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Abstract

Oxidosqualene cyclases (EC 5.4.99-) constitute a family of enzymes that
catalyze diverse cyclization/rearrangement reactions of (35)-2,3-oxidosqualene (OS)
into a distinct array of sterols and triterpenes. Notably, the product specificity among
most of cyclase enzymes is species-dependent. The relationship between cyclization
mechanism and enzymatic structure is extremely complex and attractive. In order to
further elucidate the cyclization/rearrangement reaction of oxidosqualene cyclases,
experiments including different molecular biological mutagenesis approaches as well
as the bioorganic studies were accordingly carried out.

First, the alanine-scanning mutagenesis and site-directed mutagenesis coupled
with in vivo plasmid shuffling selection were employed to identify the catalytic or
structural important residues in oxidosqualene-lanosterol cyclase from Saccharomyces
cerevisiae (S. cerevisiae ERG7). Among the investigated sequence segment from
Thr-509 to Ile-513, Tyr-510 showed the catalytic discrepancy in the cyclase activity
upon mutagenic effect. The™ yeast' transformant failed to complement the
cyclase-deficiency when this position was-mutated to tryptophan or lysine residues,

YS510A

but still maintained the yeast viability in the S. cerevisiae ERG7 mutant. After

analysis of the nonsaponifiable lipid from S. cerevisiae ERG7"'

, the monocyclic
achilleol A, tetracyclic lanosterol and parkeol were identified. Moreover, two
monocyclic compounds, achilleol A and camelliol C, were isolated from the lethal S.
cerevisiae ERG7™'% and S. cerevisiae ERG7"'"Y mutants. In order to further
investigate the mutated effects on this residue, the site-saturated mutagenesis was
subsequently performed. Diverse products including monocyclic, tricyclic, and

Y510X
mutants.

different tetracyclic products were isolated from the S. cerevisiae ERG7
Moreover, the inherent influence on product specificity via an altered coordinative
interaction between the hypothesized catalytic dyad, Tyr-510 and His-234, were
further examined in more detail via construction and analysis of a different set of S.

cerevisiae ERGT"3*Y21%X qouble mutations. Moreover, other catalytically important

v



residues and their respective premature cyclization products, involved in different
cyclization/rearrangement stages, were also discovered by using similarly executed
site-saturated mutagenesis, coupled with bioorganic characterization. In order to
carefully explore the importance of these crucial residues within the enzymatic active
site, plausible homology modeling structures were subsequently created. The diverse
array of product profiles which were isolated from various mutated S. cerevisiae
ERG7 cyclases was broadly representative. Moreover, the products’ tendency in
different mutated enzymes was consequently understood by using the quantum
mechanics calculation of Gaussian 03. In addition, the combination of chimeric
enzyme library between Saccharomyces cerevisiae lanosterol synthase and
Arabidopsis thaliana cycloartenol synthase was also constructed to determine the
critical functional domain responsible for the product specificity. Ten diverse domain
swapping chimeras were successfully created, and their activities were subsequently
confirmed via plasmid shuffling selection. No divergence of the nonsaponifiable lipid
patterns was observed among.these inactive chimeras, suggesting that the rough
partition might disrupt the enzyme, structure.. After comparison with the previous
experimental results from the tritérpene synthases; the product specificity-determining
residues among these sterol-biosynthetic cyclases might be determined by just several
functional crucial residues within the enzymatic active site.

