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ABSTRACT 

The ERG6 gene that encodes (S)-adenosyl-L-methionme:A '̂̂ ^^^^ to Â"̂^̂*̂  sterol 

methyl transferase (SMT) enzyme fi-om Saccharomyces cerevisiae was mtroduced mto 

plasmid pET23a(+) and the resuhing native protein was overexpressed in BL21(DE3) 

host cells under control of a T7 promoter. This enzyme was purified to apparent 

homogeneity by ammonium sulfate precipitation, anion exchange, and hydrophobic 

mteraction chromatography. The wild type enzyme fi-om S. cerevisiae was also purified 

to apparent homogenehy by differential centriftigation, solubilization, anion exchange 

chromatography, gel permeation chromatography, and hydrophobic mteraction 

chromatography. A -̂terminal sequence analysis of the first 10 amino acids of the purified 

recombmant SMT protem confirmed the identhy of the start triplet and the expected 

primary structure. The enzyme exhibited a turnover number of 0.01/s and an isoelectric 

pomt of 5.95. A combmation of Superose 6 chromatography and sodium dodecyl 

sulfateipolyacrylimide gel electrophoresis (SDSiPAGE), in the case of the recombinant, 

and Sephacryl S-300 HR and SDSrPAGE, for the wild type showed that the purified 

SMT enzyme fi-om both sources possessed a native molecular weight of 172,000 dahons 

and was tetrameric. The purified SMT enzyme generated kinetics in which velochy 

versus substrate curves relative to zymosterol (preferred sterol acceptor molecule) and 

AdoMet were sigmoidal rather than hyperbohc, indicating cooperativity between the 

subunits. Studies on product formation using [27- C]zymosterol and [ H3-

methylJAdoMet mcubated with the pure SMT enzyme confirmed the reaction mechanism 

of sterol methylation to mvolve a 1,2-hydride shift of H-24 to C-25 fi-om the Re-face of 

the origmal 24,25- double bond. 
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CHAPTER I 

INTRODUCTION 

1.1 Historv of C-Methylation Enz>mology 

There are cogent reasons to beheve that C-24 serves as a usefiil ph\logenetic 

marker.' As organisms evolve, the nature of the substitution and hs chirahty at C-24 

changes. For mstance. prhnitive hfe. such as fiingl typically possesses a 24 p-methyl 

group. As one continues up the phylogenetic ladder, the 24-p-methyl group is 

modified to give a 24 p-ethyl group. Less-advanced plants possess a 24 a-methyl, 

whereas more advanced plants possess a 24 a-ethyl group. Thus the change in 

orientation of the C-24 substrtuent serves a useful way to distmguish plants fi-om 

fiingl The S-adenosyl-L-methionme A ^̂ ^̂ ^ to A ^̂ ^̂ ^ sterol methyl transferase (SMT) 

(E.G. 2.1.1.41) is the enzyme responsible for C-methylation usmg S-adenosyl-L-

methionine (AdoMet = SAM) as the C-methyl donor.^ The SMT enzyme has long 

been an attractive target for study after Moore and Ga\lor proposed that it might 

serve a regulatory role in the sterol biosynthetic pathway ^ (Figure l.l). Also 

proposed by Moore and Gaylor was the idea that the SMT enzyme may be 

cooperative, and allosterically regulated. As shown in substrate specifichy studies by 

Moore and Gaylor and more extensively by Venkatramesh et al.,^ the extent of 

alkylation at C-24 catalyzed by the SMT enzyme fi-om yeast is limited to a smgle Ci 

transfer, consistent with the observation that only 24 p-methyl sterols are found 

naturally in ascomycetous fungi. Methyl transferase enzymes involved in the sterol 

biosynthetic pathway share a good deal of sequence homology (Figure 1.2)." UTiereas 

yeast catalyzes only the first Ci transfer, other SMT enzymes sharing a high degree of 

sequence homology with the yeast SMT may catalyze muhiple Ci transfers to 

generate 24-ethyl products. When this study was initially undertaken, a good deal of 

mformation was aheady about the SMT enzyme. The ERG6 gene encodmg the SMT 

had been cloned, sequenced, and expressed m high yield in a bacterial system (Figure 

1.3). '̂̂ '̂  The amino acid sequence provided m Figure 1.4 deduced by Venkatramesh 

et al..'* is identical to the sequence obtamed by Hardwick and Pellham.* The catalytic 



behavior of the SMT had been studied and the reaction mechanism characterized b\ 

Moore and Gaylor, and m detail by Venkatramesh et al.^ (Figure 1.5). The kmetic 

mechanism had undergone tremendous scrutiny smce Comforth proposed an *X-

group' mechanism m 1968 to describe the methylation reaction.'° The X-group 

mechanism proceeds through an attack of the AdoMet to the re-face of the 24.25-

double bond. The chemistry mvolved is SNI with covalently bound mtermediate and 

deprotonation at C-28 would be rate lunitmg. This postulated mechanism was 

supported by an early assertion that the kmetics of the methylation reaction was pmg-

pong. This prompted further study of the reaction and kmetic mechanism by 

Arigoni," Akhtar et al.}^ Moore and Gaylor,'̂  Venkatramesh et alj and Zhou, et 

al.^^ Venkatramesh et al? demonstrated that the methylation reaction is a random bi-

bi mechanism, consistent with a noncovalently bound mtermediate formed durmg C-

methylation and Arigoni demonstrated a SN2 chemistry." The ability to distinguish 

between the two proposed mechanisms is discussed in greater detail in the Resuhs 

and Discussion section. 

The steric-electric plug model proposed m 1992 by Parker and Nes '̂  shows the 

topological relationship of the sterol-AdoMet-complex. Using this model, the SMT 

should catalyze the methyl addition to a sterol acceptor molecule that possesses these 

features: (i) a flat nucleus; (ii) a side chain fi-ee to orient to the right in a pseudocyclic 

conformation; (iii) nucleophilic centers must be present at C-3 and C-24, and the C-3 

hydroxyl group should act as a hydrogen-bond acceptor in forming hydrogen bonds 

(with a complementary amino acid residue m active site); (iv) the sterol should bind 

with its fi-ont (P-) face pointed toward the mterior of the hydrophobic pocket; and (v) 

the 24,25-double bond should be oriented m the enzyme cleft such that the "methyl 

cation" attack may proceed fi-om the top of the pi-system, (fi-om the 5/-face), and the 

hydrogen at C-24 should migrate to C-25 fi-om the r -̂face of the double bond.̂  

1.2 Sterol History and Function 

The best known sterol, cholesterol, was fkst isolated as a novel crystallme substance 

present m gallstones m 1815 by M.E. Chevreul, which he named cholesterine (fi-om the 



Greek, chole meanmg bile and steros meanmg solid or space). Curious was the fact that 

even saponification failed to aher the crystals. Forty-four years later, m 1859, Berthelot 

showed that cholesterine was actually an alcohol by the preparation of cholesterme esters. 

This led to the renammg of the compound to hs current name, cholesterol.'^ The 

biological necessity of cholesterol is well documented in the kingdoms Fungi, Plantae, 

and Animalia. ' '̂  Whhout cholesterol, or hs accompanymg sterols and derivatives, 

life, on any level, would not be possible (Figure 1.6). 

By definition, a sterol (of which cholesterol is an example) must possess certam 

essential features (Figure 1.7). To be considered a sterol, a molecule must possess a 

tetracyclic nucleus in an all trans-anti configuration leadmg to a flat structure. In addition 

to the intact tetracyclic nucleus, a sterol must possess an intact, fi*eely rotatmg side cham, 

and a hydroxyl group m a p orientation. The naming of compounds whh 27-32 carbon 

atoms, muhiple double bonds, and a hydroxyl moiety, can prove problematic. The 

International Union of Pure and Applied Chemistry met m 1989 and developed formal 

lUPAC Guidelines for Sterol Nomenclature, which is not satisfactory for naming all 

naturally occurring sterols. An alternative system of nomenclature is that of Fieser, 

Fieser, and Nes (1977), which is often preferred by phytochemists. All sterols discussed 

in this work will be named and numbered according to the latter system (Figure 1.8). 

The biological necesshy of sterols or sterol-like structures is essential to mamtain 

life. This is due to the wide variety of roles in biochemical and physiological processes 

that sterols play in many different organisms '^' and references ched therein. The most 

well documented role of sterols, is that of an architectural membrane insert. ' ' A 

typical plasma membrane is composed of two phospholipid bilayers with their respective 

hydrophobic tails pointed towards one another wdth an approximate thickness of 40-50 

angstroms (Figure 1.9). This arrangement provides the separatory barrier between the 

cell and hs environment. If the cell were expanded to the size of an average living room, 

the thickness of the plasma membrane would be about the size of a smgle sheet of Saran 

wrap. Whhin this phosphoUpid bilayer are protems, some of which aid m signal 

recognition (receptors), nutrient uptake (transporters), or ion balance (ATPases). In 

addhion to proteins, which provide some structural support, the predominant component 



responsible for membrane stabilization is the sterol, or a sterol like molecule such as 

tetrahymenol, a pentacyclic triterpenoid which serves a stabilizmg fiinction in the sterol-

less in E. coli. With a length of approximately 20 angstroms, a sterol is nearly one half 

the width of the plasma membrane. Whh the polar 3-p hydroxyl group and rigid 

skeleton, the sterol can intercalate between the phospholipids in the bilayer imparting 

some structural stabilization to the membrane.^^ The sterols most valuable contribution 

imparts the membrane whh the abilhy to withstand fluctuations m temperature. Under 

cold stress, the sterol imparts membrane fluidhy, under heat stress, the sterol hnparts 

membrane rigidhy. Whh the sterol as a membrane insert, the membrane can fiinction 

effectively m a much wider temperature range. In addhion to the plasma membrane, 

sterols are also found m the nuclear membrane, the mitochondrial membrane, and other 

mtemal membrane bound organelles. Overall the sterols in the membrane effect stabilhy, 

permeabiHty, osmotic fi-agiUty, mteractions with polyene antibiotics, and fluidhy. 

In addhion to their prhnary role as architectural components of membranes, some 

sterols play a vital role m 'sparking' some cellular functions, proUferation being the most 

vital. ̂ "̂ '̂ ^ Whereas the structural features necessary for utility as a membrane insert are 

the 3p hydroxyl, 20-R side chain, and the C-4 and C-14 desmethyl, ^̂  for sparkmg, the 

structural requhements are different. For maximal utilhy to serve a sparking function the 

sterol must possess a Â *̂ ^ and a methyl group at C-24.̂ °'̂ '̂̂ ^ Ergosterol (lUPAC name 24 

p-methyl cholesta 5,7,22 E triene 3 p-ol) is a prune example of a sterol that possess these 

features and serves a dual role as both a membrane insert and a spark. The energy 

requh-ement is quite high to reduce and alkylate C-24, create a double bond at C-22, 

completely demethylate at both C-4 and C-14, and add an addhional nuclear double bond 

at C-5. Smce ergosterol is the major sterol component m most fungi, h would appear that 

nature has good reason to expend the energy m creatmg a sterol that can serve the dual 

role. Interestmgly, while the poshion of nuclear double bond has little effect on the 

efficacy of a sterol as a membrane msert, an unsaturation at C-5 is completely obligatory 

for a sterol to posses any sparking function. 

The tlurd widely accepted role for sterols is a hormonal role.^^ Sterols can ehher 

act as hormones, or they can serve as the building block for hormones. It is commonly 



accepted that in animals, cholesterol is converted to vitamin D. bile acids and alcohols, 

and to steroid sex hormones such as the androgens and estrogens. Fungi and plants also 

convert phytosterols to hormones, e.g.. oogoniols, antheridiols, and brassmosteroids. 

1.3 Enzyme Regulation 

The sterol pathway in Saccharomyces cerevisiae strain A184D (Figure l.l) has 

several possible shes for regulation. Early dogma mdicated that HMGCoA reductase is 

the regulatory enzyme m sterol biosynthesis. Although the HMCX^oA reductase may 

very well be a regulatory enzyme, many do not consider \X to be dhectly involved m 

phytosterol biosynthesis, an event that begms with the cyclization of squalene to form 

cycloartenol (photosynthetic lineage).' The first enzyme involved m phytosterol synthesis 

is usually considered to the rate-limiting enzyme. In most plant pathways the SMT 

enzyme is the first involved enzyme in cycloartenol transformation and as such provides 

an attractive target for modulation. In many fungi, C-methylation is also the first step m 

lanosterol transformation. The yeast sterol pathway appears to be an exception, since C-

methylation occurs later in the pathway. 

