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ABSTRACT
The role of the sterol C3-hydroxyl group of lanosterol in the reaction catalyzed by
Paracoccidioides brasiliensis sterol C24-methyltransferase (PbSMT) was studied
kinetically and for product differences against a panel of modified lanosterol C3derivatives in which the natural C3β-OH was chemically replaced with α-OH, OMe,
OAc, keto, NH₁, F, H and NH₂⁺. PbSMT catalyzed variably 7 test substrates that
retained nucleophilic character whereas neither the 3-desoxy nor the salt analogs were
productively bound. GC-MS analysis of the biomethyl products catalyzed by PbSMT
showed similar recognition of the sterol side chain; each of them contained the same
Δ²⁴⁽²⁸⁾- construction. Alternatively, significant differences in the catalytic competence
(Vmax/ Km) of the analogs tested revealed sterol-specific Michaelis complexes resulting
from the differences associated with the size, electronics and configuration of the
substrate C3-group. These results revealed that polarity and stereochemistry of the C3group is essential in the enzyme-substrate interactions of PbSMT and that the 3β-OH
group is the best structural feature tested for optimal activity.
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CHAPTER I
INTRODUCTION

1.1 General overview of sterols
Sterol metabolism is an ancient biochemistry necessary for the continuation of life
in all eukaryote organisms (1). Sterols possessing the cyclopentanophenathrene ring form
the sterolome that comprises a chemical library of more than 1000 natural products found
in all forms of eukaryotes and some prokaryotes that provide a number of biological
functions (2). Sterol biosynthesis in plants and fungi differ distinctly from that of animals
because they contain more sterol genes over animals (2). In plants, different genes can
encode for similar reaction steps, for example, sterol C24-methyltransferase and sterol
methyl oxidase, whereas mammals generally have only one gene for each enzymatic step
(2). Recognizing how sterols vary across different species and how they operate in the
cell can help lead to the discovery of new means to target harmful microbes and a better
understanding on how genetic defects in these biosynthetic pathways can harm the human
body.
Sterols are a major component in the cell membrane that aid in the fluidity and
structure of the phospholipid bilayer (3). Cell wall biosynthesis and maintenance is a
highly dynamic process that is tightly regulated during cell growth and morphogenesis,
and it responds to a variety of cell stresses (3). It involves modification of existing
biosynthetic machinery through interactions with cell stress and cell integrity pathways,
as well as delivery of new enzymes from the golgi complex through the secretory vesicle
system (3). Cholesterol is the only sterol that is inserted across the phospholipid bilayer
in the human body, which differs from the membrane inserts ergosterol in fungi and
sitosterol in plants (Fig. 1) (4). Ergosterol and sitosterol are regarded as phytosterols,
which are sterols that contain a C24-alkyl group in the sterol side chain (4). Cholesterol is
regarded as a zoosterol, which are sterols that lack a C24-alkyl group in the side chain
(4).
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Figure 1. Representative zoosterol and phytosterols (24-alkyl sterols). The structure of
ergosterol is boxed to show different domains of the nucleus and a side chain of
functional significance; arrows indicate structural features of key importance (4).