In parallel to the ongoing molecular biology approaches, we also performed a
number of biochemical studies, including chromatographic purification, bioorganic
characterization, and inhibition studies to examine the structure-function relationships
for mammalian lanosterol cyclase. After successful purification and tandem mass
characterization of bovine liver OSC, the gene encoding bovine liver OSC was
subsequently determined. The deduced amino acid sequence showed >80% identity to
that of the other three mammalian lanosterol synthases. The bovine liver OSC gene
was also successfully cloned and functionally expressed in a yeast erg7 disruption
strain. Moreover, in order to better understand the inhibiting mechanism of one potent
OSC inhibitor, Ro48-8071, as well as to solve the exact inhibitor binding site, the

photoaffinity labeling and chemical fluorescent modification of Ro48-8071 was also



carried out. Several Ro48-8071-based fluorescent probes were developed and their
inhibitory activity or fluorescence characteristics were analyzed. The results of
chemical modification of Ro48-8071 suggested that the fluorescent Ro48-8071
derivatives dramatically reduced its inhibitory activity for purified bovine liver OSC.
Moreover, the interactions between fluorescent Ro48-8071 derivative and the active
site of bovine liver OSC, as well as the orientation of these probes have obviously
changed, based on the molecular docking experimental data. In the future, improved
site-specific fluorescent probes should be developed and applied to the chemical
proteomic field for effectively screening the OSC drugs. By another approach, a
randomly selected combinatorial approach, SELEX, was utilized for screening the
potential OSC-binding aptamer molecules of the bovine liver OSC. After nine rounds
of SELEX screening, a diverse array of aptamer candidates was isolated from the
single-strand DNA library. These aptamer molecules exhibited the definitive
interaction with the targeted protein and also revealed the approximate nM range
affinity for bovine liver OSC. However, the.binding interaction between individual
aptamers and the cyclase protein should“be explored in the future. These obtained
OSC-binding aptamers will be applied in_ the pharmaceutical or diagnostic
applications for lanosterol synthase as well as for studies in the cholesterol pathway in
the future.

Thus, the combination of results obtained from the molecular biological
approaches, including alanine-scanning, site-directed/saturated mutagenesis, domain
swapping experiments, homology modeling structure, and quantum mechanics
calculation, a better understanding of the cyclization/rearrangement mechanism of
oxidosqualene cyclase has been achieved. In addition, the biochemical
characterization coupled with the bioorganic studies toward mammalian lanosterol
synthase provided valuable information, especially in obtaining the purified cyclase
protein, and illustrating the inhibition mechanism of Ro48-8071. Moreover, the in
vitro SELEX procedure opens new avenues in rational designing of antifungal agents

and hypocholesteremic agents.
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Chapter 1

General Introduction

1.1 Overview of oxidosqualene cyclase

Oxidosqualene cyclases (OSCs) (EC 5.4.99.-) constitute a family of enzymes
which catalyze the common substrate, oxidosqualene, into vast skeletal diversity of
cyclization products, acting as the biosynthetic precursors for sterols, related
membranous components, steroid hormones, and other secondary metabolites. Up to
date, over one hundred different cyclic triterpene alcohols are respectively formed via
their individual oxidosqualene cyclases:' The species-dependent product specificity of
cyclase is well-known and fascinating. -For. example, oxidosqualene is solely
transformed into tetracyclic lanosterol in-animals and fungi, whereas a variety of
polycyclic triterpenoid products;:including cygloartenol, lupenol or B-amyrin are
produced in higher plants or algae. In another example, squalene cyclase converts the
precursor of oxidosqualene, squalene, into pentacyclic hopene or hopanol, which act
as their corresponding membranous triterpenoid lipid in lower plants or bacteria
(Figure 1.1).

This kind of single protein capable of multiple functional enzymatic
transformations is one of the most impressive naturally existing reaction-phenomena.
The oxidosqualene cyclization reaction is remarkable for its complexity. One acyclic
substrate with only one stereogenic center is converted into polycyclic products
containing multiple rings and several chiral centers. The conversion from the linear
oxidosqualene into polycyclic products contains at least ten steps of covalent bond

cleavage and formation. The cyclization cascade comprises one oxirane ring opening,



four or five stereochemically controlled ring formations, four nucleophilic hydride or
methyl group migrations, and the final deprotonation reaction. Although the end
product, cholesterol, produced in the human cholesterol biosynthetic pathway is
required by another eighteen enzymatic reactions, the oxidosqualene cyclases are
undoubtedly responsible for the most fascinating step (Figure 1.2).