Of current interest in drug development firms is the design of mechanism based 

inactivators (MBI's), also referred to as suicide substrates, and transhion state analogs 

(TSA's). The former is often structurally similar to the substrate, yet when h binds in the 

enzyme active she, h becomes covelantly attached, thus ureversibly inactivating the 

enzyme. The latter is a molecule whose ground state structure is similar to the transhion 

state structure of another molecule somewhere along the reaction pathway. Smce the 

design of enzymes lend them to be complementary to theh transhion state, and not their 

ground state, the TSA will bind more effectively to the enzyme than will hs substrate.^ 

This will then lend rtself to a reversible mhibhion of enzyme activhy. Another method 

used to modulate the activhy of an enzyme is at the transcriptional level. The number of 

enzyme molecules within a system will affect hs overall turnover rate. Increasmg the 

strength of the promoter for the gene codmg for a specific enzyme will then mcrease the 

total number of enzyme molecules synthesized. Thus by regulatmg gene expression, one 

has another approach to ehher up- or down- regulate total enzyme activit\ .̂** 



1.4 History of the SMT Enzyme 

The SMT enzyme has been a subject of much research since h was discovered m 

1958 by L. Parks that the 'extra' methyl group at C-24 origmated with S-adenosyl 

methionme (AdoMet or SAM), m a reaction catalyzed by the SMT enzyme.^^ The 

blueprmt for the mechanism of C-24 alkylation was proposed five years later m 1963. 

The first group to undertake the purification of the SMT enzyme fi-om any was Moore 

and Gaylor who studied the SMT enzyme m yeast.^ This group was able to partially 

purify the SMT enzyme. A complete purification of the SMT enzyme, fi-om any source, 

was not achieved until 1998 by Nes W.D., et al. Table 1.1 was taken m summary of the 

data presented while Figure 1.10 describes theh purification protocol, to a fmal 

purification fold of around 670. Moore and Gaylor were able to characterize the product 

of the reaction, fecosterol (lUPAC name cholesta 8,24(28)-diene 3 p-ol), show Imear 

product formation whh respect to both thne, for the first 60 minutes, and amount of 

protein, 0-0.8mg, and demonstrate a conversion of substrate to product of around 30%. A 

dependence on Mg was demonstrated, as well as a pH optima at 7.5. The kinetic 

parameters were shown by Line weaver Burk analysis to be Kn,= 62.5 |iM, Vmax= 742 

pmol/min/mg. Moore and Gaylor, in 1970, published a preliminary characterization of 

the SMT enzyme. Some of the conclusions were not fully explained or understood until 

the 1998 paper. Zymosterol (TUPAC name 8,24 diene 3 P-ol) was shown to be the 

preferred substrate. The necessary characteristics for binding and catalysis were 

described, le., a d?^ was obligatory for alkylation. The deleterious nature of C-4 methyl 

groups were established, as well as the fact that for maximal activhy a Â  nuclear double 

bond must be present. The abilhy of sterols with alkylated side chams to sthnulate SMT 

activhy at low concentrations, and inhibh SMT activhy, at high concentrations, led to the 

assertion, that the SMT may be a significant factor m the control of yeast sterol formation 

and that ergosterol may play a role as a regulatory substance. Subsequently, Bansal, and 

Knoche succeeded at a partial purification of an SMT fi-om a related fungus, bean rust 

uredospores.^^ They found that the enzyme performed double C-methylation. 



The location of the SMT was found to be associated with the endoplasmic 

reticulem, which migrates whh the microsomal (membrane) fi-action.^^ Of mterest was 

the fact that degradation products of zymosterol were quhe inhibhory to the reaction 

progress, m addhion to the fact that DMSO can mcrease the radioactive recovery of the 

assay. A Km of 35.9 pM with respect to SAM was also obtamed. The SMT was partially 

purified by differential centriftigation, solublization, gel fihration, and ion exchange 

chromatography. These developments led to a shnilar effort m 1989 to purify a SMT 

fi-om Candida tropicalis.^^ 

Shnilar to the previous efforts, another few pieces of the puzzle were supplied by 

Ator et al?^ The enzyme was solubilized fi-om microsomes, and hs native molecular 

weight was estimated by gel filtration chromatography to be around 150,000 Daltons. 

Agam a substrate specifichy study was undertaken, with resuhs quhe similar to those 

previously reported. The kmetic mechanism first proposed by Arigoni in 1978 was again 

supported as the most likely mechanism describing the alkylation. The Km and Vmax 

whh respect to zymosterol were 71 pM and 500 pmol/min/mg, very close to those 

aheady reported. Table 1.2 shows the Km and Vmax whh respect to zymosterol for a 

variety of organisms. Both reversible and hreversible inhibition was shown using 

positively charged residues in the side chain, a procedure pioneered by Oehlschlager et 

al m 1984.̂ ^ 

1.6 Research Objective 

Using the above specific examples as the insphation for the current work, we set 

forth to achieve the foUowmg goals: 

1. Purify the SMT in hs native form fi-om Saccharomyces cerevisiae. 

2. Purify the SMT m hs native form fi-om the overexpression vector pet23a(+). 

3. Characterize the SMT with regard to: 

a. Substrate specifichy, 

b. Product formation, 

c. Native molecular weight, 

d. Quaternary structure. 



e. Kinetic characteristics, 

f Opthnal activhy. 

The manner m which these goals were accomplished is the subject of the 

foliowmg work. Of particular mterest is the fact that SMT enzymes fi-om both plant and 

fiingal origin have a high degree of homology, especially in the proposed sterol bindmg 

she which creates the active she. Of possible mterest would be if the topology of the 

active she could be genetically engmeered to provide different C-methylated products. 
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Figure 1.1 Hypothetical kmetically favored sterol pathway m Saccharomyces cerevisiae. 
From Reference 6. 
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Figure 1.2 Comparison of active site sequence homologies. A schematic representation of 
an amino acid alignment between conserved residues m the Saccharomyces cerevisiae 
SMT enzyme and that of several SMT enzymes for which sequence data have been 
deposhed m GenBank [Accession Nos. U60755 (Triticum-wheat), U79669, and Tong 
and Nes (AF045570) (zea-com)], and fi-om sequence data where functional expression 
data are available: Nicotiana-tobacco, Arabidopsis, and glycine-soybean. Region I is the 
putative sterol bmding she conserved in all the SMT enzymes. Regions II, HI, and IV are 
conserved regions m the SMT enzymes, as discussed by Kagen and Clarke m Ref 5. 
Figure fi-om reference 7 and references ched therem. 
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Figure 1.3 Cloning, sequencmg and organization of pSMTy23; pSMTy23 DNA is shown 
as an EcoR I Imearized plasmid. The EcoR W/Dra I (E/D) and Nhe 1/ EcoR V (N/E) 
junctions flank the DNA, derived fi-om pRG458, that contams the ERG6 structural gene 
(hatched region). The approximate poshions and orientation of the oligonucleotide 
primers used to sequence the pSMTy23 insert are represented by arrows. The pBR322 
tetracycline resistance promoter (tetP) is represented as a black box. The mRNA that 
originates from tetP has an open reading frame that encodes a truncated (40 amino acid, 
TET-40) form of the tetracyclme resistance gene product whose translation terminates as 
the resuh of an in-frame UAA (boxed) located in the cloned DNA fragment. A purine 
rich sequence (shaded box), which may serve as a ribosome bmdmg she for S-Adenosyl-
L-methionme A ^"^^^^^ to A ̂ *^^^^ Sterol Methyl Transferase (SMT) translation, is located 6 
bases upstream of the putative SMT mitiator codon (underlined). Adapted from 
Reference 4. 
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1 MSETELRKRQAQFTRELHGDDIGKKTGLSALMSKNNSAQKEAVQKY 46 
I 

47 LRNWDGRTDKD/^ERRLEDYNEATHSYYNWTDFYEYGWGSSFHFSRFYK 96 
n 

97 GESFAASIARHEHYLAYKAGIQRGDLVLDVGCGVGGPAREIARFTGONVI 146 

147 GLNNNDYQIAKAKYYAKKYNLSDQMDFVKGDFMKMDFEENTFDKVYAIEA 196 
i n 

197 TCHAPKLEGVYSEIYKVLKPGGTFAVYEWVMTDKYDENNPEHRKIAYEIE 246 
247 LGDGIPKMFHVDVARKALKNOGFEVLVSEDLADNDDEIPWYYPLTGEWK 295 

296 YVQNLANLATFFRTSYLGRQFTTAMVTVMEKLGLAPEGSKEVTAALENAA 345 
IV 

346 VGLVAGGKSKLFTPMMLFVARKPENAETPSQTSQEATQ* 384 

Region I: Putative Sterol-binding site 
Region II: SAM-binding site 
Region III: Motifs common to other methyltransferase enzymes 
Region IV: ATP/GTP-binding site 

Figure 1.4 Amino Acid sequence of the SMT. From reference 6. 
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Figure 1.5 Reaction catalyzed by the SMT. Adapted from reference 9. 

13 



anaerobic 
cyclization 

Squalene 

02 

iiiniiiiWMiiiiiiiiNiiininmHitimNimiiiiiiiiimHiiiiiiiimiiiiiiHiiinniiMiNiuinimiiitiiHiiiiiitiiiiu niiiiiiHnHiiiiinuniiiiiiiiim>niiiiiiiiiiiiiiiiiinriuiiiiiHiin<iiiminHiiiiiimMiMiiimHMi 

P-amyrin 
plants 

Ergosterol 

Fungi 

Tetrahymanol 
'bactdria 

Squalene epoxide 

Prokaryote 
iMnimHMiiiiiimmiiimiiiiiii 

Eukaryote 
aiiiiiiiiiniinniiaiHii 

Lanosterol 
non-photosynthetic 

I 

Cholesterol 

Animals 

Cycfoartenol 
piwtosynthetic 
C 

Stigmasterol 

Vascular Plants 

Poriferasterol 

Algae 

Figure 1.6 Cycloartenol-lanosterol bifurcation. From reference 1, 

14 



19.1 A 

Equatorial 

(3 face (Top) ^^„^--'''''^ 

1 / 
1 1 

1 

t 

H 

Generic Sterol 
• H 

Axial 
fl 

a face (Bottom) 

5.8 A 

7.7 A 

Figure 1.7 Conformational perspective of generic sterol. 

15 



Q =asymmetric center 

p and axial, lies 
front of molecule 

from C-2 of MVA 

C-25 prochiral center 

pand equatorial 
lies in plane of 
molecule 

from C-€(3') of M^A 

a and axial, lies 
to back of molecule 

30 v.c 
24p-all(yl>s S, but 
R »*ien A"̂  present 

a and equatonal 
lies in plane of 
molecule 

Pand axial lies 
out of plane of 
molecule 

24a-alkyl is R, but 
S wtien A^ present 

a, lies to front of 
side chain in this 
conformatkjn 

P, lies to back 
of side chain 

Figure 1.8 Nomenclature for numbermg sterols. From reference 1, 
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Figure 1.10 Purification scheme of Moore and Gaylor Reference 3. 
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Table 1.1 Purification table from Moore and Gaylor. Reference 3. 

Stage of 
purification 

II. Dialyzed crude 
supernatant 
Fraction 

II. 
Microsomes 

IV. Acetone 
powder extract 

V. 45 to 55% 
(NH4)2S04 
precipitate 

VI. AlummaCy 
gel 

Total Activhy 

(m|4,mol/hr) 

3 

59 

62 

80 

41.3 

Protein 

(mg) 

800 

62.5 

30.8 

3.91 

1.30 

Specific Activhy 
(mpmol/hr/mg 
protem) 

0.0475 

0.944 

2.02 

20.5 

31.8 

Purification 

(X) 

1.0 

20.0 

42.1 

430 

670 
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Table 1.2 Km and Vmax of the SMT enzyme from a variety of sources. Source 1 was this 
study. Source 2 is from reference 4. Source 3 is from reference 7. Source 4 is from 
reference 34. Source 5 is Mangla, A.T. and Nes, W.D., unpubHshed observations. 