Ergosterol was first discovered to play multiple cellular roles associated with
membrane and signal functions. It modulates the fluidity, permeability and thickness of
the membrane, and has been implicated in several cellular processes including
sporulation, pheromone signaling and plasma membrane fusion during mating and
endocytosis (5). Most antimycotics, like polyene antibiotics, used clinically target
membrane sterols for binding and form large pores that lead to increased permeability
and the dissipation of the transmembrane potential (6). Polyene drugs have higher affinity
for ergosterol and can form channels that create unbalance permeability selectivity for
Mg²⁺ K⁺, which can be toxic for fungal cells (1,6). Other antimycotics inhibit ergosterol
synthesis, but block analogous reactions in the synthesis of cholesterol in mammalian
hosts (Fig. 2).
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Figure 2. Generalized de nevo biosynthetic pathways leading to sterols in animals,
plants, and higher fungi. Arrows indicate pathways (6).
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1.2 Functional domains and sterol mechanism
Sterols are amphipathic compounds that originate in the isoprenoid biosynthesis,
having a main frame composed of a 1,2-cyclopenta(a)perhhydrophenanthrene nucleus of
A, B, C, and D-rings (Fig. 3) (2,7). Their structure possesses four indispensible domains
that make it unique and complementary for membrane insertion: a) Equatorial 3-hydroxyl
group, b) Planar tetracyclic ring system also known as the nucleus, c) Right-handed C20R
configuration, and d) C8- or C10- side chain (Fig. 4) (1). In Domain A, the polarity and
tilt of the C3-OH group add functionally to hydrogen-bond interactions while the C4- and
14-methyl groups can affect the A ring conformation and back face planarity,
respectively, in Domain B (2). Alternatively, the number and position of double bonds in
the nucleus can affect the shape of the sterol and tilt of the 17(20)-bond (4). In Domain C,
the natural configuration at C20R determines the conformation of the side chain to orient
into a “right-handed” position (2). Variations in the length and orientation of both the
C24-alkyl group and the double bonds can be found in the side chain of Domain D (Fig.
5) (8).
These four domains possess strategically positioned chiral carbons that contribute
to the polarity and shape of the sterol, producing an alternating all trans-anti
stereochemistry of the ring system (8). The equatorial C3-hydroxyl group acts as the
polar head while the side chain functions as a non-polar tail. The nucleus undergoes
various changes as the sterol is modified from 4,4-dimethyl to 4-desmethyl that can even
alter another domain by changing the tilt of the C3-hydroxyl group (1). Double bonds are
formed, broken and/or shifted throughout the mechanism in order to achieve the final
product for it to be inserted into the membrane. These modifications generate an
amphipathic molecule that‟s essentially planar with a length equivalent to the span of a
phospholipid bilayer (2). In theory, the fungal membrane insert, ergosterol, has 256
stereoisomers, while the plant insert, sitosterol, has 512 possibilities of stereochemistry
(1). In vivo, only two stereoisomers are produced for each respective membrane sterol;
the diastereoisomeric pairs detected are ergosterol versus 24-epiergosterol in fungi and
sitosterol versus clionasterol in plants (9).
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Figure 3. Structure of lanosterol showing four rings of the sterol nucleus: A, B, C, and D
(7).
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Figure 4. Diagram of the four regions of importance for membrane insertion as illustrated
on ergosterol (fungal sterol). Domain 1 is the equatorial 3-hydroxyl group; Domain 2 is
the planar tetracyclic ring system also known as the nucleus; Domain 3 is the righthanded C20R configuration; Domain 4 is the C8- or C10-side chain (1).
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Figure 5. C24-SMT interaction with various domains on zymosterol. Each domain is
highlighted with its own color; Orange is the 3β-hydroxyl group; Green is the planar
nucleus; Blue is the C20R configuration, and Red is the Δ²⁴-double bond (1).
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Sterols are a class of triterpenoids derived from the C₂ⁿ squalene that are
generated from the linear combinations of the C₄-isoprenoid building block, isopentyl
diphosphate (Fig. 6) (2,4). The structural and stereochemistry shared between these
compounds derive, mostly, from the action of oxidosqualene synthase that generate the
parent sterol frame. Squalene is the starting substrate in the prokaryotes and eukaryotic
pathway, but then continues on in different directions (Fig. 7). Prokaryotes form the
pentacyclic hopanoid for their cell membrane insert by coiling left-handedly to form (+)tetrahymanol anaerobically, the absence of oxygen (10). The product can then be directly
introduced to the prokaryotic cell membrane. On the other hand, eukaryotes proceed from
squalene, aerobically, to form squalene-2,3-(S)-epoxide through oxidation and lefthanded cyclization (10).
For cyclization to occur, the reaction requires (3S)-2,3-oxidosqualene to first
adopt a pre-organized chair-boat-chair conformation (2). Protonation of the epoxide ring
triggers a flow of stereospecific ring-forming reactions to protosterols channeled to
specific outcomes for the different synthases (2). Previous research demonstrated that
lanosterol is the product of the squalene-oxide cyclization in organisms of a nonphotosynthetic lineage and cycloartenol is the product of a photosynthetic lineage in
organism by independent synthase enzymes (Fig. 6) (2). The postulated mechanism of
cyclization of squalene oxide into cycloartenol is essentially the same as that for
lanosterol, except for the final C9β,19-cyclopropane ring closure with the C9β-H atom
migrating to C8 instead of C9α proton elimination (2).
Lanosterol has been considered as an intermediate in phytosterol biosynthesis
despite the fact that cycloartenol is the first cyclized product in plants (Fig. 8) (11).
Previous reports involving plant sterol biosynthesis show similar rates of lanosterol and
cycloartenol incorporated into phytosterols suggesting that cycloartenol might transform
to lanosterol via a C9β,19-cyclopropane to Δ⁸-isomerase catalyzed reaction as a
preliminary step to phytosterol formation (11-13). Primary sequences of lanosterol
synthase were discovered in dicotyledonous plant species, which proposes that higher
plants posses dual biosynthetic pathways to phytosterols with lanosterol being
synthesized directly and independently from cycloartenol (11-13).
8
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Figure 6. General pathway for the biosynthesis of Δ⁵-phytosterols from the first
tetracyclic sterol formed by the cyclization of squalene oxide, lanosterol or cycloartenol
(4).
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Figure 7. Evolutionary split between prokaryotes and eukaryotes in the biological
pathway for their respective membrane sterols (1).
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Figure 8. Cyclization step of oxidosqualene in yeasts, mammals, and plants (11);
CAS, cycloartenol synthase; LAS, lanosterol synthase.
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Cloning and mutagenesis studies of cycloartenol and lanosterol squalene-oxide