Bacterial Bacterial

*  hopene

(3S)-2,3-Oxidosqualene

“  Lupenol

e,
K4

Higher plants ¢Higher plants Higher plants

HO HO

e Cycloartenol

%,

» Dammaradienol B-Amyrin

Figure 1.1 The product diversity of (oxido)squalene cyclase in different species.



Initiation/Cyclization Rearrangement/Termination
(Oxirane ring opening, four ring formation) (Four [1,2]-nucleophilic hyride or methyl group

migrations and final deprotonation reaction)

OSC

Another 18 enzymatic reactions

HO
Lanosterol

Cholesterol
Figure 1.2 The cyclization cascade of oxidosqualene to lanosterol and the end product,

cholesterol, produced in the hurhan cholesterol biosynthetic pathway.

These species-dependent cyeclization processes could be further classified
according to the respective cationic intermediates, i.e. the protosteryl cation or the
dammarenyl cation. The main difference between these two major intermediate
cations is the stereochemical configuration of the second cyclohexyl B-ring. In the
protosteryl pathway, the “boat” six-membered B-ring is produced, whereas the “chair”
cyclohexyl B-ring is found in the dammarenyl cationic pathway (Figure 1.3). Thus,
after the formation of protosteryl cation via the “chair-boat-chair” pre-folded
conformation, the substrate is triggered to yield either lanosterol or cycloartenol
followed by a series of [1,2]-methyl/hydride groups shifts, and the final alternative
elimination. In parallel, the “all-chair” dammarenyl cation processes the similar
rearrangement, ring-expansion, and final elimination to give dammaradienol, lepenol,

o-amyrin or B-amyrin in higher plants or algae (Figure 1.4).”



Enz-AH Enz-AH
y S )
0. 2 f‘l chair chair O
-boat -chair
-chair| - chair
-
l (35)-2,3-Oxidosqualene l
1 N Z
1
HO HO
Protosteryl Cation Dammarenyl Cation
Cyclization catalyzed by Oxidosqualene cyclases
Higher plants

Animals/Fungi Higher plants

HO” N,
%  Dammaradienol
>

HO” ¢,
“  Lupenol

., 1y

HO” N,
K4 o-Amyrin

p-Amyrin

(4
Cycloartenol

5
4 Lanosterol

Figure 1.3 The cyclic products are ‘classified according to the stereochemical

configuration of carbocationic intermediates.



v

Lanosteryl Cation

HO Lanosterol

Dammarenyl Cation

= Lupenyl Cation

HO

Baccharenyl Cation

Dammaradienol HO
AN

HO

Lupenol 0.-Amyrin

J

Figure 1.4 The postulated cyclization mechanism of oxidosqualene into diverse products via different cationic intermediates. The respective

products are shown in frame



1.2 Historical hypothesis of cyclization mechanism

1.2.1 The mechanistic and stereochemical insights of oxidosqualene cyclization
From the view of chemical reaction, diverse products should be obtained after
the intramolecular cyclization reaction of the flexible linear polyolefinic substrate,
oxidosqualene. The highly exothermic process during the formation of novel
carbon-carbon bonds from the nucleophilic attack of olefinic =w-electrons on
carbocationic atoms also cause the difficulty in controlling the reaction tendency in
the non-enzymatic cyclization of oxidosqualene. However, the biological system
utilized the species-dependent oxidosqualene cyclases to rigorously trigger the
cyclization reaction for generations of specific biosynthetic products. The substrate
folding manners, the substrate-enzZyme interactions, even the processes of substrate
immigration or products released.are thought to be subject to regulation. Many
organic and bioorganic experiments—have-_been designed to understand the
relationships between the cyclization..mechanism and the cyclase enzyme itself.
Because of the intrinsic difficulty, the cyclization mechanism of squalene or
oxidosqualene has intrigued scientists for over half of century. After the first
pioneering model was established in 1934, different radioisotope feeding experiments
were further used to examine the biosynthetic source of cholesterol. * With the
successful structural determination of lanosterol, Woodward and Bloch proposed a
putative model for lanosterol production from squalene, and also confirmed its
biological importance (Figure 1.5).* The following experiments established that the
oxidosqualene rather than the squalene is the direct precursor of lanosterol, while the

35 isomer was further proved to be the exclusive precursor.”"!
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Figure 1.5 Squalene cyclization model for lanosterol production, proposed from
Woodward and Bloch.