Enzyme source Source K, m 

Saccharomyces cerevisiae 
A184D (microsome) 
Saccharomyces cerevisiae 
A184D (solubilized) 
Saccharomyces cerevisiae 
GL-7 (microsome) 
Saccharomyces cerevisiae 
GL-7 (solubilized) 
Saccharomyces cerevisiae ERG6 gene in pSMT23y m AGl 
host cells (homogenate) 
Saccharomyces cerevisiae ERG6 gene m pET 23a(+) m 
BL21 (DE3) host cells (homogenate) 
Candida albicans (solubilized) 
Prototheca wickerhami (solubilized) 

4 
5 

49 

65 

71 
27 

V max 
(pM) (unhs/mg) 

84 

46 

37 

48 

32 

43 

129 

120 

22 

145 

500 
35 
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CHAPTER II 

ANALYTICAL METHODS 

2.1 Chromatography 

The origm of the science of chromatography dates back to around the thne when 

the initial interest in enzymes first arose. The term chromatography comes from the 

Greek chroma meaning color, and graphos meaning wrhmg. This name is emblematic of 

the experimental origin of chromatography, first demonstrated m 1906 by the Russian 

botanist Tswett.^^ Tswett prepared a column of crushed chalk and passed an extract of 

leaves through the column. The extract separated mto colored fractions, later shown to 

be chlorophyll and carotene. Ahhough this appears now to be a breakthrough of 

enormous importance, h was largely ignored at the time. Not until the early 1950's, 

when Martin and Synge showed the abilhy of chromatography to separate amino acids 

did the procedure receive widespread acceptance or acclahn. One would be hard pressed 

today to pursue scientific endeavors without the aid of chromatographic procedures. 

Chromatography enables researchers to separate structurally similar compounds, and 

obtain some secondary information as to structure or properties. All chromatography can 

be explained using the same analogy. Consider a tube packed with a solid material, the 

support. Covelantly attached to this support is a molecule that imparts some selectivhy, 

that is, some compounds bind more easily to this molecule than other compounds. This 

molecule is also referred to as the stationary phase, due to hs static nature. A solvent, 

usually a Uquid or gas with no interaction whh the stationary phase is passed through the 

tube, this is called the mobile phase. A sample, ehher liquid or gas, and soluble m the 

mobile phase, is then loaded mto the tube. The different components whhin the sample 

will mteract whh both the stationary and mobile phases differently. That is to say, each 

component m the sample will establish hs own dynamic equilibrium. Components whh a 

high affinhy to the mobile phase will pass quickly through the column, those components 

with a high affinhy to the stationary phase will move slowly through the column (Figure 

2.1). The time between sample injection and elution is referred to as the retention thne 

and is highly reproducible when the condhions are maintained constant. Retention thne 
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can also be used m the identification of compounds. Several different external factors 

can affect column reproducibilhy; temperature, pressure, flow rate, and the cleanlmess of 

the column can all alter a chromatogram.^^ 

2.1.1 HPLC 

High Performance Liquid Chromatography is one of the most widely used tools m 

modem science. The theory behmd HPLC is essentially as described above, the process 

has shnply been maxhnized for greater speed and efficiency. As opposed to conventional 

gravhy flow chromatography, where the mobile phase is moved by gravhy. m HPLC the 

mobile phase is pushed through the column by pumps. The high pressures mvolved, 

typically between 300 and 3000 psi, enable very rapid sample separation. A liquid 

sample is mjected into a column where the mobile phase is a liquid. The sample then 

travels through the column, hs individual components establishing theh own individual 

dynamic equilibriums. The retention thnes of samples are compared to a standard, thus 

generating a relative retention time. In this field the standard is cholesterol. By comparing 

the retention times of the sample and the standard a diagnostic number can be 

estabhshed. This number is referred to as the ac and is obtained by dividing the retention 

time for an unknown sterol by the retention time for the cholesterol. In this laboratory, a 

specific form of HPLC, a reversed phase form of chromatography is used, e.g., the 

mobile phase is polar, and the stationary phase is organic, typically a long chain 

hydrocarbon. RP-HPLC is often used to separate biological compounds, which tend to be 

aqueous in nature. Using this procedure, the sterols can be purified to homogenehy for 

use as substrates, inhibitors, or simply purified for further study and characterization. An 

important hem to realize in dealing with HPLC, is the fact that the sample is recovered, 

and not destroyed. 

2.1.2 GLC 

Gas Liquid Chromatography differs slightly from HPLC m the fact that the 

mobile phase is a gas, and not a liquid. The sample is a liquid that is quickly vaporized at 

mjection by high temperatures. These high temperatures, typically around 250**C, are 
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mamtamed throughout the column run. GLC requhes far less sample than does HPLC 

and is normally used to determine purhy and relative concentration when compared to a 

standard. As m HPLC, the standard is cholesterol, and the retention thne of the unknown 

sterol divided by that of the cholesterol yields the relative retention thne to cholesterol. 

Rrtc. Many different kmds of detectors exist for GLC, but by far the most common is the 

flame ionization detector, FID. The sample is separated mto hs mdividual components m 

the column and when h hhs the detector, h is ionized (burned) and the amount of 

compound is determined by the electrical conductivhy of the ionized material. Smce this 

method of detection does not afford recovery of the sample, only very small quanthies 

are subjected to GLC. 

Another mterestmg use of GLC is the resuhs that can be achieved when h is 

coupled to another piece of laboratory equipment, the mass spectrometer (MS), forming a 

GC-MS. This piece of equipment uses the CJC to separate the conqx)nents m the sample, 

and then uses the MS to shatter the components into smaller fragments. The molecular 

weight of the compound can be determined by this method. In addhion, the crackmg 

pattern can provide additional information. Recent developments in the field have shown 

that tandem mass spectrometry can provide mformation as to the size and structure of not 

only small molecules, but larger biomolecules, such as proteins, nucleic acids, and DNA. 

2.1.3 Ion Exchange 

Another valuable tool m the separation of biomolecules is ion exchange 

chromatography (lEC), where the biomolecules are separated on the basis of charge. Ion 

exchange is the most commonly practiced method of protem purification because of hs 

high selectivhy and the ease that the procedure can be scaled up.̂ ^ A number of 

stationary phases are commercially available and are chosen whh specific regard to the 

charge of the protein of interest. The most popular functional groups available are DEAE 

and Q, both quaternary amino groups, for anion exchange, and CM or S, carboxyl groups, 

for cation exchange. DEAE and CM are both known as weak ion exchangers while both 

Q and S are known as strong ion exchangers. The distinction strong versus weak is 

described as a fiinction of bindmg strength. The choice between cation and anion 
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exchange is an easy one. If the pH of the buffer is greater than the pi of the protem. 

anion exchange is selected. If the pH of the buffer is less than the pi of the protem, 

cation exchange is selected.'*^ Protems are bound to the fimctional groups on the 

stationary phase by reversible, electrostatic mteractions.^* Most protems exhibh different 

bmding afflnhies for the ion exchange matrices. This enables the selective elution of 

some protems while others remam bound to the matrbc. The most weakly bound elute 

first, while those bound whh greater attraction requhe more effort to effect elution. An 

hem to keep in mind is the possibilhy of protein interacting whh the support. In some 

cases, DEAE attached to a cellulose support separates the protem of mterest quhe well 

but DEAE attached to ehher Sepharose or Sephacryl will not afford the same 

dependability. That was the case in this study. The proteins are made to release from the 

ion exchange resm by mcreasing the number of competmg molecules. For example, a 

negatively charged protein is bound to a positively charged anion exchange resin. The 

protein is released from the resin when the number of negatively charged molecules in 

the buffer compete for the finhe number of binding shes, and the protein can no longer 

remain bound. The exact converse is true for cation exchange resins. The easiest way to 

increase the competing ion concentration, in both cases, is to add sah. Any sah can be 

used, but NaCl is the most common. NaCl easily disassociates in an aqueous solution 

and is relatively harmless, at low concentrations, to protein stabilhy and enzyme activity. 

To effectively use an ion exchange column, the column must be equilibrated in 

sample buffer, the sample is then loaded onto the column. The volume of the sample 

applied to the column is variable, smce the protein of mterest is most likely bound to the 

column. Several times the coluiim volume (CV) may be loaded. Also of interest is the 

high load capachy of most ion exchangers. A typical ion exchange resm can bmd from 

10 to 100 milligrams of protem per miUilher of resin. Smce the protem elutes m such a 

narrow range, lEC is often used as a concentratmg step. These two characteristics make 

ion exchange an excellent choice as ehher the prhnary or the uhhnate step in purification. 
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2.1.4 Gel Filtration 

Gel fihration chromatography, also referred to as gel permeation chromatography 

(GPC), size exclusion chromatography, or molecular sieving, separates proteins solely on 

the basis of size.̂ ^ A wide variety of resins are available for this application, and care 

must be exercised when choosing one. The mam difference between the resms is the 

pore size. The gel resm resembles a packed array of marbles, each whh a hole drilled m 

the center. Protems larger than the hole will follow a more dhect path through the 

column and elute fkst. Protems smaller than the hole will enter and travel through the 

hole, exit, and then enter and travel through another. Since the smaller proteins travel a 

longer distance in passing through the column, they elute after the larger protems. When 

choosing a resin, an experimenter needs to pick a resm whh mmimal interaction whh the 

protein of interest, and a pore size capable of fractionating the protein of interest. 

Problems associated with this kind of chromatography are numerous. If the protem 

aggregates as h travels through the column, the calculated molecular weight is not 

accurate. If this is the case, detergent, at a low enough concentration so as not to harm 

activhy, must be added to the elution buffer. The flow rate of gel fihration columns must 

be much slower, and the column length greater, than that of other styles of 

chromatography. This is important to consider, smce one fraction can account for a 

difference of 100 kDa. The other drawback to gel fihration chromatography is the fact 

that the sample must be applied in a minimal volume, typically less than 1/100 of the 

column volume. Also, only about 10 milligrams of protein can be separated effectively 

by 100 miUiliters of column volume. Whh these constraints m mind, gel filtration is 

often placed after a concentratmg step well along the purification pathway. 

2.1.5 Hydrophobic Interaction 

Hydrophobic interaction chromatography (HIC) serves as a tlurd and very useful 

tool in protem purification. If the size and the charge of the target protem are very close 

to another protem, a different method of separation is needed. That method is HIC. In 

HIC, proteins are separated on the basis of the differmg strengths of theh hydrophobic 

interactions whh a gel matrix, which contams uncharged hydrophobic groups.^^ 
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However if the resm contains an ionizable spacer atom, such as nhrogen, it is possible to 

impart a charge to the nitrogen. This provides a method of separatmg protems based on 

theh hydrophobic/ionic mteractions and has proved quhe usefiil m this mvestigation. 

Typically the elution profile of a HIC column follows high (4M) sah to low sah. In the 

case of the SMT purification, h was found that under condhions of no NaCl, the SMT 

and a smgle contammatmg band were not bound by the column, but mstead passed 

through. In this case the HIC resm acted as a fiher, retammg all other protems, but 

releasmg the SMT. Several different HIC resms were tested and dismissed before the co-

ammodecyl agarose was chosen due to hs success. The theory behmd HIC is as follows; 

the high concentration of NaCl effectively elimmates a large mount of the solvation shes 

around a protein that would normally be occupied by water. Whh these shes occupied, 

the dominatmg force m adsorbmg the protem to the column is a hydrophobic one. As the 

amount of NaCl is decreased, the hydrophobic interactions are weakened, and the protein 

is released and eluted.^^ 

2.1.6 Isoelectric Focusing 

Isoelectric focusing (lEF), is one of the newest developments m the field of 

chromatography. In lEF, protems are separated on the basis of theh pi. This is 

somewhat different than ion exchange chromatography, where protems are separated on 

the basis of theh relative charge. In lEF, a self-contained pH gradient is generated with 

the help of pseudo-buffering agents called ampholytes. The pH gradient is established, 

normally by electric current, either within a column or another apparatus, such as a gel. 

The sample proteins are then loaded and allowed to freely migrate whhin the pH 

gradient. Each protein will migrate to hs respective pi, the point at which the net charge 

of the protein is zero. After the protein has migrated, elution becomes the major obstacle. 