synthases suggest that the native enzymes in plants and fungi are catalytically and
structurally similar to the human oxidosqualene-lanosterol and bacterial squalene-hopene
cyclases (2). One insinuation of the sequence similarity and genome organization of
known C24-SMT genes is that regions of sequence conservation may correspond to
functional domains that mediate catalysis of certain reactions common to all C24-SMTs
across kingdoms (2). This biosynthetic bifurcation in sterol biosynthesis is one of interest
in phylogenetic markers available because it has no apparent influence on the structure of
the functional steroid at the end of the pathway (Fig. 9) (2,8).
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Figure 9. Phylogenetic tree constructed for plant, fungi and Protozoa SMT.
Complete amino acid sequence of C24-SMTs are available in Pfam database (14); The
phylogenetic tree was built by the neighbor-joining method and visualized
using the Tree view program. Organisms and GenBank accession number: Leishmania
donovani (Q6RW42); L. major (Q4Q1I3); Trypanosoma brucei (Q4FKJ2); T. cruzi
(Q4CMB7); Dictyostelium discoideum (Q54I98); Aspergillus nidulans (Q5AX34); A.
oryzae1 (Q2UBN2); A. oryzae2 (Q2U0V6); A. fumigates (Q4W9V1); Gibberella zeae1
(Q4IAL8); G. zeae2 (Q4IJ25); Neurospora crassa (Q9P3R1); Candida albicans
(O74198); Candida glabrata (Q6FRZ7); Clavispora lusitaniae (Q875K1); Magnaporthe
grisea (Q5EN22); Yarrowia lipolytica (Q6C2D9); Debaryomyces hansenii (Q6BRB7);
Kluyveromyces lactis (Q6CYB3); Ustilago maydis (Q4P9N1); Saccharomyces
cerevisiae (P25087); Pneumocystis carinii (Q96WX4); Eremothecium gossypii
(Q759S7); Cryptococcus neoformans (Q5KM39); Schizosaccharomyces pombe
(O14321); Arabidopsis thaliana1 (Q9LM02); A. thaliana2 (Q39227); A. thaliana3
(Q94JS4); Gossypium hirsutum (Q2QDF7); Glycine max (Q43445); Ricinus
communis (O24328); N. tabacum1 (O82434); N. tabacum2 (O24154); N.
tabacum3 (O82720); Triticum aestivum (Q41586); Oryza sativa1 (Q84M50);
O. sativa2 (Q53MP5); O. sativa3 (Q6ZIX2); O. sativa4 (O82427); Zea mays
(O49215).
13
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1.3 Sterol methyltransferase enzyme
Understanding the structures of varied substrates associated with the sterol
biosynthetic pathway is crucial to the design of substrate analogs that control carbon flux
in infections. The principal difference in phytosterols lies in the side chain with different
degrees of substitution and unsaturation (2). An important distinction for sterol usage in
fungi is that these microbes must retain the C24-alkyl group in the sterol side chain for
the sterol to carry out its individual functions other than that of a bulk membrane insert
(14). The alkylation step occurs in phytosterols and fungal sterols at C24 in the fourth
mentioned region of the sterol, the side chain (1). The final product, ergosterol, has the
addition of a C24β-methyl group while the membrane-inserted phytosterol has a C24βethyl group attached to the C24 position in plants (1). The sterol methyltransferases
(SMTs) are unique enzymes that catalyze the biosynthesis of C24-alkyl sterol membrane
inserts in microorganisms that exist in the sterol biosynthetic pathway (15). These
electrophilic processing enzymes are of great importance for their possible inactivation
from catalyst-specific drugs in ergosterol biosynthesis to treat human infections (2).
They‟re appealing targets in the design of enzyme inhibitors because they lie on a
pathway with no counterpart in human physiology (15). They exist in parasites but not in
their human host.
C24-SMTs catalyze the transfer of a methyl group, donated by S-Adenosyl-LMethionine (AdoMet), to C24 of the side chain of zymosterol producing fecosterol and
the byproduct, S-adenosyl-homocysteine (16). Fecosterol is then further modified into the
final product ergosterol (Fig. 10). The enzymology of the C24-SMT and the reaction
pathways leading to the formation of C24-alkyl sterols provides information gathered
from the purification and characterization of numerous C24-SMTs from species ranging
from plants and fungi to protozoa (1). In yeast, C24-SMT produces a single product by
concerted action, while all other C24-SMTs studied can synthesize products by a stepwise mechanism by means of the production of cations at C24 and C2 (1). Yeast C24SMT functions in a random bi bi method, meaning either the sterol of AdoMet can bind
to the enzyme in any order without the presence of the other, while a plant SMT enzyme
from soybean operates in an ordered mechanism with AdoMet binding first (17,18).
14
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Figure 10. Ergosterol biosynthetic pathway in fungi showing all the necessary steps
for the production of a membrane inserted sterol (1).
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1.4 Steric-electric plug model and SMT1 & SMT2
The mode of the C24-SMT interaction with its sterol substrate was proposed by
W.D. Nes to be the steric-electric plug model (Fig. 11) (19). This model actually
incorporates all of the key structural features of sterols in its mechanism of binding to the
C24-SMT enzyme. With a P.brasiliensis C24-SMT, productive binding required the
sterol substrate to have a C3β-hydroxyl group, a planar nucleus, an intact side chain with
the length of the native lanosterol, a C20R configuration, and a Δ²⁴-double bond (1,4).
The methyl transfer from C24-SMT is a direct biomolecular transfer through a Sɴ2-like
transition state that leads to the formation of a steric-electric plug model for C24-SMT
catalysis (16). Outlined in the steric-electric plug model, the reaction occurs with a „βface‟ methyl addition to the Δ²⁴-bond and the deprotonation of C28 that proceeds to a
nucleophilic rearrangement where H24 migrates to C25 on the Re-face of the substrate
double bond in combination with the initial ionization to afford the 24-methyl(ene)
product (20,21).
The superfamily of AdoMet-dependent Methyltransferases were found to be a
unique group based upon primary structure analysis (2). Four different sterol C24methyltransferase enzymes have been detected and classified according to the substrate
favored by the enzyme for catalysis (Table 1) (2). SMT1 will bind to Δ²⁴⁽²⁵⁾-sterols and
SMT2 will bind to Δ²⁴⁽²⁸⁾-sterols (15,20). Plants synthesize two C24-SMTs, SMT1 which
prefers cycloartenol and SMT2 which prefers 24(28)-methylene lophenol. Fungi and
protozoa synthesize C24-SMT1 of substrate preference for zymosterol (4). These C24SMT2 isoforms posses a hydrophobic domain approximately 25 amino acids long near
the N-terminal position that is absent in SMT1 isoform (1). The primary sequence of
C24-SMTs from a variety of species ranging from plants and fungi have been previously
researched and three highly conserved motifs, referred to as Region I, II, and III, have
been discovered (4). Region 1 has been characterized as the binding site for the sterol
side chain by studies with the mechanism-based inactivator [3-³H] dehydrozymosterol
(1). In the Erg6p SMT, Region II appears in all AdoMet-dependent methyltransferase (1).
This motif is the binding site for AdoMet.
16
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Figure 11. The steric-electric plug model of the sterol methyltransferase binding and
catalysis of sterol and AdoMet; SMT: sterol methyltransferase enzyme, E: enzyme and S:
substrate (19).
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Table 1
Functional characteristics of the sterol methyltransferase in sequence relatedness.