Subsequently, various enzymatic incubations of chemically synthesized substrate
analogs or inhibitors provided much valuable information regarding the mechanism of
oxidosqualene cyclization. For example, a series of structural analogs were utilized to
elucidate the conformational requirement or'the molecular geometry of the substrate
within the enzymatic active site§. These chemical derivatives not only indicated the
importance of internal methyl groups/unsaturated double bonds for the oxidosqualene
cyclization, but also illustrated the enzymatic toleration for the modification on the
oxidosqualene molecule. For example, substrate derivatives, which are modified in
the distal terminus, including the double epoxide rings derivative
(2,3-22,23-dioxidosqualene), the saturation of terminal double bond derivative
(22,23-dihydro-2,3-oxidosqualene), and distal functional modification derivatives
(22,23-dihydro-22-methylene-2,3-oxidosqualene or 30-acetyl-2,3- oxidosqualene),
were all successfully cyclized via an enzyme triggered reaction.'*"” Similarly, neither
the hydroxyl, trimethylsilyl, nor methylidene modification at C-29 methyl group
appear to influence the cyclase activity (Figure 1.8).'° Nevertheless, the substrate
derivatives with saturation modification of the internal double bond, -either
10,11-dihydro-2,3-oxidosqualene or 14,15-dihydro-2,3-oxidosqualene, are not

suitable substrates for the cyclization reaction. Cyclase also only partially catalyzed
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the double demethyl analogs, 10,15-demethyl-2,3-oxidosqualene, into 6,6,5,4
tetracyclic product, suggesting the functional importance of internal methyl group
(Figure 1.8).""'® The modification near the epoxide terminus of substrate, such as
2,3-iminosqualene, 2,3-cis-1’nor-2,3-oxidosqualene, 2,3-trans-1’nor-2,3-
oxidosqualene, or 1,1’-bisnor- 2,3-oxidosqualene were used to illustrate the enzymatic

tolerance (Figure 1.8).1%!

The necessity of epoxide ring for the OSC-catalyzed
reaction was further supported via two acyclic azasqualenes analogs in Figure 1.6.%
The 19-aza-18,19,22,23-tetrahydrosqualene-2,3-epoxide and its non-epoxide ring
analogs, 19-aza-18,19,22,23-tetrahydrosqualene, were applied for the cyclase
mediated reaction. Only 19-aza-18,19,22,23-tetrahydrosqualene-2,3-epoxide exhibited
the inhibitory activity for the oxidosqualene cyclase, indicating the importance of the
epoxide ring. In other experiments; a series of substrate analogs or ammonium ions
that mimic the transition state in the different 'stages of cyclization were also
synthesized and used to illustrate their inhibition effect (Figure 1.7).'%

The conformational requirements. of oxidosqualene for the cyclase-triggered
reaction were further observed by using the different acyclic azasqualene derivatives
(Figure 1.9). For example, two geometrical isomers, (6E or 6Z£)-10-aza-10,11-
dihydrosqualene 2,3-epoxide, were used to interact with cyclase.””*® Only the
6E-isomer which corresponds to the natural all £E-form conformation in oxidosqualene
was functionally active. Moreover, one pair of isomers, (18Z or 18F)-29-
methylidene-2,3-oxidosqualene were also utilized as the mechanistic inhibitors for
oxidosqualene cyclase.”’ The (Z)-form methylidene derivative showed the potent and
irreversible inhibitory activity, whereas the (E)-form revealed no inhibition. The large
difference in the ICs; value between these isomers indicated the steric requirement for

the protersteryl cation in the enzymatic cyclization process. These geometrical

isomers, E-form or Z-form derivatives, confirmed that the natural substrate should be
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folded with all E-form conformation except for the carbon-18, and be cyclized via

all-trans geometry for the cyclization reaction in the enzyme active site.”” >

(0)

19-aza-18,19,22,23-tetrahydrosqualene-2,3-epoxide and its
analogues without epoxide

Figure 1.6 Acylic azasqualenes mimic the C-20 carbonium ion intermediates.

