol remains unproductive. 
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equation 2 WKrrtAddVfet) = ^ 3 W ( ^ 7 +kjc-j + kj<^ 

equation 3 k^^k^-^ik^-j +k^+k^+k^'i) 

Figure 6.1. Proposed kinetic mechanism for SMT. The specificity constants for 
the sterol substrate and AdoMet are giving by equation land 2. The 
turnover number is described by equation 3. 
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APPENDDC 

STANDARD SMT KINETIC ASSAY PROTOCOL 

1. Tum on the shaker bath for 32''C and set out the cold AdoMet and H^ AdoMet and 
the protein to thaw. 

2. Calculate the volume of substrate needed for each assay. Cycloartenol is the 
preferred substrate for SMT. For activity assays 50 pM cycloartenol is used. To 
calculate the volume needed, work through the following equation. 

50 pM = 50 X lO'"̂  mol/L = 5 x lO"*' mol/pl = X / 600 pL per assay 

X = 3.0 X 10"̂  mol cycloartenol, 3.0 x 10'̂  mol x 426 g/mol = 12.78 pg 

12.78 pg cycloartenol / cycloartenol concentration = pL cycloartenol per assay 

3. Calculate the amount of AdoMet cocktail needed by adding up the number of assays 
plus one. 50 pL of AdoMet cocktail will be added to each tube creating a 50 pM 
AdoMet concentration in each assay. The proportions of the ingredients for the 
cocktail are as follows: 

H3 AdoMet stock solution 4.8 pL x # of assays = pL needed 
Cold AdoMet stock solution 4.47 pL x # of assays = pL needed 
Resuspension Buffer 40.73 pL x # of assays = pL needed 

with 20% glycerol* 

4. Clearly label each test tube. Add 12 pL of Tween-80 solution* into each tube. Add 

the volume of substrate calculated in step 2 to each tube except for the blank. Vortex 

the tubes and blow-dry. 

5. When the test tubes are dry, add 500 pL of resuspension buffer with 20% glycerol 

and vortex. Check the tubes for any cloudiness; the solution should be clear. If the 

test tube appears cloudy prepare the another tube. Add 50 pL of the AdoMet cocktail 

to each tube and vortex (note: add AdoMet to the blank last). 
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6. Add 50 pg of SMT to each assay. Gendy shake and put in the shaker bath set at 

32''C. Incubate for 45 minutes. After 45 min add 500 pL of 10% methanoic 

potassium hydroxide*. 

7. Add 2.5 mL of skelly hexane to each tube and vortex for 20 sec. While the organic 

and aqueous layers are separating, label scintillation vials and set out pipettes. 

Extract the top layer and place in the scintillation vile. Repeat this step two more 

times. The hexane in the vile should reach the threads when finished (important note: 

be sure not to touch the aqueous layer with the pipette or cross contaminate the 

pipettes) Dispose of the remaining fluid from the test tubes in the aqueous radioactive 

waste tank. 

13 

8. Dry the hexane using the fan. Add 5 mL of ScintiVerse purchased from Fisher to 

each vile and vortex for 20 sec. Let the vials sit for at least 15 min before counting. 

For more accurate counts, let the vials sit ovemight. 

9. Record the amount of radioactivity in the vials and in the fluid waste disposed of in 

step 7. 

A(ioMet STOCK SOLUTIONS 

Cold AdoMet (6 mM) 

S-Adenosyl-L-Methionine iodide salt (83% purity, FW 526.3) is purchased from 
Sigma Chemical Co. Dissolving 25 mg of the AdoMet iodide salt in 6.571 mL of 
0.001 N sulfuric acid will make a 6 mM solution. 

0.025 g X 0.83 = 0.02075 g 
0.02075 / 526.3 g/mol = 3.9388 x 10"̂  mol 
3.9388 X 10'̂  mol / .006571 L = 0.006 M 
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^H AdoMet (0.125 mCi/mL) 

1. "̂H AdoMet (14.5 Ci/mol, 0.015 mg/ml, FW 398.5) is purchased from New 
England Nuclear. The "̂H AdoMet is shipped in 10 mM sulfuric acid : ethanol 
(9:1) in dry ice. 

2. Add the following to a vile to be stored at -25^0: 

O.OOINH2SO4 531.8 pL 
Cold AdoMet stock solution 86.4 pL 
^H AdoMet from NEN 181.8 pL 

3. This solution will be 0.65 mM cold AdoMet and 8.55 nM '̂ H AdoMet. 

4. A 50 mM assay that is 600 pL in volume will contain 0.0006 pCi of ^H AdoMet. 
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