SMT1 and SMT2 are distinguished by substrate specificity toward the Δ²⁴⁽²⁵⁾- and Δ²⁴⁽²⁸⁾-olefin side chain
structure. The gene families are grouped into five distinct subfamilies based on sequence relatedness and
substrate preference, as indicated in the figure (4).
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CHAPTER II
BACKGROUND

2.1 Studies of Paracoccidioides brasiliensis (Pb) C24-SMT
The organism of study, Paracoccidioides brasiliensis (Pb), is a dimorphic fungus
of the phylum Ascomycota that causes Paracoccidioidomycosis, formerly known as
South American blastomycosis and Lutz-Splendore-Almeida disease (21).
Paracoccidioidomycosis is a chronic and systemic granulomatous mycosis that attacks the
lungs, mucosa of the mouth, nose, and neighboring teguments, with frequent spread to
the lymph nodes, adrenal glands, and other viscera (22). It‟s most commonly manifested
in men from the forested tropical and subtropical regions of Latin America with 80% of
cases originating from Brazil (22).
Paracoccidioidmycosis is closely aligned phylogenetically to C. albicans and the
two ascomycetous fungi both posses similar thermo-regulated dimorphic life cycles and
sterol pathways (14). Phytosterol biosynthesis consists of a series of distinct enzymatic
reactions, usually involving 10 to 12 sterol genes in a given organism, that converge on a
few common intermediates to form one or a mixture of C24-alkyl sterol end products
(14). The C24-alkyl sterol mixture of P. brasiliensis, however, contains significant
brassicasterol in addition to ergosterol, different from C. albicans (14). The first
committed step in the formation of C24-alkyl sterols in P. brasiliensis has been shown in
previous studies to involve C24-methylation of lanosterol to eburicol (24(28)-methylene24,25-dihydro-lanosterol) on the basis of metabolite co-occurrence (14). From previous
GC-MS analyses of the sterol composition of P. brasiliensis, three sterols were detected
in control, lanosterol, ergosterol, and brassicasterol in a ratio of 4:27:69 (14). The final
product of the pathway is brassicasterol, in agreement with the natural flux of
intermediates in which the sterol nucleus of Δ⁸ converts to the Δ⁷ to the Δ⁵˒⁷ to the Δ⁵bond system (14). In the Ascomycetes C. albicans, different from P. brasiliensis,
lanosterol is demethylated in the nucleus at C4 and C14 to form zymosterol before the
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C24-transalkylation can occur from the product fecosterol (Fig. 12). Although ergosterol
is typically viewed as the major sterol synthesized in fungi, P. brasiliensis synthesizes
brassicasterol proceeding ergosterol in a precursor-product relationship (14). C24-SMTs
all share sequence relatedness in four conserved binding segments and one possessing a
α/β like Rossmann fold that serves as the AdoMet binding motif (Fig. 13). The sequence
of the putative PbSMT shares significant sequence homology with C24-SMT1 genes
from ascomycetous fungi (< 66% similarity) and to the lesser extent to other C24-SMT1
and C24-SMT2 sequences from plants and protozoa (< 34% similarity) deposited in the
GenBank data base (14). Comparison of the deduced amino acid sequence of PbSMT
with other members of the AdoMet-dependent methyltransferase super family showed
conservation of the AdoMet binding residues observed to be in contact with AdoMet
(Region II) and to contain common consensus sterol binding segments (Region I, III, IV)
in the primary structure (14). The cloned C24-SMT from plant, fungi, and protozoa
possesses a pH that ranges from 6 to 8 with an optimum pH of 7.5 (14). PbSMT shows an
optimal pH of 7.5 to 8.0 for activity with a temperature optimum at 30ºC.
The PbSMT recognizes and acts on distinct substrate features and can catalyze
unique partitioning resulting in novel methylated products (14). The methyl addition from
AdoMet approaches from the Re-face of the substrate double bond, which excludes the
C24-methylation mechanism to create the C24α-methyl stereochemistry for plant C24SMTs that recognize cycloartenol as the substrate (14). Previous research discovered
cycloartenol was accepted as an optimal substrate equal in activity to lanosterol with a Km
of 36 μM/ Vmax = 48 pmol/min and a Km of 38 μM/ Vmax = 50 pmol/min respectively (14).
An overnight incubation of cycloartenol with PbSMT yielded a similar GC pattern of
substrate to that of the enzyme assayed with lanosterol, not shown (14). A lack of
productive binding of 24(28)-methlenelophenol, fecosterol or eburicol indicated that
PbSMT can‟t perform the second C₀ step, consistent with the absence of these sterols in
wild-type cells. The C24-SMT2 in plants allows for the second alkylation to 24(28)methylenelophenol to occur (Fig. 12). It would appear that the natural substrate of
PbSMT is lanosterol which is consistent with the pathway of lanosterol conversion to
eburicol determined from metabolite profiling of the brasiliensis sterol metabolome.
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Zymosterol and 31-norlanosterol were poor substrates generating a Km of 35 μM/
Vmax = 2.0 pmol/min and 35 μM/ 45 pmol/ min respectively (14). Inhibitors designed to
interfere with P. brasiliensis growth and C24-methyation were tested. 26,27dehydrolanosterol failed to inhibit fungal growth at 50 μM and the highest concentration
of drug tested (100 μM) with 10 μM of normal substrate, lanosterol, generating 52% and
75% C-methylation activity respectively (14). Alternatively, 25-azalanosterol inhibited
growth generating IC₄ⁿ value of 30 nM and promoting lanosterol accumulation and 24alkyl sterol depletion (14).
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Figure 12. Diversity of 24-alkyl sterol biosynthesis scheme. The final sterols
brassicasterol and stigmasterol can be formed by different routes that occur in protozoa,
fungi and plants (14).
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Figure 13. Alignment of sterol C24-methyltransferase amino acid sequences (GenBank
accession numbers) from Saccharomyces cerevisiae (NP_013706), Candida albicans
(XP_721708), Paracoccidiodes brasiliensis, Cryptococcus neoformans (XP_568887),
Pneumocystis carinii (AAK54439), Glycine max SMT1 (AAB04057), Glycine max
SMT2-1 (FJ483973), and Trypanosoma brucei (AAZ40214). Identical residues
conserved in the primary structure are shaded. Sterol and AdoMet binding segments are
indicated as Regions I, III, and IV and Region II, respectively (14).
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2.2 Research aims
C24-SMT control presides over the 24-methylation pathway with precise
direction to generate single or multiple products. As mentioned before, the C24alkylation process has been proposed to involve an SN2 nucleophilic attack from a
positive charge donor ((S)-adenosyl-L-methionine, SAM) to an acceptor molecule at C24 by virtue of a Δ²⁴-double bond. Zymosterol has been shown to be the optimal substrate
for other fungi such as C. albicans and S. cerevisiae, but lanosterol, in contrast and to
much surprise, was discovered to be the favored substrate for P. brasiliensis along with
cycloartenol binding equally well (14). The proposed brassicasterol pathway differs by
forming eburicol as the intermediate instead of zymosterol to reach ergosterol. There are
separate pathways that can converge on the same set of 24-alkyl sterol end products. Not
only is the location of the C24-methylation step in 24-alkyl sterol synthesis different in
the Ascomycetes, but P. brasiliensis may have evolved another sterol enzyme, i.e., the
Δ⁷- reductase, to complete the pathway to form a Δ⁵- monoene as can occur in the
Zygomycetes fungi (14). The combination of metabolite and enzymatic results point to a
new class of SMTs that prefer lanosterol as substrate and may represent a novel cellular
pathway for the design of tractable sterol analogs to treat paracoccidioidmycosis.
Lanosterol possess a 3β-OH group, a tetracyclic nucleus with methyl groups at C4 and C-14 and a freely rotating C-8 side chain with a Δ²⁴⁽²⁵⁾-double bond (Fig. 3). In
previous studies on the effects of C3-OH on sterol binding to the C24-SMT, it has been
found that the hydroxyl is essential and that the C24-SMT enzyme was particularly
sensitive to the polarity of the C-3 group. Structural parameters of principal importance in
binding and methylation of the acceptor molecule by fungal C24-SMT were reported and
contrasted with sterol specificity of the plant enzyme (23, 24). Saccharomyces cerevisiae
C24-methyltransferase was studied and the best molecule for productive binding was
shown to be zymosterol. By comparing the activities of the pair of substrates,
zymosterol with 3-deoxyzymosterol, it was evident that the acceptor molecule must
possess a 3-OH group. In studies with a plant and fungal SMT, a series of sterols were
examined that differed by the degree of substitution at C3 and polarity of the C3
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functional group. Structure-activity comparisons based on the zymosterol or cycloartenol
nucleus, involved structural modifications of: 3-H, 3β-OH, 3α-OH, 3-OMe, 3-OAC, 3keto, 3β-NH₁, 3α-NH₁ and 3-oxime (23, 16). Sterols possessing a 3-OMe and 3-keto
group were active substrates with a 90% yield. Not active was the 3-H, 3α-OH, 3-OAC,
3β-NH₁, 3α-NH₁ and 3-oxime sterols, which indicated that the C3-OH was oriented in a
planar direction and the OH-group was acting as a hydrogen acceptor in hydrogen
bonding between sterol and the enzyme residue in the active site which contrast with the
sterol-plant C24-SMT interaction where C3-hydroxyl group on cycloartenol was found to
be a hydrogen donor (23, 16).
In keeping with previous interest in this laboratory with the C24-SMT, the aim of
this research was to establish the uniformity and the differences in structural requirements
for sterols to possess a nucleophilic substituent at C3 as indicated by the yeast and plant
SMTs. To this end, we performed a similar set of structure-activity studies with PbSMT
which has a distinct sterol specificity for lanosterol. The work plan with PbSMT involved
incubation of lanosterol (3β-OH) and eight analogs of lanosterol containing a modified
C3 group of; 3α-OH, oxo, methyl ether, amino, fluorine, acetyl, hydrogen or ammonium
salt. Catalytic competence of PbSMT assayed with these various compounds was
established kinetically and by product distribution of the productively-bound substrates.
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CHAPTER III
EXPERIMENTAL METHODS

3.1 Chemicals and solvents
All chemicals and solvents were purchased from VWR, Fisher scientific
international, Sigma-Aldrich, Midscience, Inc (St. Louis, MO), or Promega Inc unless
noted otherwise. Bradford protein assay kits were purchased from Bio-Rad laboratories
(Palo Alto, CA). IPTG (isopropylβ-D-1-thiogalactopyranoside) was purchased from
Boston bioproducts.
3.2 Substrates
The substrate Lanosterol was from Sigma as a crude powder and was
recrystallized and purified by HPLC. The coenzyme AdoMet chloride salt, 100% purity,
was from Sigma. [methyl-³H₂] AdoMet was purchased from Perkin-Elmer(Waltham,
MA) and diluted to 10 µCi/µMol for the activity assay. The other 8 substrates with
modified C3 groups were synthesized and purified by HPLC with a 97-99% purity from
Dr. Liu and Dr. Gamal (Table 2). All other reagents and chemicals were purchased from
Sigma or Fisher, unless noted otherwise.