HO HO

Substate analog: A series of partially cyclized cationic ammonium ions:
2,3-iminosqualene

Figure 1.7 Structure of potent transition state inhibitors of oxidosqualene cyclase.



(35)-2,3-oxidosqualene 2,3-22,23-dioxidosqualene 22,23-dihydro-2,3-oxidosqualene

Acetyl

22,23-dihydro-22-methylene  30-acetyl-2,3-oxidosqualene  R= hydroxyl, trimethylsilyl, or
-2,3-oxidosqualene methylidene derivatives

10, 11-dihydro-2,3- 14,15-dihydro-2,3- 10,15-demethyl-2,3-
oxidosqualene oxidosqualene oxidosqualene

2,3-cis-1'nor-2,3- 2,3-trans-1'nor-2,3- 1,1'-bisnor-2,3-
oxidosqualene oxidosqualene oxidosqualene

Figure 1.8 Some substrate derivative inhibitors.
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(187 or 18E)-29-methylidéne-2,3-oxidosqualene

Figure 1.9 The geometrical isomers.of substrate analogs.

The argument about a stepwise or.a coneerted mechanism for the oxidosqualene
cyclization has also been considered as the result of direct experimental evidence.
After the initial epoxide ring opening, the anchimeric assistance from the neighboring
double bond (C-6/C-7) has been observed for the formation of the A—ring.30’3 !
Subsequently, the non-concerted pathway including a series of conformational rigid
and partial cyclic cationic intermediates have been proposed for the remaining process

. . 2
of cyclization cascade.’*

The bicyclic to pentacyclic triterpenoid products
corresponding to the truncated cyclization intermediates were isolated from different
natural sources such as P resins or T. pyriformis, indicating the possibility of a

. . . . . 34.35
stepwise mechanism for the oxidosqualene cyclization.™

The nonstop, concerted
cyclization hypothesis, i.e., conversion from oxidosqualene into lanosterol process

without mono-, bi-, or tricyclic carbocationic intermediates, was further against by
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Corey and coworkers in 1995.® A minor product with a 6-6-5-4 tetracyclic scaffold
was isolated from the enzymatic 20-oxa-2,3-oxidosqualene transformation (Figure
1.10). Thus, Corey proposed that the cyclization of 2,3-oxidosqualene for the
tetracyclic protosteryl cation must proceed through a discrete tricyclic 6-6-5
Markovnikov carbocationic intermediate and a sequential ring expansion process with
the formation of an anti-Markovnikov cyclohexyl C-ring intermediate.’® Several
truncated cyclization products with a 6-6-5 scaffold obtained from the enzymatic
incubation with substrate analogs further supported the evidence for the C-ring
expansion (Figure 1.10).”>° Moreover, Corey and coworkers also illustrated the
stereochemistry of C-20 during the oxidosqualene cyclization process.* *' The
20-oxa-2,3-oxidosqualene and the (20F)-20,21-dehydro-2,3- oxidosqualene were
respectively synthesized and used in the enzymatic transformation to produce
protosteryl derivatives with 17@3.side chain conformation (Figure 1.11). These
experimental results excluded the -previeusly = hypothesized 17a side chain
conformation, and also facilitated the understanding of a natural R-form configuration
at C-20. After the formation of the 178 side chain, the smaller rotation angle (60°) of
the side chain is required for producing the natural R-form configuration at C-20. The
hindered rotation angle (120°) was required while the side chain conformation
appeared with the 17a conformation. Therefore, after decades of efforts by chemists
with the representative chemical studies on the respective stages of cyclization
processes, the broadly accepted mechanistic hypothesis for the formation of lanosterol

is summarized in Figure 1.12.
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Sce ERG7

Pig OSC (minor)

Figure 1.10 Minor products with a 6-6-5-4 tetracyclic scaffold and a 6-6-5 tricyclic

scaffold were isolated from the enzymatic transformation with various analogs.