Wherever the protem is, it must be eluted with close attention paid to both maximizing 

recovery, and minimizing mixing. This powerful and versatile method can be easily 

employed anywhere whhin the purification protocol, but is normally placed after some 

preliminary purification has aheady been achieved. 
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2.2 Electrophoresis 

The theory behind electrophoresis is a somewhat shnple one, fu-st pioneered b> 

Tiselius m 1937.̂ * In electrophoresis, protems are separated whhm a gel on the basis of 

theh charge. An electric current is generated between two opposhe sides of the gel by a 

voltage difference. Typically gels resemble a slab, ehher horizontal or vertical, however 

tube gels can be cast and used. Sample is then applied to one end of the gel, and protems 

are allowed to migrate through the gel matrix to the opposhe side. The pH of the gel is 

designed so as to provide maximum mobilhy through the gel. As the run progresses, h is 

necessary to track the progress of the protems through the gel. This is accomplished by 

the addhion of a dye, bromophenol blue, which marks the leading edge of proteins whhin 

the gel. When the run is stopped, the protems must be fixed in place and then visualized. 

This is done by a variety of methods, dependmg on the composhion of the gel, and the 

sample. All electrophoresis is carried out in this maimer, but the nature of the sample will 

greatly influence both the type of gel, and the visualization procedure. Overall a weahh of 

information can be obtained from electrophoresis, molecular weight determination, 

protein purity, post-translational modification, subunit structure, enzyme activhy, protein 

processing and amino aid sequence, just to name a few.̂ ^ 

2.2.1 SDS.PAGE 

Sodium dodecyl sulfateipolyacrylimide gel electrophoresis (SDSrPAGE), is the 

most common electrophoretic technique used for protein and peptide analysis. The 

theory is the same as for other types of electrophoresis, whh a few modifications. The 

gel is actually a polymer of acrylhnide, forming an mert porous matrix, where protems 

migrate by the force of the electric current, and separated on the basis of size. As the 

concentration of acryhmide whhin the gel is mcreased, the pore size is decreased. What 

this amounts to is that a 12% acrylimide will resolve protems from 100 kDa to about 10 

kDa. As the concentration of acrylimide is mcreased, e.g., to 16%, resolution of smaller 

proteins, in the range 8kDa to 50kDa is enhanced while resolution of larger protems is 

diminished. 
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Many protems contain disulfide bonds, which assist in mamtammg the native 

conformation of the protem. If these bonds are not broken, some protems may mamtain a 

globular nature, and some that have no such bonds will mamtam a different 

conformation. If the relative size of the protems is to be compared, disulfide bonds, as 

well as mtrmsic charge, will be problematic. These problems were overcome m 1970 b\ 

Laemmil, who boiled the protem sample, to ensure unfoldmg, m a buffer contammg the 

detergent sodium dodecyl sulfate (SDS) and the reducmg agent 2-mercaptoethanol.'^' 2-

Mercaptoethanol breaks the disulfide bonds, while the SDS coats the protem whh 

negative charges. In this system, every protem has a nearly identical charge to mass 

ratio, and as such, separation will be based on size alone. Laemmil also pioneered the 

discontmuous gel system. In his landmark paper, he used a stackmg gel loaded on top of 

a separatmg gel. The stacking gel was of a lower percentage acrylimide so all the 

protems migrated through the stacking gel, forming a smgle band by the thne they all hit 

the higher percentage separatmg gel. This afforded a tremendous mcrease m gel 

resolving power. 

After the run is complete, it is necessary to fix and stain the gel in order to 

visualize the bands. This is typically done by first rinsing the gel with purified water, to 

rinse off residual SDS running buffer, and then placing the gel in a solution of acetic acid, 

methanol, water, and Coomassie Brilliant Blue R-250 Dye. The mechanism of stahiing 

is unclear yet the results show that the dye binds to aromatic and basic amino acids and 

can be used for detecting proteins and peptides greater than 3-5 kDa in size. This staming 

solution fixes the protein bands in place, and the dye bmds to the protein bands whhin the 

gel. This technique is the most commonly used for staining protems and peptides in the 

concentration range 0.5 pg per band and up. For less concentrated bands, silver staining 

is commonly used. The procedure is similar to the above, but a bh more complex, due to 

the increased number of reagents requhed. Bio-Rad carries a silver stam kh that greatly 

simplifies the procedure. Using silver stahiing, one can visualize protein bands in the 

nanogram range.'̂ '̂̂ ''*^ An ahemative method of staining gels is with CuCh."*^ The mam 

difference between copper staining and either of the above methods is that copper 

staining is a negative stam. Protein bands appear as transparent lines on a bluish-white 
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opaque gel. This technique is slightly more senshive than staining with Coomassie Blue, 

however the bands are more difficuh to detect. This technique is especially useful when 

the gel is not the uhhnate fate of the protem. The protein is not modified in any way. as 

evidenced by MS and NMR, and is more easily removed from the gel due to the non-

fixative nature of the stam. If need be, any of the stained gels can be stored, often 

mdefinitely. Both the Comassie Blue and the silver stamed gels can be dried and kept 

indefmitely, while the copper stained gel must be kept hydrated m storage. If dried, the 

gel becomes transparent, and the bands can diffuse, making restaining impossible. 

2.2.2 Native Gel Electrophoresis 

Native gels are run in similar fashion to SDS:PAGE gels, normally using 

polyacrylimide as the gel matrix, yet both SDS and 2-mercaptoethanol are elimmated 

from the sample buffer, running buffer, and gel matrix. The purpose of a native gel is to 

preserve the native state of the protein throughout electrophoresis. When operated 

correctly, it is possible to recover enzyme activity from a protein eluted from a native 

gel.'*^ Native gels do, however, face problems not encountered m SDSiPAGE. The native 

charge state of the protein must allow for electrophoretic mobilhy. In other words, if the 

protein is loaded into the gel at the cathode edge, the protem must be poshively charged, 

so that it will migrate through the gel towards the anode. Also this charge differential 

must be maintained by the pH of the gel matrix, whhout compromising the native state of 

the protein. The pores must also be large enough to allow passage. Since m SDSiPAGE 

all protems are monomers and unfolded, special consideration must be paid to the Stokes 

radii (hydrodynamic tumblmg radius) of the protem m hs native state. In visualization, h 

is important, if the protein is to be used later, elution must be possible and nehher 

fixation, staming, or any other step be deleterious to protem function. Mindfiil of these 

conditions, native gel electrophoresis can be an mcredibly powerful tool in protem 

purification. 
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2.2.3 Agarose Gel Electrophoresis 

Another powerful electrophoretic tool is agarose gel electrophoresis. WTiile agar 

is rarely the gel of choice for protein and peptide separation, there is no better medium 

for separation of DNA and RNA. As m PAGE, the pore size is mversely related to the 

concentration of agar, and an electric current provides the drivmg force for the molecules 

through the gel. The electrophoretic mobilhy of the sample can be used to determine not 

only the length of the DNA or RNA, but the secondary structure as well. Chcular, smgle, 

and double stranded DNA contaming the same number of base pahs will all migrate at 

different rates. This mformation can then be used for gene isolation, clonmg, or 

restriction analysis. Also different from PAGE is the manner m which the gel is 

visualized. As opposed to staming the gel whh a dye, which can be done whh specialized 

dyes, ethidium bromide (EtBr), is added to the DNA prior to electrophoresis. This 

compound does not effect the electrophoretic mobilhy of the sample, instead h 

intercalates whhm the bases of the sample. When exposed to UV light, the EtBr 

fluoresces and enables detection. 

2.3 Protein Determination 

Any calculation whh regards to specifichy or the generation of kinetic constants 

depends on accurate methods for determining the amount of protein in a sample. Over 

time there have been several different methods used. Different methods exhibh varied 

sensitivity to pH, reducing agents, or detergents. Here a few of those methods are 

investigated. 

2.3.1 Bradford Method 

Fkst developed by Bradford m 1976, is currently the most wddely used method for 

protein determination.'^^ The method explohs the specific bmdmg of Coomassie Brilliant 

Blue G-250 whh basic and aromatic ammo acids. The dye alone has an absorbance 

maximum of 465nm, which changes to 595nm when bound to protem. The reagent 

supplier, Bio-Rad, documents two variations on the procedure, the Bradford standard 

assay and the Bradford microassay. The former uses a dilution of the Bradford dye agent 
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and is designed to be Imear from 20 pg to 140 |ig, while the latter uses the Bradford d\e 

agent m a nondiluted form and is designed to be Imear from 1 pg to 20 pg. Both assay 

types are senshive to protems and peptides larger than 3-5 kDa. As whh all methods of 

protein determination, the absorbance of a protein of unknown concentration is compared 

to a standard curve generated usmg protein of known concentration. One assumes then 

that the basic amino acid composhion of the standard, as well as the percentage of 

aromatic amino acids, is similar to that of the sample. As a first approximation this 

assumption seems valid, but h can often be misleadmg. The generation of a standard 

curve using bovine serum albumin (BSA) yields a Ime quhe different than a standard 

curve using immunoglobm G (IgG)."** The ideal use of this method would be to generate 

a standard curve using a quantified amount of the protein of interest, but even this has hs 

shortcomings. If the protein being quantified is a mixture, then the standard curve 

generated using the target protein is inaccurate. Also the Bradford method is senshive to 

most detergents and many other commonly used chemicals. For a complete list of 

incompatibilities, contact the suppher, Bio-Rad. As a note of interest, the cuvettes of 

choice for this method are of the disposable plastic variety. This is due to the fact that the 

dye binds glass and quartz and requhes through washing with either ethanol or methanol 

to remove it. 

2.3.2 Lowry Method 

Lowry et al. developed this particular method in 1951,'*^ but is rarely used in an 

unmodified fornL The number of common chemicals that interfere with the assay made 

the modifications necessary. Schatterle and Pollack described a series of modifications m 

1976 that is still utilized m many laboratories today.^^ The modified version of the 

Lowry method is still based on the same prmciple as the origmal. In an alkalme system, 

the peptide bonds of a protein form a complex with copper ions, Cu , and a colored 

complex forms. Folin-Ciocaheau reagent enhances the colorimetric detection of this 

complex. The resuhing color change is measured at 650 nm. This procedure is much 

less senshive to detergents than the Bradford method, but reducmg agents, such as 2-
•JO 

mercaptoethanol and reducing sugars greatly affect detection. 
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2.3.3 UV Absorbance at 280 nm 

A third common and useful method to determine the concentration of a protein in 

solution is by UV absorbance. Proteins absorb at 280 nm because of the aromatic amino 

acids tryptophan and phenylalanine, and to a to a small extent tyrosme and cysteme.^' 

Smce every protein has a differmg amount of these amino acids, the extmction 

coefficients for protems exhibh a wide variance.^^ Usmg these extmction coefficients, 

calculated either experimentally or by anuno acid analysis, one can dhectly correlate the 

protem concentration to the UV absorbence at 280 nm.̂ ^ Typically protems fall mto the 

range of 0.4 to 1.5 AUFS (Arbitrary Units for Fluorescence Spectroscopy) for a 1 mg/mL 

solution. Nucleic acids, detergents, buffers, or any other agents whh UV absorbance at 

280 nm will invalidate the calculated concentration. Also, if the UV absorbance is due to 

a mixture of proteins, the contribution of the protem of interest is impossible to discern 

from the rest of the contaminating mixture. If the protein of interest is either pure or the 

dominant protein species, UV absorbance at 280 nm is a useful quanthative tool. If not, 

the absorbance qualitatively is still quhe useful. 

2.3.4 Addhional Methods 

The bicinchoninic acid (BCA), method is similar to the Lowry method, except 

bicinchoninic acid is used as the color-enhancing reagent, as opposed to the Folin-

Ciocaheau reagent. In an aqueous environment, BCA forms a complex whh the Cu ^', 

resulting in a stable, brightly colored chromophore that absorbs at 562 nm.^ The BCA 

method proves to be less senshive to detergents than both the Bradford and the Lowry 

methods, yet the sensitivhy to reducing agents precludes hs use when they are present. 

One additional, and highly sensitive, method of protein quanthation is the 

fluorescamine protem assay. Slightly different than the methods described above, this 

method requhes a fluorometer, as opposed to a spectrophotometer. The fluorescamine 

binds to any prhnary amines m the solution. When the sample is exched whh light at 390 

nm, the primary amines fluoresce and emh light, at 475 nm. The amount of Ught that is 

emitted is dhectly correlated to the amount of prhnary amme m solution. The 

fluorescamine reacts with proteins at the s-amino groups of lysme and terminal ammo 
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groups.^* This method has been shown to detect protein amounts as low as 500 ng. 