26

Texas Tech University, Alicia L. Howard, August 2011

Table 2
Chromatography and spectral properties of sterol incubated with PbSMT

Substrate
LA-3ß-OH
LA- 3α-OH
LA- 3β- OMe
LA- 3- Keto
LA- 3β- Ac
LA- 3β- NH2
LA -3β- F
LA- 3- H
LA- 3β- NH3⁺

RRTc
1.33
1.31
1.18
1.25
1.49
1.35
1.02
0.93
N/A

Retention Factor (Rf)
0.70
0.88
0..97
0.94
0.98
0.03
1.00
1.00
0.00

MS
426
426
440
424
468
425
428
408
N/A

See fig. 16 for a key to substrate structures
RRTc, retention time of the sample peak relative to the retention of cholesterol in GC on a Hewlett-Packard
chromatography with temperature ramp.
Rf, rentention factor of samples relative to the solvent on a TLC plate with Benzene:Ethyl ether (85:15) as
the solvent.

3.3 Functional expression of cloned PbSMT
The cell paste containing the recombinant PbSMT was suspended in 20 mM
phosphate buffer at pH 8.0 (0.2 M KH₁PO₃, 0.2 M K₁HPO₃, dilute 5x dd H₁O). For every
gram of cells used, 5 mL of buffer was added. Typically, 2 g of cells in 10 mL of buffer
was used to perform a protein assay. The lysate was allowed to homogenize and then
passed through a French press (SIM AMINCO) at a pressure of 20,000 Psi cell pressure.
The assays conducted did not require the use of a pure protein. The lab previously
purified the PbSMT and used a suicide substrate to identify the amount of protein in the
lysate. Earlier research in the lab used a soluble protein and the results were similar to the
crude protein used in this research study.
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3.4 Standard enzyme assays
A standard assay for C24-SMT enzyme activity was performed in 10 mL test
tubes with 600 µL of total volume containing fixed amounts of substrate with a 100 μM
concentration for product distribution or varied substrate concentrations from 5 μL to 150
μL for Km Vmax in 12 μL 5% Tween 80 prepared with 200 proof ethanol (5 mL of Tween
80 dispersed in 95 mL of 200 proof ethanol). The substrate packaged in Tween 80 was
pipetted to the bottom of the tube and dried under a flow of nitrogen gas. 300 μL of 2.6
mg of crude protein (standard Bradford assay for protein concentration) with 200 μL of
phosphate buffer was added to the test tube and the reaction initiated with the addition of
100 µL AdoMet (100 µM). Incubation was at 30°C in a water bath for 16 hrs with
constant shaking. The reaction was terminated with 600 µL of a solution of 10%
Methanolic-KOH. After heating at 80°C for 20 mins and allowed to cool to room
temperature, the methylated sterol product was extracted three times with 2.5 mL each of
hexane, vortexed, and centrifuged for 2 min. The resulting organic layer was transferred
to 10 mL scintillation vials, dried under nitrogen, and the radioactivity measurements
were obtained on a Beckman LS 6500 liquid scintillation counter with 5 mL of Scinti
Verse BD cocktail. The initial velocity data, Km and Vmax, was calculated by plugging in
the liquid scintillation data to the Michaelis-Menten equation using a Sigma plot 2001
plus from Sigma enzyme kinetics software package (SPSS Inc). The PbSMT steady-state
kinetics were carried out at a range of different sterol concentrations of 5, 15, 25, 50, 100,
and 150 µM (final concentration) and a fixed [methyl-³H₂] AdoMet concentration of 100
µM.
Non-radiated AdoMet (cold SAM) was prepared in 0.001 N H₁SO₃ to give a
concentration of 6 mM and stored at -20°C. A working stock solution was made by a
1:10 dilution of the previous prepared SAM in Phosphate buffer pH 8.0 to have a final
concentration of 0.6 mM. The AdoMet was corrected to 100% purity when using the
commercial stocks of SAM iodide since they‟re 80 -83% pure. Whereas, SAM chloride is
100% pure. The radioactive AdoMet, [methyl - ³H₂] S-adenosyl-L-methionine, was
purchased from PerkinElmer (>97% pure). 100 μM concentration of AdoMet was used
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for the kinetic analysis with the final specific activity of the second cocktail at 10
μCi/μMol.
GC-MS was conducted on a Hewlett Packard 6890/5973 gas chromatograph/mass
spectrometer (70 eV) equipped with a 30-meter Aligent HP-5 5% phenyl methyl siloxane
capillary column, internal diameter of 250.00 μM and a film thickness of 0.25μM. The
initial oven temperature was 170ºC for one minute with a temperature ramp of 20ºC per
minute until a final temperature of 280ºC was reached with an inlet pressure of 113.584
kPa. Chromatograms began recording analyte signals after three minutes. Retention times
at these parameters were reported relative to cholesterol (RRTc, Table 2).
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CHAPTER IV
EXPERIMENTAL RESULTS