Since the fluorescamine bmds to primary amines, buffers such as Tris cannot be used. 

Phosphate buffers are recommended. 
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Figure 2.1 Typical Chromatographic Separation. The hypothetical separation of a three-
component mixture. Component Ai A, Component Bi D, Component Ci O. The dotted 
area represents the origmal solvent m the column, which is bemg 'displaced' durmg 
elution. 
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CHAPTER m 

MATERIALS AND METHODS 

3.1 Yeast Stram A184D Growth and Purification of the SMT Enzyme 

The yeast stram A184D wild type was obtamed from Dr. Martm Bard (Dept. of 

Biology, Indiana University, Indianapolis, IN) and was mamtamed on YPD agar plates. 

These plates were prepared by addmg 1% yeast extract (Difco), 2% peptone (Difco). 2% 

dextrose (Fisher), and 1.5% agar (Sigma) to double distilled water. For 250mL of media, 

2.5g yeast extract, 5g peptone, 5g dextrose, and 3.75g agar were dissolved m double 

distilled water, d.d. H2O, wdth a fmal volume totalmg 250 mL. The plates were made by 

autoclavmg the mgredients for 20 mmutes, allowmg the YPD+agar to cool for around 25 

mmutes, and then pouring the hquid into sterile Petri plates, available from Fisher whh a 

volume of approxhnately 50 mL each. Smce there were at least 2 varieties of yeast 

growing in the lab, it seems important to point out the distinctions between them. 

A184DA is a wild type yeast completely capable of unassisted growth. Another strain, 

GL-7, was obtamed from the American Type Culture Collection (Cat. No. 46171). GL-7 

is a double mutant (ergl2, hem3) which is defective in squalene cyclase activhy and 

heme-competency. Maintenance of the GL-7 strain involved supplementation of the 

growth media with ergosterol and fatty acids, and adding 1.5% (v/v) of Tween-80 to the 

YPD media prior to autoclavmg (15 mL/L). After autoclaving, an aliquot of a lOmg/mL 

solution of ergosterol was dispensed, in absolute ethanol, into the YPD+Tween-80, 

yielding a final concentration of ergosterol of 1 mg/mL. 

The A184D colonies growdng on these plates were cycled onto fresh plates every 

3 months. The plates were allowed to grow at 28-30^C for 48 hours. The plates were 

then sealed whh parafilm and stored at 4^0 for up to three months. It was possible to 

make extra plates and store them at 4^C as long as the edges were parafilmed so that the 

plate would remam free of growth and so that the agar would not dry out and crack. 

When large scale growth occurred, the yeast was grown up as foUowsi In a 1 L 

Erlenmeyer flask, 300 mL autoclaved YPD was moculated whh 3 mL yeast suspension 

and allowed to grow. A typical growth curve is shown in Figure 3.1. 12 1 L flasks, each 
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contammg 300 mL of YPD, 3600mL total, will yield approxhnately 65 gram fresh weight 

of cells, or around I8g cells per liter of YPD. This was the typical scale of growth. 

Chromatography for enzyme purification was performed using a commercial 

refrigerator at 4*̂ C. Microsomes were prepared and solubilized according to the method 

of Nes et al. Approximately 45 mL of the solubilized supernatant was loaded at I 

mL/mm onto a DEAE DEi52 cellulose (Whatman) column of dhnension 2.5cm x 

16.5cm, 81 mL bed volume. Column was washed whh Column Buffer (50mM Tris, 2mM 

2-mercaptoethanol, 2mM MgCl2, 15% glycerol, 0.2% emulphogen, pH 7.5) plus ImM 

EDTA, 0.025M NaCl, for 100 mmutes and a Imear gradient into Column Buffer plus 

ImM EDTA, O.IM NaCl was run for 200 minutes followed by washing the column for 

100 minutes with this buffer. Fractions were assayed for activhy as described in the 

foUowmg section. Active fractions (75 mL) were pooled and loaded at 1 mL/min onto a 

Q-Sepharose column of dimensions 2.5cm x 4.5cm, 22 mL approximate bed volume. 

Column was washed for 40 minutes with Column Buffer plus O.IM NaCl. A gradient 

into Column Buffer plus 0.5M NaCl was run over 140 minutes. The column was then 

washed whh this buffer for 60 minutes. Fractions were assayed for activhy and active 

fractions (25 mL) were pooled and concentrated overnight m an Amicon Centriplus 50 

concentrator. The concentrated active fractions were then applied to a Sephacryl S-300 

HR Gel Permeation column of dimensions 2.5cm x 42.0cm, 206 mL approximate bed 

volume. This column was eluted isocratically at 1 mL /min whh Colunm Buffer plus 

O.IM NaCl. Active fractions elutmg at around 172 kDa as shown by molecular weight 

calibration markers were pooled and concentrated usmg an Amicon Centriplus 50 

concentrator. These fractions were then loaded onto a Mono Q HR 5/5 FPLC column as 

described in the folio wmg section. The column was washed at 0.5 mL/min for 5 minutes 

with Column Buffer and eluted wdth a Imear gradient into Column Buffer plus l.OM 

NaCl over 10 minutes. The column was then washed whh this buffer for an addhional 5 

mmutes. Fractions were assayed for activhy and active fractions (1.5 mL) were loaded 

onto an o-aminodecyl agarose column of dimensions 0.8cm x 2.5cm, 1.2 mL 

approximate bed volume. This column was eluted whh buffer (50mM MOPS. 2mM 

MgCl2, 2 mM 2-mercaptoethanol, 15% glycerol, 0.2% emulphogen, pH 6.5). The SMT 
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eluted hnmediately after the void volume m an mactive state. Smce the enzyme looses 

activhy after this stage, all characterization of the wild type SMT was done whh Mono Q 

purified protem, which by SDSiPAGE was 80-90% pure. This final column was used 

only to generate a pure protem for sequencmg. 

3.2 Growth ofE. coli and Purification of the SMT enzyme 

ERG6 DNA. Substrates and Reagents. Plasmid pRG458 which contamed the 

ERG6 DNA was obtamed from Dr. Martm Bard (Department of Biology, Indiana 

Univershy, IndianapoUs, IN).^^ The open readmg frame of the SMT gene was subcloned 

mto pBR322 as previously reported"* generatmg a 1,281 bp fragment msert correspondmg 

to the ERG6 DNA. AdoMet was purchased from Sigma, f^Hs-methylJAdoMeX (10-15 

Ci/mmol) and f Hs-methylJ AdoMet were purchased from NEN du Pont and MSD 

Isotopes (Canada), respectively,"*'̂ ^ and [27-'^C]zymosterol was synthesized as 

described,^ '̂"* zymosterol and related sterols were obtamed from our sterol collection.^ '̂̂ * 

pET expression system was purchased from Novagen. Sequenase version 2 kh was 

purchased from U.S. Biochemicals. Muta-gene M13 m vitro mutagenesis kh version 2, 

Bradford protein assay kit and protein electrophoresis suppUes were purchased from Bio-

Rad. Isopropyl-P-D-thiogalactoside (IPTG) was purchased from Research Products 

International Corp. Reagents and chemicals used in growing bacteria, enzyme 

purification and assays were purchased from Sigma and Fisher unless otherwise noted. 

Isolation and Preparation Sterol Methyl Transferase A single colony of E. coli 

BL21(DE3) host cells was inoculated hito 200 mL of Luria broth (LB) medium (Difco 

bacto-tryptone 10 mg/mL, Difco bacto-yeast extract 5 mg/mL, and NaCl 10 mg/mL, pH 

7.0, 200 pL of ampicillin stock (at a concentration 50 mg/mL) and mcubated at 37 ^C at 

250 rpm for 4 to 5 hours to reach an Asoo of 1.3 (onset of stationary phase growth). Then 

eight portions of 25 mL each were inoculated m eight 2.7L Fembach flasks containing IL 

each LB medium whh pg/mL ampicillin, and the cuhures were incubated for 90 mmutes 

at 250 rpm at 37 V to ^^ooof 0.6. IPTG (0.4 mM, 4 mL of a 100 mM stock solution) was 

added to each flask to mduce the production of sterol methyl transferase, and the cuhures 

were incubated at 37 ^C for 2 hours. The cells were harvested by centrifugation at 10,000 
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g for 10 minutes and ehher used dhectly, or frozen in a 50 mL Falcon tube whh 15 mL 

liquid nitrogen and stored at -80 ^C. Generally from eight Femback flasks, about 25 

grams fresh weight of cell pellet is generated. 

Recombmant Sterol Methyl Transferase Purification All manipulations were 

carried out on ice or at 4^C m a Revco Commercial Refrigerator. The combmed cell 

pellets generated from IPTO induction were resuspended in 170 mL resuspension buffer 

contammg 50 mM Tris HCl; 2 mM MgCb; 2mM 2-mercaptoethanol; and 5 % glycerol 

(v/v); pH, 7.5. The resuspended cells were disrupted by sonication usmg a sonifier 

(Model # 250 Sonifier, Branson UltraSonics Corp, Danbury, CT). The power settmg was 

set at 7, duty cycle set 50%, sonify for 5 mmutes, rest 3 minutes, repeat two more times. 

The mixture was centrifuged at 10,000 x g for 10 minutes and the milky supernatant was 

collected and subjected to further centrifugation at 100,000 x g for 90 minutes. That 

supernatant was collected and preciphated wdth (NH4)S04 to 60% of saturation and sthred 

on ice for 30 min. The protem solution was pelleted by centriftigation at 10,000 x g for 30 

mm. The protem preciphate was desalted by dissolvmg the (NH4)S04 preciphate in Q 

Sepharose buffer A (50 mM TrisHCl, pH 8.0; 2 mM MgCl2; 2mM 2-mercaptoethanol, 1 

mM EDTA and 15 % glycerol, v/v) then performing dialysis at 4 ^C with molecularporus 

membrane tubing (SpectraPor, 6 to 8 kDa, Spectrum Medical Ind., CA) for 12 to 16 

hours with at least one buffer change. The enthe sample, ca. 1.5 g of protein, was applied 

to a Q Sepharose colunm (2.5 x 41 cm, 200 mL bed volume) which was preequilibrated 

with buffer A. The protein was eluted from a step-wise gradient usmg buffer A followed 

by buffer B (buffer A plus 2 M NaCl). The protein eluted from the column m a bimodal 

distribution. The deshed fractions eluting immediately after the void volume were located 

by activhy assay and SDS-PAGE. This protem was dialyzed agamst HIC buffer A, 

contammg 50 mM MOPS, pH 6.5; 2 mM MgCl2; 2mM 2-mercaptoethanol, 1 mM EDTA 

and 15 % glycerol, v/v. The enzyme solution was applied to an co-aminodecyl agarose 

(hydrophobic interaction chromatographyi HIC) column (2.5 x 10.2 cm, 50 mL bed 

volume) that was preequilibrated whh 200 mL HIC buffer A. The column was washed 

with 80 mL of HIC buffer A and eluted first wdth 200 mL of HIC buffer A and then 200 

mL of HIC buffer B (1 M NaCl m HIC buffer A). The sterol methyl transferase activit\ 
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eluted as a smgle peak m the mitial wash from the column. 

An aliquot (generally 0.5 to 5 mg) of the SMT enzyme contammg sample from 

the HIC column was mixed whh 50 |iL of Q Sepharose buffer A and mjected mto a 

Mono Q HR 5/5, fast-protem liquid chromatographic (FPLC) column, pre-equilibrated 

with Q Sepharose buffer A. The column was developed with 5 mL Q Sepharose buffer A. 

at a flow rate of 0.5 mL/mm, followed by elution of the SMT activhy from the Imear sah 

gradient of 10 mL Q Sepharose buffer B. Each of the fractions (0.5 mL) elutmg from the 

column was exammed by activhy assay and SDS-PAGE analysis. The SMT enzyme 

activhy eluted as a single peak from the Mono Q column between 0.3 and 0.4 M sah and 

these fractions showed a smgle peak on SDS-PAGE electrophoresis. 

The SMT enzyme was found to lose different degrees of activhy during storage 

depending on the source of protein. For histance, protein stored as column pure fractions 

survived less well than stored as homogenates. Homogenates stored in 1.7 mL Eppendorf 

tubes at -20°C exhibited no significant loss of activity after two weeks. However, HIC 

and Mono Q fractions exhibited a loss of 20 to 50 % activhy after one week storage at 

-20°C. When these fractions are thawed, the SMT enzyme remained active for 2 days. Of 

particular interest was the fact that with each successive cycling of the BL21(DE3) cells 

onto fresh plates, the total activity of the SMT recovered from the cells decreased. To 

prevent this from occurring, a cellular suspension of the freshly transformed cells were 

stored in 50% glycerol at -80°C. These cells had to be cycled in a manner shnilar to that 

described earlier in this section or recovered activity was not reproducible. We believe 

this phenomenon to be explained by plasmid degeneration. Over thne the total number of 

pET23a(+) plasmids whhin the cell decreases. As such the total amount of enzyme and 

total activhy also decreases. 

3.3 Other Experimental Methods 

A standard assay contained, m 600 pi of total volumei 2 to 3 mg total protem m 

Tris-buffer; 50 pM zymosterol; 50 pM f^Hs-methylJAdoMeX, Tween 80(1.0%. v/v). All 

samples were changed to these buffers by dilution, dialysis, desahmg or concentration 

prior to assay for sterol methyl transferase activhy as described next. Incubation was at 
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32 C for 45 minutes at pH 7.5. The reaction was terminated with 500 pL of a solution of 

10 g KOH pellets dissolved m 10 mL distilled H2O and 80 mL of methanol. The 

methylated sterol product was extracted three thnes whh 2.5 mL each of skelly hexane 

(Fisher) and mixed on a vortex mixer for 30 sec. The resuhmg organic layer was then 

transferred to a 7 mL scmtillation vial and the sample dried. To the residue was added 5 

mL of scmtillant and the radioactivhy measured by scmtillation countmg. Protem was 

esthnated by the method of Bradford ^'^ usmg the Bio-Rad laboratories Protem Assay kit 

with bovine serum albumin as a standard. Both enzyme activhy measurements and 

protein determinations were reproducible to wdthin 10%. Steady-state kinetic parameters, 

h^t and Km, were initially esthnated from Lmeweaver-Burk double reciprocal plots 

calculated by direct fittmg of data to the Michaelis-Menten equation usmg standard 

nonlinear least square methods. '̂̂ ^ Enzyme cooperativhy of catalytic function, which 

gives rise to two Km values from the Lineweaver plots, was established on the one hand 

by plotting reaction rates versus increasing concentration of zymosterol, holding the 

AdoMet constant at 100 pM (saturatmg concentration), and on the other hand, by plotting 

reaction rates versus increasing concentrations of AdoMet, maintaining zymosterol at 100 

pM (saturatmg concentrations). 

Instrumentation Proton and carbon NMR spectra were recorded in 

deuterochloroform at 300 MHz (*H-NMR) and 75 MHz ('^C-NMR) usmg a Bruker 

AF300 spectrometer. Chemical shifts (6, ppm) are referenced to TMS (6, 0) or CHCI3 

(6, 7.24). Radioactivhy measurements were obtained on a Beckman LS 6500 liquid 

scmtillation counter wdth 5 mL of ScmtiVerse BD cocktail (Fisher) and were 

automatically quench corrected. Mass spectra were recorded on a Hewlet-Packard 6890 

GC interfaced to a 5973 mass spectrometer. Capillary GLC was performed using a DB-5 

column (J & W, Folsom, CA), 30 m x 250 p, film thickness .25 p; flow rate He 1.2 

mL/mm; mjector temperature 250 ^C; mitial column temperature 170 ^C, hold for 1 

mmute, ramp at 20^C /min to 280^C. Retention thnes m gas-liquid chromatography 

(GLC) on a 3%o SE-30 packed column operated isothermally at 240^C wdth flame 

ionization detection (RRTc), and retention thnes m high-performance Uquid 
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chromatography (HPLC) (ttc) on a Whatman Cig-reversed phase 25-cm column eluted 

with 9 to 1 actetonitrile to isopropanol whh uhraviolet wavelength detection set at 205 

nm, are relative to the retention thne of cholesterol (c). 

Gel electrophoresis. SDS-PAGE was carried out usmg the standard buffer system 

accordmg to Laemmli m 12 % polyacrylamide vertical slab gel preceeded by a 4 % 

stackmg gel (16 cm x 16 cm x I cm, PROTEAN II vertical gel apparatusi 1.0 mm 

thickness) at a constant vohage of 150 v (Bio-Rad 1000/500 Power Supply) for about 4 

hours for the large gels and 45 minutes for the mini-gels run m a Modular Mini-

PROTEAN II Electrophoresis system (Bio-Rad). Gels were stamed whh 2.0% (w/v) 

Coomassie Brilliant Blue R-250 m methanoliacetic acidiwater (40il0i50) or silver 

Stained usmg the Bio-Rad laboratories Silver Stam Kit. Molecular weight markers were 

purchased from Promega. 

Molecular Weight Determinations. Analytical chromatography was performed on 

a Superose 6 (HR 10/30, 300 x 10 mm diameter, Pharmacia) gel filtration column. For 

molecular weight determination of the native protein, a 100 pL sample of pure SMT 

protein from the Mono Q column (1.0 mg/mL), or a mixture of standards (Bio-Rad), was 

loaded onto the FPLC colunm and eluted isocratically whh 100 mM NaCl m Q Sepharose 

buffer A, containing 0.2 % (v/v) emulphogen (which was essential for the 

chromatography of the SMT enzyme). The molecular weight of the SMT enzyme was 

determined using a cahbration curve of elution volume against the log molecular weight 

using the followmg standard proteinsi thryoglobulm (670,000), gamma globulin 

(158,000), ovalbumm (44,000), myoglobm (17,000), vitamm B-12 (1,300). The 

molecular weight of the SMT protein eluting from FPLC was determined by SDS-PAGE 

electrophoresis using appropriate molecular weight standards from Promega and hs 

identhy confirmed by cross-reaction with the anti-rrpE-SMT antibody. 

Isoelectric focusmg (lEF). lEF was performed usmg a pre-poured PHAST gel on 

a Pharmacia PHAST system at 16^C. The isoelectric pomt of the protem was determined 

by comparison to a standard calibration curve usmg standards (lEF Mix range 3 to 10, 

Pharmacia) according to the manufacturer's protocols. The theoretical isoelectric point of 

the SMT enzyme was derived from the hiferred protein sequence usmg the GenBank 
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software. The isoelectric points (pi) were calculated using the pKa values for all 

ionizable amino acid side chains and the N and C termini. The number and distribution of 

charged residues were determined by counting histidine, lysine, and arginine as + 1 

charge and aspartic acid and glutamic acid as - I charge.^' 

Protem Sequencmg. Approximately 5 pg of the purified SMT protem was 

subjected to acid hydrolysis and subsequent amino acid analysis at the Texas Tech 

University Biotechnology Core Facilhy. In preparation for N-terminal sequence analysis, 

SMT protem recovered from the Mono Q column, electroblotting the protein onto a 

PVDF membrane, and from a gel slice from HIC gel electrophoresis (by electroelution of 

the 43 kDa band followed by fihration using a Centricon-30 to remove the detergent) 

were diluted with water and the samples loaded dhectly to a protein support. The 

sequence of the these samples was determined by Edman degradation (10 cycles) 

performed on a Porton Instrument 2020 automated sequencer coupled to a Beckman Gold 

HPLC, which was eluted wdth a starting solvent of water and 3% THF and 1% each of 

triethylamine and sodium acetate, which served as ion-pah-ing agents. Acetonitrile was 

then graded mto this solvent mixture to a final concentration of 90% aqueous acetonitrile. 

Product Analysis. Preparative scale incubations were performed usmg 

stoichiometric amounts of AdoMet, sterol acceptor molecule and SMT protein. Protem 

(ca. 30 mL or 5.0 mg protein sample) was incubated in a 125 mL Erlenmeyer flask at 

32°C for 11 hours. The reaction was terminated by addhion of a 10% methanolic KOH 

(w/v) solution to the reaction vessel. Each incubation mixture was treated with DMSO 

and four boiling chips and boiled for 30 minutes. The reaction mixture was extracted with 

hexane (skelly solve F). The organic soluble material was pooled and dried. The residue 

was dissolved in acetonitrile/isopropanol and injected into a reversed-phase HPLC 

column (Whatman Cig-semipreparative column eluted wdth acetonitrile/isopropanol, 9il). 

The methylated sterol product was further purified on an analytical Whatman Cig-column 

eluted whh acetonitrile/isopropanol, 9il. The pure methylated sterol was subjected to 

GLC-MS and NMR analysis. Based on mtemal standardization whh cholesterol, an 

amount of fecosterol (and related isomeric 24-alkylated sterol products) equivalent to 0.3 

pM/assay can be detected by GLC and HPLC methods. 
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Figure 3.1 Typical growth Curve for Saccharomyces cerevisiae A184D. 300 mL of YPD 
was moculated whh 3 mL of moculem and allowed to grow at 2TC, with gentle shakmg 
at 200 rpm. The experiment was performed m tripUcate, the values shown are the 
averages of the separate experiments. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

Desphe an mhial attempt nearly thhiy years ago by Moore and Gaylor, no 

successfiil purification of any enzyme m a sterol synthetic pathway has been reported.^ 

For the first time, we report the successful purification of a key regulatory enzyme m the 

yeast sterol biosynthetic pathway. Herem we describe a successful purification of the S-

adenosyl-L-methionme A ^'^^^ to A ^'*^^^'> sterol methyltransferase (SMT) both from the 

wild type, Saccharomyces cerevisiae, and the wild-type enzyme overexpressed m a 

bacterial system. The equivalent nature of the two enzyme preparations are established, 

in terms of the kmetic properties of the enzyme. 

After a number of problems whh buffer changes, type of column and assay 

condhions were worked out m the early stages of this study, purification of the SMT 

enzyme was uhhnately achieved. 

After the active fractions eluting from the Q-Sepharose column were concentrated 

to a volume of around 8mL, they were then loaded onto a Sephacryl H-300 gel fihration 

column as described in materials and methods. Of note to mention here was the fact that 

throughout the purification of the SMT from yeast, a small amount of detergent was 

added to every buffer. The need for this addhion became painfully obvious in the gel 

filtration step. In this step we were able to both fiirther purify the enzyme, and get 

information as to the molecular weight of the active species. The column was calibrated 

using molecular weight standards available from Bio-Rad rangmg in size from 670 kDa 

to 1.4 kDa. Whh the addhion of emulphogen, active fractions reproducibly eluted at 

around 165 kDa. Whhout detergent, fractions eluthig much earlier gave rise to 

dhnmished activhy. It was these findings that led to the conclusion that the SMT was 

aggregating mto a non-native, inactive form. Also hnportant to activhy was the addhion 

of O.IM NaCl to the column mnning buffer. Activity was not recovered wdthout h. 

After the protem had been passed through these three columns, h was 

concentrated using an Amicon Centricon concentrator and injected onto a Mono Q HR 

5/5 column from Pharmacia. The Mono Q column explohs differences m protein charge 
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shnilar to both the DEAE and the Q Sepharose. The major difference is the fact that the 

Mono Q is a strong anion exchanger, the other two are weak anion exchangers. Smce the 

Mono Q is an ion exchange column, load volume was not of preemment hnportance. 

This obviated the need for extensive concentration of the gel fihration active fractions 

prior to loadmg the Mono Q. The Mono Q was able to both generate fractions of onlv 

three to five total protem, as visualized by SDSi PAGE, m addhion to concentratmg the 

protem sample to around 1 mg/mL. It was the Mono Q fractions that were used for all of 

the studies, smce the fractions eluthig from the next step were mactive, and m too small 

amounts to be used. The fractions elutmg from the Mono Q column were shown by 

S D S I P A G E to be between 80 and 90% pure. Protem levels were correlated whh the 

amount of C-methylation activhy. Based on the SDSiPAGE method of protem 

quanthation, the darkest band by SDSiPAGE migratmg at 43 kDa should be the SMT 

enzyme. SDSiPAGE of the Mono Q purified enzyme showed three bands. Two of the 

bands, those at 40 kDa and 43 kDa are believed to be a proteolytic breakdown product of 

the SMT enzyme and the SMT enzyme hself, respectively. The identhy of the addhional 

band around 38 kDa is unknown, although the sequence of the first 10 amino acids was 

discovered in this study. This band did not appear after HIC chromatography. The only 

band visualized by silver staining after HIC chromatography was at 43 kDa, but pauchy 

of sample precluded hs sequencmg. In the early stages of this investigation, bovine 

semm albumin (BSA) was added to the homogenization buffer. It was found that the 

BSA co-purified with the SMT enzyme throughout the chromatographic procedure as 

evidenced by the constant presence of a band migratmg at 67 kDa m SDSiPAGE. 