4.1 Substrate requirement of C3-OH group
In previous studies with lanosta-8,24-3β-ol (lanosterol), zymosterol, 31norlanosterol and cycloartenol, lanosterol was the favored substrate of PbSMT. The
structure feature that is paramount in C24-SMT recognition of lanosterol and
cycloartenol versus zymosterol is the C3-OH group, whose orientation in the A-ring and
hydrogen-binding ability can affect productive binding of the acceptor. A crude protein
of P. brasiliensis was assayed with lanosterol instead of a soluble protein that was
previous used. The crude protein produced similar results as of those of the soluble
protein with very good activity. PbSMT was over-expressed as the recombinant protein
in E. coli BL21 (C43) cells. As judge by GC-MS, the crude enzyme incubated with
saturating amounts of lanosterol and AdoMet generated a single product, eburicol
(24(28)-methylene-24,25-dihydro-lanosterol) in a 70% yield (Fig. 14). Previous research
from this lab conducted a similar product distribution on PbSMT that generated a 55%
yield using the soluble protein (14).
To understand the enzyme mechanism, the parameters by which it accomplishes
its function, catalyzing the change from substrate to product, had to be determined. These
parameters include Km, which is the equilibrium constant of binding between the enzyme
and substrate, and the Vmax which is the maximum velocity of the enzymatic reaction
(25). A set of Km / Vmax values were found for the PbSMT enzyme based on the seven
modified substrates. These values were determined experimentally by assaying the
enzyme and substrates together (as mentioned in materials and method) and then plotting
the data on a graph following Michaelis-Menten kinetics.
Lanosterol was examined first since it was proven to be the preferred substrate of
P. brasiliensis. The described double-reciprocal plot is the Michaelis-Menten plot of rate
versus substrate concentration of lanosterol (Fig. 15). The hyperbolic curve shows a
maximum velocity of 42.8 pmol/min/mg and a Km of 21.3 µM, very similar to the soluble
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protein, Km of 38 μM and Vmax of 50 pmol/min/mg. Assays of varied concentrations from
5 to 150 µM of lanosterol and fixed AdoMet (100 µM) as the chloride salt with PbSMT
were carried out. These calculations were based upon the lysate cell preparation of
PbSMT. To determine if the C3-hydroxyl group is essential for binding, lanosterol was
assayed along with C3-desoxylanosterol to observe activity of the sterol
methyltransferase without the –OH attached to the C3 of lanosterol. Based on
mechanistic reasoning, the C3-desoxylanosterol was constructed and fed to the fungus,
and independently tested with the isolated enzyme. The desoxylanosterol was shown to
be inactive and an inhibitor of lanosterol with the PbSMT with a 0% convergence and
dpm counts mimicking those of PbSMT assayed with no sterol. To ensure the accuracy
of the results, lanosterol and no sterol were always conducted with the assay as standards.
These results provide evidence that the hydroxyl on C3 is vital for catalysis.
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Figure 14. GC-MS of the PbSMT conversion of lanosterol to 24(28)-methylene
lanosterol. In panel B is the mass spectra of the product peak labeled 2 eluding in panel
A. The substrate peak is labeled 1. Product isolation conditions for the capillary GC
analysis are described under “Materials and methods”. Mass Spectrometer for the
substrate (lanosterol) tested in the present study in panel C.
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Figure 15. The Michaelis-Menten kinetics parameters of lanosterol concentrations for
PbSMT, panel A. A standard lysate preparation (2.6 mg of total protein) containing C24SMT was incubated with varied concentrations of lanosterol at 5, 15, 25, 50, 100, 150
paired with a fixed concentration of AdoMet at 100 μM (see “Materials and Methods”).
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4.2 Substrate stereochemistry at C3
The hydroxyl group on C3 has a beta orientation to allow contact with the amino
acid residue of the SMT. The position of the C3 hydroxyl group is to avoid possible steric
hindrance from neighboring functional groups and/or other amino acid residues in order
to form a hydrogen bond needed for catalysis. To test the stereochemistry of PbSMT and
determine if it is a deciding factor for enzyme-substrate binding, the alteration of the
C3β-hydroxyl orientation to a α orientation to form the epimer was assayed similar to
that of lanosterol. The epimers catalytic competence measured in steady state kinetics and
product profiling by GC-MS presented product conversion of about 4% (Fig. 16). The
steady state kinetics of varied concentrations of C3α-lanosterol showed a Km of 23 μM
and a maximum velocity of 8 pmol/min/mg. The assumption that the C3α epimer should
inhibit sterol growth due to the stereo specificity of the C24-SMT was proven otherwise
due to the product conversion. The results suggest that PbSMT doesn‟t bind to the C3OH group of lanosterol with stereochemistry as a deciding factor and that there‟s
flexibility with the enzyme.
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Figure 16. The Michaelis-Menten kinetics parameters of C3α-lanosterol concentrations
for PbSMT, panel A. A standard lysate preparation (2.6 mg of total protein) containing
C24-SMT was incubated with varied concentrations of C3α-lanosterol at 5, 15, 25, 40,
50, 100 paired with a fixed concentration of AdoMet at 100 μM (see “Materials and
Methods”). The GC-MS analysis incubation of a product distribution with C3α-lanosterol
with PbSMT, panel B. The peak corresponding to the substrate is indicated by S and the
peak corresponding to product is indicated by P.
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4.3 Substrate electronics at C3
One approach to designing potent inhibitors of the C24-SMT that can disrupt
these interactions is to unmask the probable structure of the transition state of the
chemical reaction catalyzed by the enzyme. Electrostatic interactions that occur in the
C24-SMT active site between enzyme and substrate can be disrupted by transition state
analogs that possess a positively charge functional group at physiological pH. The
oxygen lone pair on the C3-hydroxyl group was taken into consideration to determine
whether the binding of PbSMT with lanosterol is electronically driven by hydrogen
bonding. Is it a hydrogen acceptor or proton donor? To gain more insight, a number of
modifications to lanosterol were made. A modified C3 group of methyl ether, acetate,
keto, amino, ammonium salt, and fluorine were assayed in a product distribution (Fig.
17). The replacement of the hydroxyl group with C3β–OMe provided a free set of
electrons with a methyl group attached to provide bulk to see if electrostatic interactions
would occur with the positively charged amino acid residue of the C24-SMT or have no
activity due to steric hindrance. The methyl ether demonstrated 36% activity. PbSMT
was then tested with C3β-acetate to add more of a steric hindrance to the functional group
and showed similar product conversions with 23% activity. Compounds containing a
carbonyl group can also act as bases in the presence of a strong acid. Hydrolysis with the
acetate did not occur during catalysis. GC-MS provided proof that metabolism did not
occur by showing a mass spectra of 482 instead of 440. The 3-keto provided the highest
product convergence with 60% activity.
To test electrostatic interactions between the amino acid residue and the C3hydroxyl group, a C3β-amino lanosterol was tested as a strong base alongside its
conjugate acid, C3-ammonium lanosterol salt. The 3-amino showed activity with 16%
while the ammonium salt failed to productively bind with no activity. Final confirmation
of electrostatic interaction driven by hydrogen bonding was to replace the hydroxyl group
with a highly electronegative fluorine. The 3β-fluoro lanosterol continued to bind and be
catalyzed by the enzyme at 18% activity (Fig. 18). Proof for the production of only one
methylated product during the course of the assay was demonstrated in the chromatogram
of the seven sterols by GC-MS (Fig. 19). From the data in the chromatogram, it is clear
36

Texas Tech University, Alicia L. Howard, August 2011

that only the mass of 24-methylene lanosterol is associated with the radioactivity derived
from radioactive cofactor. In order to check whether the mechanistic outcome was
influenced by the incubation period, the experiment was repeated with a set of
incubations ranging from 15 min to overnight. It results were shown to be linear, data not
shown. Catalytic competence as measured in steady-state kinetics and product profiling
by GC-MS of the nine compounds afforded similar affinity constants and product
conversions (Table 3). The activity of lanosterol with PbSMT was decreased significantly
when incubated with the two inhibitors, C3-deoxylanosterol and the ammonium salt at
100 μM and 50 μM while keeping lanosterol at saturation (25 µM). The results of
lanosterol assayed with the inhibitors both showed a decreased activity of 50% and 30%
respectively. This established that the absence of activity of the salt and the deoxy wasn‟t
because of absence of productive binding. The table shows the deactivation of the
enzyme in the presence of the two inhibitors. The enzyme activity was measured using
mechanism-based inhibitors.
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Figure 17. The parent structure in panel (A) of the compounds assayed in the present
study with varied C3 residues in panel (B).
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Figure 18. The Michaelis-Menten kinetics parameters of C3β-fluorolanosterol
concentrations for PbSMT, panel A. A standard lysate preparation (2.6 mg of total
protein) containing C24-SMT was incubated with varied concentrations of C3βfluorolanosterol at 5, 15, 25, 50, 100, 150 paired with a fixed concentration of AdoMet at
100 μM (see “Materials and Methods”). The GC-MS analysis incubation of a product
distribution with C3β-fluorolanosterol with PbSMT, panel B. The peak corresponding to
substrate is indicated by S and the peak corresponding to product is indicated with P.
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Table 3
Catalytic competence of sterols to the PbSMT¹

Substrate
LA-3ß-OH
LA- 3α-OH
LA- 3β- OMe
LA- 3- Keto
LA- 3β- Ac
LA- 3β- NH2
LA -3β- F
LA- 3- H
LA- 3β- NH3⁺

Structure
1
2
3
4
5
6
7
8
9

Vmax / Km
43/21
8/23
9/25
22/23
25/30
13/30
10/5
0/0
0/0

=
=
=
=
=
=
=
=
=

2.04
0.35
0.36
0.95
0.83
0.43
0.17
0
0

Competence %
100
17
18
47
41
21
8
0
0

¹See materials and methods of enzymatic assay. Structures of substrates are given in Fig. 17
LA is lanosterol; 100% of competence is normalized to 2.04.
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Figure 19. Mass spectra and indicated structures of biomethylated products incubated
with PbSMT; panel A) C3α-24-methylene lanosterol; panel B) C3β-fluoro-24-methlyene
lanosterol; panel C) C3β-methoxy-24-methylene lanosterol; panel D) C3β-keto-24methylene lanosterol; panel E) C3β-acetyl-24-methylene lanosterol; panel F) C3β-amino24-methylene lanosterol.
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Figure 19. Continued. Mass spectra and indicated structures of biomethylated products
incubated with PbSMT; panel A) 3α-24-methylene lanosterol; panel B) 3β-fluoro-24methlyene lanosterol; panel C) 3β-methoxy-24-methylene lanosterol; panel D) 3β-keto24-methylene lanosterol; panel E) 3β-acetyl-24-methylene lanosterol; panel F) 3β-amino24-methylene lanosterol.
42