Elimination of the BSA from the buffer resuhed in the elimination of the band in 

S D S I P A G E . In proceeding from Mono Q to HIC, the loss of activity was not due to the 

absence of SMT, rather h was presumably due to the conformational changes in the SMT 

stmcture followmg a buffer change. 

The final step in purification was a hydrophobic interaction column (HIC), run at 

low pH to protonate the nitrogen moiety present on the column. Recovery from this 

column was very poor due to the fact that a large amount of the protem loaded onto the 

column irreversibly bound to the support. This column was used solely to generate a 

45 



fraction for SDSi PAGE for determining purhy. Whereas all of the other runs on SDS: 

PAGE were stamed whh Coomassie blue, the fractions from this column were silver 

stamed accordmg to the dhections of the manufacturers. Bio-Rad. Silver stammg is 

nearly two orders of magnitude more senshive than Coomassie blue. As one can see, the 

purification of the SMT from yeast was not an easy one. Figure 4.1 presents a flowchart 

while Table 4.1 describes the purification m detail. The necesshy of purifymg the 

enzyme from hs native organism has now been obviated by the abilhy to express the 

SMT in bacteria, first done by Venkatramesh et al. m 1994, and later overexpressed an 

purified m 1998 by Nes et al. Figure 4.2 presents a flowchart while Table 4.2 is taken 

from the Nes et al. 1998 paper, summarizmg the purification of the SMT from hs 

overexpression system, BL21 (DE3) cells harboring a pET23a+ plasmid under control of 

a T7 promoter with the SMT gene inserted. The major differences in the purification were 

the facts that in the overexpression system, the enzyme was present in such a high 

amount as to migrate in the 100,000 x g supernatant. In other words, there was so much 

SMT present in the cell that all possible sites for membrane insertion were occupied. 

This caused the SMT to become a cytosoUc enzyme, as opposed to a membrane bound 

enzyme. This change in the purification steps led to the development of a purification 

scheme that did not depend on the addhion of detergents. In addhion to the fact that the 

SMT now comprised nearly 50% of all cellular protem provided the means for a simpler 

purification protocol. Also of interest was the fact that an ammonium sulfate 

precipitation was mcorporated wdthout loss of activity. This was not possible m the wild-

type purification. We feel that the existence of NaCl in the protein solution prior to the 

addhion of ammonium sulfate kills all enzyme activhy. In the wild-type purification, the 

ammonium sulfate preciphation was incorporated as a concentration step after at least 

one column mn, m which NaCl was mcluded in the buffer. In the purification from the 

expression system, the ammonium sulfate preciphation occurred prior to the addhion of 

any NaCl. When a second ammonium sulfate preciphation was attempted after the Q 

Sepharose column, after the addhion of NaCl, no activhy was recovered. Another 

interesting distinction between the two purification protocols is the differences in usage 

of the columns. In the purification from the wild-type, the enzyme bound and was eluted 
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from the column. In the purification from the overexpression svstem. the enzyme was 

eluted m the void volume, so that the utilhy of the column was used simply as a 

recrystallization step. This is tme only for the Q Sepharose column, which did v ield a 

bimodal distribution. The HIC and Mono Q columns were used m a manner more 

consistent with chromatographic theory. 

The reason to purify the SMT from hs wild-type organism was simply to establish 

the fact that the protem expressed m the overexpression system was mdeed the product of 

the ERG6 gene, that encodes the S-adenosyl-L-methionme Â "*-̂ ^ to A ^^^^^^ sterol 

methyhransferase, and that no modification had been introduced m the overexpression. 

This was shown by a combmation of techniques. The molecular weights of the two 

species of SMT were both shown to be around the predicted l72kDa. The migration of 

each whh regards to Mono Q chromatography were shown to be equivalent (Figures 4.3 

and 4.4). The chromatographic mobilhy for the wild-type enzyme shown m Figures 4.5, 

4.6, 4.7, and 4.8 are different from the recombinant enzyme for the reasons discussed 

previously. The product formation and substrate specifichy were shown to be identical 

(Figure 4.9). The start codon and the primary sequence of the recombinant SMT enzyme 

are consistent wdth expectations (MSETELRKRQ). The pi of the protem was established 

theoretically at 5.60 and determined experimentally to be 5.95 +/- 0.05. The recombinant 

protein expressed under the control of the T7 promoter in BL21(DE3) cells harboring a 

pET23a+ plasmid clearly is the native S-adenosyl-L-methionine A '^^^^ to A "̂̂ ^̂ ^ sterol 

methyltransferase. 

Early on m the investigation of the SMT, h was necessary to elucidate the 

requhements for enzyme activhy. Many early investigators stated the need for reducmg 

sugars and oxidizing agents. These were shown not to be completely correct. The need 

for MgCl2 however, was not dismissed. In 1969, Moore and Gaylor described the need 

for MgCl2 to support activhy, which we believe is mdeed correct.^ The opthnal condhions 

for activhy whh regards to pH, temperature, protem concentration, and time were 

mvestigated and shown to be 7.5, 35^C, 1-4 mg, and 10 minutes to 1 hour, respectively.^ 

Based on these findings, we optimized the enzyme activhy assay first described by Nes et 

al. in 1991. After these initial fmdings, we kinetically characterized the enzyme. The 
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substrate specifichy of the SMT enzyme, described earlier are m good agreement whh the 

existmg Iherature.^ This study established the apparent Km and V âx for the microsomal. 

48pM, 84 pmol/mm/mg, and solubilized enzyme preparations, 46pM 43 pmol/min/mg. 

whh respect to zymosterol. The apparent Km and V âx for the microsomal, 19 pM, 48 

pmol/min/mg, and solubilized enzyme preparations, 27 pM 49 pmol/mm/mg, with 

respect to AdoMet. Also shown m Figure 4.10 is the effect of a variety of sterols on 

enzyme activhy. These mitial fmdmgs would later lead to our studies on the 

allosterically regulated and cooperative behavior of the SMT. 

After the elucidation of equivalency between the enzymes produced bv each 

expression system, we were able to do a variety of experhnents fiirthermg the field of 

knowledge whh regard to the sterol biosynthetic pathway. Of prhnary mterest was the 

proof of the proposed mechanism of alkylation. Already described mechanistically was 

the fact that alkylation proceeds through a random, bi-bi kinetic pattem."* We proved for 

the first time, using '^C and ^H substrates, that the mechanism is indeed a 1,2 hydride 

shift, with the AdoMet attacking from the si face, similar to the Arabidopsis thaliana 

SMT.̂ ^ Also we disproved the proposed "X-group" mechanism. *̂ '̂ ^ As stated m the 

introduction, for the proposed 'X-group' mechanism to be operating, the attack must be 

from the Re face (bottom) for catalysis to occur. Using the isotopically labeled substrates 

and cofactors, we have shown no Kinetic Isotope Effect (KIE) as would have been 

predicted if the deprotonation at C-28 was rate limiting and covalently bound. In 

addition the 'X-group' mechanism is a pmg-pong kmetic mechanism, whereas the SMT 

in yeast was shown to operate through a random bi-bi mechanism. We provided 

substantial evidence m support of the mechanism of alkylation described in Figure 4.11. 

The reaction progress may now be summarized whh confidence as followsi (i) at the 

active she, a methyl group from AdoMet adds to C-24 of the sterol acceptor molecule. 

The methylation engages specifically the 57-face of the 24,25-double bond and proceeds 

by an mversion mechanism at the methyl center.*' (u) Followmg formation of the 

carbenium ion, a hydride ion migrates in a concerted manner from C-24 to C-25 and the 

poshive charge at C-25 is eliminated by formation of the 24(28)-exocyclic methylene 

stmcture. The 1.2-hydride migration of H-24 to C-25 occurs m such a way that the pro-£"-
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methyl group on the 24,25-double bond on the sterol acceptor molecule is transformed 

stereospecifically into the pro-S'-methyl group of the product. This implies that the 

methyl insertion and hydride migration occur on opposhe faces of the original double 

bond. The chemical data coupled whh the enzymatic findings for the absence of a 

deuterium isotope effect (ka/ko) from [24-^H]zymosterol/[24-H]zymosterol and [̂ H3-

methyl]AdoMet mcubated with the SMT enzyme, and the observation that the SMT 

operates by a random bi-bi kmetic mechanism "* establish conclusively that the X-group 

mechanism proposed by Comforth m 1968 is not operational m yeast. The NMR and 

GC/MS for the product of the reaction, fecosterol is identical to an authentic species and 

mcubation usmg isotopically labeled products is mcluded as Figures 4.12, 4.13, 4.14 and 

4.15. SDSI PAGE analysis of both the wild type and recombinant protein yielded 

identical resuhs so the gel shown in Figure 4.16 is representative. 

The purification of the SMT enzyme from yeast is the first example of the 

successful purification of any enzyme involved in the phytosterol synthetic pathway. 

Experhnents designed to estabUsh a three dimensional crystal stmcture of the protein in 

addition to the definitive mapping of the active she are aheady in progress. Whh these 

pieces to the puzzle akeady m place, the design of MBI/TSA compounds can be greatly 

assisted as new agrochemicals and pharmaceuticals can be designed to target the SMT 

enzyme. As stated previously, the phytosterol pathway is the she of extreme primary 

metaboUc differences. The purification of this enzyme opens the door for the rational 

design of dmgs to exploit this difference in fungal and plant or animal physiology, and 

develop antifungal compounds. 
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Figure 4.1 Flowchart describing the purification of wild-type SMT. 
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Figure 4.3 WT Mono Q Chromatogram. The thm line represents the absorbence at 
280nm, the thick Ime represents activhy (m DPM/mL) and the dashed Ime mdicates the 
NaCl gradient. Chromatography was carried out on an FPLC Mono Q HR 5/5 anion 
exchange column of dimensions 5 cm x 5 mm, bed volume 1 mL. Column was 
equilibrated m column buffer. Concentrated active fractions from the previous column 
(volume 5mL) was loaded onto the column. The column was then washed for 5 mmutes 
whh column buffer and eluted wdth a Unear gradient over 10 mmutes mto column buffer 
with 1.0 M NaCl. The column was then washed for 5 mmutes whh column buffer with 
1.0 M NaCl. The temperature was mamtamed at 4°C and the flow rate of the column was 
mamtamed at 0.5 mL/mm. Forty fractions of 0.5 mL each were collected and assayed for 
activhy. Protem concentration m each fraction was determmed by the Bradford method. 
The fractions with the highest activhy were then pooled and concentrated and loaded 
onto the next column. Protem was monitored by absorbence at 280 nm, senshivhy 0.2 
AUFS. 
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Mono Q Chromatogram 

Fraction Number 

Figure 4.4 Mono Q Chromatogram of the recombmant. The thin Ime represents the 
absorbence at 280nm, the thick Ime represents activhy (m DPM/mL) and the dashed line 
hidicates the NaCl gradient. Chromatography was carried out on an FPLC Mono Q HR 
5/5 anion exchange column of dimensions 5 cm x 5 mm, bed volume 1 mL. Column was 
equilibrated m colunm buffer. Q-Sepharose buffer A for the recombinant purification 
was mixed whh active fractions from the previous column and loaded onto the column. 
The column was then washed for 5 minutes with column buffer and eluted whh a linear 
gradient over 20 minutes into column buffer whh 1.0 M NaCl. The column was then 
washed for 5 mmutes whh colunm buffer with 1.0 M NaCl. The temperature was 
maintamed at 4°C and the flow rate of the column was maintamed at 0.5 mL/mm. Fifty 
fractions of 0.5 mL each were collected and assayed for activity. Protem concentration m 
each fraction was determined by the Bradford method. Protem was monitored by 
absorbence at 280 nm, senshivity 0.2 AUFS. 
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Figure 4.5 DEAE Chromatogram of the wild type. The thin line represents the 
absorbence at 280nm, the thick line represents activhy (in DPM/mL) and the dashed Ime 
indicates the NaCl gradient. Chromatography was carried out on 45 g of DEAE cellulose 
DE-52 anion exchange resm (Whatman) m a 16.5 cm x 2.5 cm column, approximate bed 
volume 81 mL. Column was equilibrated m column buffer whh 25 mM NaCl and 1 mM 
EDTA. Approxhnately 45 mL of solubilized supernatant was loaded at 1 mL/min. The 
column was then washed for 100 minutes whh column buffer contaming 25 mM NaCl 
and 1 mM EDTA and then eluted whh a linear gradient over 200 mmutes into colurrm 
buffer with 100 mM NaCl and 1 mM EDTA. The colunm was washed for 100 mmutes 
colunm buffer whh 100 mM NaCl and 1 mM EDTA. The temperature was mamtamed at 
4 T and the flow rate of the column was mamtamed at 1 mL/min. Eighty fractions of 5 
mL each were collected and assayed for activhy. Protein concentration m each fraction 
was determined by the Bradford method. The fractions whh the highest activhy were 
then pooled and loaded onto the next column. Protem was monitored by absorbence at 
280 nm, senshivity 1.0 AUFS. 
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Figure 4.6 Q-Sepharose Chromatogram for WT. The thin line represents the absorbence 
at 280nm, the thick Ime represents activity (m DPM/mL) and the dashed Ime hidicates 
the NaCl gradient. Chromatography was carried out m a column of Q-Sepharose anion 
exchange resm (Sigma) whh dimensions 4.5 cm x 2.5 cm, approxhnate bed volume 22 
mL. Column was equilibrated m column buffer whh 100 mM NaCl. Active fractions 
from previous column (volume 60mL) was loaded at 1 mL/mm. The column was washed 
for 40 mmutes whh column buffer with 100 mM NaCl and eluted whh a Unear gradient 
over 140 mmutes mto column buffer with 500 mM NaCl. The column was then washed 
for 60 mmutes with column buffer whh 500 mM NaCl. The ten^rature was mamtamed 
at 4**C and the flow rate of the column was mamtamed at 1 mL/mm. Sbrty flections of 5 
mL each were collected and assayed for activhy. Protem concentration m each fraction 
was determmed by the Bradford method. The fractions whh the highest activhy were 
then pooled and concentrated and loaded onto the next colunm. Protehi was monhored 
by absorbence at 280 nm, sensitivity 0.2 AUFS. 
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Figure 4.7 A represents a Gel Permeation Chromatogram whh B representmg calibrated 
Molecular Weight Standards. The thm Ime represents the absorbence at 280nm, the thick 
Ime represents activity (m DPM/mL). Chromatography was carried out m a column of 
Sephacryl S-300 HR Gel Permeation resm (Sigma) with dimensions 42.0 cm x 2.5 cm, 
approximate bed volume 206 mL. Colunm was equilibrated whh column buffer whh 100 
mM NaCl. Concentrated active fractions from previous column (volume 6 mL) was 
loaded dkectly onto the resm and allowed to smk m. After the sample was absorbed mto 
the resm, 10 mL of column buffer with 100 mM NaCl was placed on the resm and the 
column was eluted isocratically for 300 mmutes. The temperature was mamtamed at 4*'C 
and the flow rate of the column was mamtamed at 1 mL/mm. Sixty fractions of 5 mL 
each were collected and assayed for activhy. Protehi concentration m each fraction was 
determmed by the Bradford method. The fractions whh the highest activhy were then 
pooled and concentrated and loaded onto the next column. Protem was monitored by 
absorbence at 280 nm, senshivhy 0.01 AUFS. 
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Figure 4.8 WT Hydrophobic Interaction Chromatography. The thm line represents the 
absorbence at 280nm, the dashed line indicates the NaCl gradient and the absence of a 
thick line represents the absence of recovered activity. Chromatography was carried out 
on co-aminodecyl agarose resm (Sigma) of dhnension 2.5cm x 0.8cm, approximate bed 
volume 1.2 mL. Column was equilibrated wdth buffer; 50 mM MOPS, 2 mM MgCl2, 2 
mM 2-mercaptoethanol, 15 % glycerol, pH 6.5 @ 4°C. Active fractions from previous 
column (volume 1 mL) was loaded dhectly onto the resin and allowed to smk m. After 
the sample was absorbed into the column, 4 mL of buffer was placed on top of the 
column and the colunm was washed wdth the buffer for 20 minutes and eluted wdth a 
Imear gradient of over 60 minutes mto buffer whh 1.0 M NaCl. The column was then 
washed for 20 minutes with the buffer whh 1.0 M NaCl. The temperature was 
mamtained at 4**C and the flow rate of the colunm was mamtained at 0.5 mL/mm. Forty 
fractions of 0.5 mL each were collected and assayed for activity. Protem was monitored 
by absorbence at 280 nm, senshivhy 0.01 AUFS. 
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Figure 4.9 Product Distribution The thin line represents the absorbence at 205nm, the 
thick line represents activity in DPM. In a 13 x 100 mm borosilicate glass tube; 12 pL of 
50 mg/mL Tween 80 m EtOH (600 pg), 7.73 pL of 1.49 mg/mL zymosterol m EtOH 
(11.52 pg), 4.8 pL ^Ha-methyl-SAM stock solution, 4.47 pL SAM stock solution, 510.73 
pL resuspension buffer, and 30 pL of the most active Mono Q fraction was allowed to 
mcubate overnight at 35°C, 200 rpm. The reaction was terminated by the addhion of 500 
pL 10% methanolic KOH and vortexed. To the resultant solution, 50 pg of HPLC pure 
carrier fecosterol was added and the solution was extracted 5 times whh 3 mL hexane, the 
organic layer removed and dried imder N2, resuspended in 100 pL methanol and shot on 
HPLC using a C-18 Partisphere column (Whatman), usmg acetonitrile/isopropanol (9/1) 
at 1 mL/min, 350 psi, ambient temperature, senshivity 1.0 at 205 nm, 5 mm/mm chart 
speed. Fractions were taken every 12 seconds from 20 to 28 minutes and dried. To these 
fractions 5 mL of Scmtiverse BD scintillation cocktail (Fisher) was added and the 
fraction was capped, vortexed, allowed to set overnight and then counted on a Beckman 
LS 6500 Scmtillation Counter (efficiency for ^H 50%). 
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Figure 4.10 Effect of alternate sterols on activity. Typical assays were performed as 
described m Materials and Methods whh the addhion of the above sterols concurrently 
with the substrate, zymosterol. Reference indicates 50pM zymosterol exclusive of 
extraneous addhions. Activhy is expressed as DPM. Protein source was 10 pg of Mono 
Q purified WT SMT. 
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Figure 4.11 Proposed mechanism of alkylation. From reference 7. The figure shows the 
sterol side cham, * denotes a ^̂ C label at poshion 27. the D represents the deuterated 
AdoMet that was used in the isotope experiments. The R groups are those belonging to 
S-adenosyl-L-methionine. Nu designates the sterol nucleus. 

60 



Abundance 

4000000-

3500000-

3000000-

2500000 

2000000 

1500000 

1000000 

500000^ 

385 

271 

227 

245 

'i"'r'i'l"V 'vyi'i" n 

299 367 

V frrT v 

314 343 

400 

I !l 

3 220 240 260 280 300 320 340 360 380 400 

L 
I I I 1 I I I—r—I—r t I—I I I "~i—'—f J I—I—'—r—|-r-'T I—I—[—:—i—i—i—|—i—r-r-» -r i—r~T"i—[—n—i—i—r r i T~I—pT"T—i—i—; 

•ime-> 4.00 5.00 6.00 7.00 8,00 9,00 10 00 11.00 12.00 13.00 14.00 15,00 16 00 

Figure 4.12 GC/MS of [28-^H]fecosterol. Capillary GLC chromatogram and mass 
spectrum (mset) of [28-^H]fecosterol derived from mcubation of the recombmant SMT 
enzyme whh zymosterol and [^B.3-methyl]AdoMeX. Incubations were performed whh 5.0 
mg of sterol and 5 mg of and [̂ Hs-we/Zzy/] AdoMet. Sterol and coenzyme were added to 
5.0 mg of total protem and assayed overnight as described m the text. 
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Figure 4.13 ' H NMR of [28-^Hlfecosterol. Partial ' H NMR spectrum of [2 8-̂ Hl feco sterol 
derived from mcubation of the recombinant SMT enzyme whh zymosterol and [̂ Hs-
methyl]AdoMet. Incubations were performed with 5.0 mg of sterol and 5 mg of and 
f}i3-methyl]AdoMeX. Sterol and coenzyme were added to 5.0 mg of total protem and 
assayed overnight as described m the text. 
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Figure 4.14 GC/MS of '^C Fecosterol. Capillary GLC chromatogram and mass spectrum 
(mset) of [27- Cjfecosterol derived from mcubation of the recombmant SMT enzyme 
with [27-^^C]zymosterol and AdoMet. Incubations were performed whh 5.0 mg of [27-
'^C]sterol and 5 mg of AdoMet. Sterol and coenzyme were added to 5.0 mg of total 
protem and assayed overnight as described m the text. 
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Figure 4.15 NMR of '^C Fecosterol. Partial ' H NMR spectrum and '̂ C NMR spectrum 
1 T 

(inset) of [27- Cjfecosterol derived from incubation of the recombinant SMT enzyme 
with [27- C]zymosterol and AdoMet. Incubations were performed whh 5.0 mg of [27-
'^CJsterol and 5 mg of AdoMet. Sterol and coenzyme were added to 5.0 mg of total 
protem and assayed overnight as described in the text. 
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Figure 4.16 SDS: PAGE of recombmant SMT enzyme from 5". cerevisiae after 
purification. The migration of protein standards (m kDa) is indicated. The gel is 
Coomassie-blue stained. Lane 1 is molecular weight standards. Lane 2 (l.Opg) is the 
most active Mono Q fraction. 
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Table 4.1 Wild-type purification of the SMT. From 30L (600g) of aerobically grown 
yeast on YPD one recovers 0.02mg of pure SMT protem. Activhy measurements and 
chromatography were performed as described m the text. Activhy data is not presented 
for the HIC stage due to the fact that active protehi was not recovered from this stage of 
purification. 

Purification Stage 

Homogenate 
Microsome 
Solubilized 
supematant 
DEAE 
Q-Sepharose 
GPC 
Mono Q 
HIC 

Total 
Protein 
(mg) 
12,900 
749 
352 

28 
8.2 
3.9 
.5 
.02 

Total 
activhy 
(units) 
18,700 
11,700 
4,850 

4,150 
1,410 
851 
425 
~ 

Specific 
Activity 
(units/mg) 
1.45 
15.6 
13.8 

148 
172 
218 
883 

Purification 
fold 
(X) 
1.0 
10.8 
9.5 

103 
119 
151 
587 

Recovery 
(%) 

100 
62.6 
25.9 

22.2 
7.5 
4.6 
2.3 
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Table 4.2 Purification table for the recombinant. The data are based on the dismption of 
25.6g of fresh weight of BL21 (DE3) cells harbormg the ERG6 DNA. A unit is defmed 
as pmol/min under the assay conditions described under Experimental Procedures. 
Recovery figures include any losses in buffer change in preparation for the indicated step. 
The total protein from the Mono Q step represents the expected value from all the HIC 
samples being passed through the Mono Q column. From reference 7. 

Fractionation 
Step 

Cmde 
homogenate 

10,000 xg 
supematant 

100,000 xg 
supematant 

0-60% 
Ammonium 
sulfate 
Q-Sepharose 

co-Aminodecyl 
agarose (HIC) 

Mono Q 

Total 
protein 
(mg) 
4140 

3111 

2276 

2000 

375 

109 

80 

Total 
activity 
(units) 
621,000 

472,872 

343,676 

314,000 

93,750 

66,817 

64,000 

Specific 
activity 
(units/mg) 
150 

152 

151 

157 

250 

613 

800 

Purification 
fold 
(X) 
1 

1.01 

1.01 

1.05 

1.67 

4.09 

5.33 

Recovery 
(%) 

100 

76 

55 

51 

15 

11 

10 
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