Texas Tech University, Alicia L. Howard, August 2011

CHAPTER V
DISCUSSION
The affinity of C24-SMT for its substrates depends on enzyme polar interactions
with the C3-hydroxyl group and C24 double bond and also involves nonpolar interactions
of the nucleus and side chain. The principal determinant during binding appears to be
associated with Domain A and the C3-hydroxyl group, since removal of the OH in the
analog by replacement with hydrogen or a cation ammonium salt is capable of inhibiting
the C24-SMT at concentrations at least an order of magnitude lower than the inhibitor
with the C3-hydroxyl group. To demonstrate how essential the C3-hydroxyl is to
catalysis, changes were made on various structural characteristics and the activity of each
was observed relative to lanosterol. The alteration of the 3β-hydroxyl orientation to the
α orientation to form the epimer along with seven analogs containing a modified C3
group of oxo, methyl ether, amino, fluorine, acetyl, hydrogen or ammonium salt were
assayed (Fig. 17). As the presumed substrate, lanosterol exhibited 100% activity with a
70% yield. Following lanosterol, 3-keto demonstrated 60% activity, while 3β-methoxy,
3β-acetate, 3β-amino, 3β-fluoro had approximately similar activities at 36%, 23%, 16%,
and 18% respectively.
A homology 3-deminsional model of Trypanosoma brucei (Tb) SMT with
lanosterol constructed by collaborators revealed a histidine residue of the C24-SMT to
interact with the C3-hydroxyl group (Fig. 20). Specific amino acids side chains are
poised in exactly the right places to aid in the catalytic process itself. These side chains
are acidic or basic groups that can promote the addition or removal of protons and most
enzymes operate through acid-base catalysis in which protons are transferred between
donating or accepting atoms on the substrate and key basic and acidic side chains in the
enzyme active site (26). Based on the homology model it would appear at position H223
there is a contact amino acid with polar residues. H223 on TbSMT is equivalent to H246
in PbSMT based on the sequence alignment of sterol C24-SMTs (Fig. 13). PbSMT was
believed to be stereospecific with the 3β-hydroxy group to be recognized over the epimer,
3α-hydroxyl, due to the formation of a hydrogen bond between the hydroxyl group and
the amino acid residue. However, in P. brasiliensis, the 3α-lanosterol failed to inhibit
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Figure 20. Homology 3-dimensional model of TbSMT
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growth at the highest concentration tested (100 µM) proving that stereochemistry isn‟t a
key factor in hydrogen binding for PbSMT on the hydroxyl group. When the C3hydroxyl group is in the α positioning, then it‟s sticking out of the plane of the nucleus,
moving it away from contact with the amino acid residue. The C3α-lanosterol did bind,
demonstrating there is some degree of flexibility going on with the C24-SMT for it to
bind. Catalysis of 31-norlanosterol, however, suggested that the C4α-methyl group on the
lanosterol structure sterically affects the hydrogen bonding affinity of the C3-OH and is
crucial for optimal catalytic competence with a Km Vmax of 35 μM/45 pmol/min (14). The
presence of the C4 methyl group on the sterol molecule can perturb the hydrogen bonding
ability of the C3-hydroxyl group in the membrane. PbSMT incubation with 26,27dehydrolanosterol can lead to distinct intermediates that convert to methylated sterol
products that reflect whether the intermediate turned over (“monol”) or covalently bound
to the enzyme (“diol”). This revealed that C24-methylation of lanosterol to eburicol is
regiospecific and direct thereby eliminating the possible intermediacy of a C25 cation
that can form hydroxylated intermediates.
Based on previous research with a plant and fungal C24-SMT, it would appear
that the role of the hydroxyl group that‟s bound in the Michaelis complex is essential for
bimethyl end products, but is not needed for a transition analog. The 25-Azacholestane
and 25-azalanosterol in the fungal C24-SMT were potent inhibitors as well which
indicated that the free hydroxyl is required for substrate catalysis, but is not essential for
the inhibitor to be active (23). The 25-Azacycloartanol acetate and the 25-azacycloartanol
in the plant C24-SMT was inhibitory even though cycloartenyl acetate was shown not to
be a substrate for the AdoMet-cycloartenol-C-24-methyltransferase (24)]. These results
suggest that the conformation of the AdoMet-cycloartanol-C-24-methyltransferase
which recognizes 25-azacycloartanol is different from the conformation of the enzyme
in the initial cycloartenol-AdoMet complex, reflecting the fact that the 25-azasteroids
have been designed to mimic a carbocationic HEI (24). The molecular features which
determine the affinity of transition state analogues should be different from those
affecting the recognition of the substrates in their ground state. It would then appear that
the same theory would be for the C3-desoxy and ammonium salt because it resulted in no
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activity, but in competition with lanosterol activity declined. The molecules which bear a
structural and electronic resemblance to intermediates involved in an enzymatic reaction
should be very strong inhibitors of the catalyzed reaction
Because histidines side chain can exchange protons near physiological pH, it
often plays a role in enzymatic catalysis involving proton transfer. Histidine carries basic
groups in its side chain, but is the least basic amino acid and is very polar. As a
consequence, they are usually found on the exterior surface of proteins, where they can
be hydrated by the surrounding aqueous environment. This corresponds with the 3dimensional model with the contact amino acid positioned at H223 interacting with
Domain A, the proximal end of lanosterol (Fig. 20). Histidine has two titratable –NH
groups that can take the role of a nucleophile or electrophile when it‟s protonated or
deprotonated. In order for histidine to interact, it was expected to be polarized. The
protonated form will produce the positive structure allowing it to interact with the
negatively charged hydroxide group. Hydroxide ions are the strongest bases that can exist
in aqueous solution in significant amounts (26). Electrostatic interactions between the
negatively charged lanosterol and the positively charged amino group of the histidine
residue of PbSMT contributes to the affinity and specificity of binding as well as to the
orientation of the substrate in the binding site and structure of the complex formed.
Modifications of lanosterol by replacing the hydroxyl group with different
electronegative groups were assayed. The free pair of electrons on the O atom is attracted
to the positive charge on the amino group of the amino acid residue. The incubations with
the methyl ether, acetate, and keto on C3 demonstrated different levels of steric
hinderance which should have prohibited binding, but all three productively binded
confirming the C3-OH is a proton acceptor. The overall electrostatic field produced by
the protein with all its polar and charged groups can yield an electrostatic potential with a
net charge in the active-site region. It‟s possible that this net potential may “draw” the
substrate into the oppositely charged active site, increasing the probability of productive
binding (27). The C3-amino with its free pair of electrons binded to the histidine residue
while the failure of activity with its conjugate acid, the ammonium salt, demonstrated
how the directionality is driven. The hydroxyl group on C3 must be negatively charged
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because the salt possessed a positive charge and there was no activity, which suggests it
repelled the positive charge on the amino group of the residue.
The ability of an atom to function as a hydrogen bond donor depends greatly on
its electronegativity. The product conversion of C3β-fluoro was the final confirmation
that PbSMT is electronically driven by hydrogen bonding. Fluorine is more basic than the
other halide anions but still not nearly as basic as other species such as the hydroxide
anion. The data provided by the research conducted agrees with the model of H223
binding with the hydroxyl group.
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CHAPTER VI
CONCLUSION
The research conducted involved analyzing the participation of the hydroxyl
group on C3 while investigating its importance to form Hydrogen bonds. The C3-OH
group proved to be an essential nucleophile, acting as a proton acceptor with its two free
pair of electrons. A series of assays of varied functional groups as potential proton
acceptors confirmed the original theory. A homology 3-dimensional model revealed
histidine to be the contact amino acid and the data provided supported the model. It‟s a
positively charged protonated –NH on the histidine residue that acts as the proton donor
attracted to the C3-hydroxyl group. The absence of activity from the 3-ammonium
lanosterol and its positive charge supported the idea of histidine being the positively
charged electrophile. Histidine being the contact amino acid is different from other C24SMTs being studied. Many mutagenesis studies focus on threonine, tyrosine, or glutamic
as in the case of Saccharomyces cerevisiae. ScSMT was believed to be in contact with
tyrosine at position 192, which is in Region III of the sequence alignment identified by
C24-SMTs (28). PbSMT is unique in the fact that it favors lanosterol equally to
cycloartenol over zymosterol and its characteristics are much more broad than previously
known. The results of the PbSMT incubations could lead to rational drug design to
discover a drug that will mimic the stereo and electro specificity requirements.
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APPENDIX A
MASS SPECTRA OF STUDY SUBSTRATES
A

B

Figure 21. Mass Spectrometer for the eight substrates tested in the present study with
modified C3 group; panel A) 3β-fluoro lanosterol; panel B) 3β-methoxy lanosterol; panel
C) 3-keto lanosterol; panel D) 3β-acetyl lanosterol; panel E) 3β-amino lanosterol F) 3desoxylanosterol; panel G) 3-α lanosterol; panel H) 3-ammonium lanosterol.
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C

D

Figure 21. Continued. Mass Spectrometer for the eight substrates tested in the present
study with modified C3 group; panel A) 3β-fluoro lanosterol; panel B) 3β-methoxy
lanosterol; panel C) 3-keto lanosterol; panel D) 3β-acetyl lanosterol; panel E) 3β-amino
lanosterol F) 3-desoxylanosterol; panel G) 3-α lanosterol; panel H) 3-ammonium
lanosterol.
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E

F

Figure 21. Continued. Mass Spectrometer for the eight substrates tested in the present
study with modified C3 group; panel A) 3β-fluoro lanosterol; panel B) 3β-methoxy
lanosterol; panel C) 3-keto lanosterol; panel D) 3β-acetyl lanosterol; panel E) 3β-amino
lanosterol F) 3-desoxylanosterol; panel G) 3-α lanosterol; panel H) 3-ammonium
lanosterol.
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G

H

Figure 21. Continued. Mass Spectrometer for the eight substrates tested in the present
study with modified C3 group; panel A) 3β-fluoro lanosterol; panel B) 3β-methoxy
lanosterol; panel C) 3-keto lanosterol; panel D) 3β-acetyl lanosterol; panel E) 3β-amino
lanosterol F) 3-desoxylanosterol; panel G) 3-α lanosterol; panel H) 3-ammonium
lanosterol.
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APPENDIX B
CHROMATOGRAPHIC PROPERTIES OF SCSMT
Table 4
Chromatographic and spectral properties of sterols incubated with ScSMT
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APPENDIX C
SUBSTRATE STRUCTURES ASSAYED WITH SCSMT

Figure 22. Structures of modified compounds incubated with ScSMT. The
numbers correspond to table 3.
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