Sce ERG7

Sce ERG7

2,3-oxidosqualene

Enzymatic cyclization

HO

17B-protosteryl carbonium ion

Figure 1.11 Cyclization of oxidosqualene analogs produce 17p-protosteryl

derivatives.
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Figure 1.12 The hypothesized cyclization cascade of oxidosqualene.
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1.2.2 The theoretical enzyme-templated cyclization reactions

In addition to chemical studies on the cyclization mechanism, the critical issues
concerning the enzyme itself historically have been poorly understood. After
observation of the common structural feature of triterpene molecules, Ourisson
proposed a phylogenetic hypothesis for the cyclases.* It was proposed that a primitive
ancestral cyclase containing several essential catalytic residues exists, yet some of the
critical active site residues have undergone changes, indicating evolutionary

4 Moreover, according to the studies of substrate

divergence for different species.
specificity and the stereochemistry of the cyclization reaction, Johnson has proposed
another theoretical model for illustrating the functional role of cyclase enzyme. One
Lewis acid residue, which acts as the proton donor for epoxide ring opening, and three
axial negative charge residues facing the highly energetic intermediate cations were
proposed for the enzymatic eation-olefin  eyclization.””*® These negative charge

residues might lower the activation energy-for.the formation of the boat B-ring and

the anti-Markovnikov closure of C-ring(Figure 1.13).

Lewis Acid @Denotes site for delivery of negative point charge
AH®™

Figure 1.13 Johnson proposed three cation-stabilizing auxiliaries in the cyclase.* *°

15



In addition, the “Q-W motif theory” was the hypothetical result, according to the
careful comparison of the amino acid sequence’s constitution in the bacterial cyclases
as well as in the eukaryotic cyclases.”** Sixteen amino acid repeats, Arg/Lys Gly/Ala
Xo.3 Tyr/Phe/Trp Leu X3 Gly X,.s Gly X Trp, were highly conserved within the
carboxyl region of cyclase gene. One of the Q-W motifs was further labeled with a
mechanistic inhibitor, 29-methylidene-2,3-oxidosqualene.*° These Q-W motifs were
considered for stabilizing the electron-deficient cationic intermediates and for the
structural importance in the cyclase enzyme.’' In addition to the “Q-W motif theory”,
Griffin proposed the “Aromatic hypothesis” for the cyclase enzymatic active site.”
They suggested that the electron-rich indole rings from tryptophan residues or the
phenyl groups from tyrosine/phenylalanine residues, which occurred frequently in the
Q-W motifs, are more suitable for the role of stabilizing delivery force than those
negative point charges postulated.by Johnson. In' this “Aromatic hypothesis”, two
electron-rich residues are assumed to-Occupy-the position above or below the high
energy cationic intermediate in each stage of €yclization processes (C-2, C-8, C-13,
and C-20).>> The cation- interaction in the enzymatic active site is theoretically
responsible for stabilizing these electron-deficient cationic intermediates. Therefore,
according to these theoretical models, cyclases from different origins might be very
similar in their major structural conformation. However, for the purpose of the
phylogenetic derivation, small but critical mutational changes exist in these cyclase
enzymes, especially in the region spatially near the carbocationic intermediates

(Figure 1.14).
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Figure 1.14 Hypothetical model based on the cyclization mechanism. The arrows in

gray indicate the proposed stabilizing delivery force for the carbonium ions.

On the other hand, some catalytically or structurally important amino acids were
LEEE
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further identified via an afﬁmtyﬁiabehnT str&t%gy of several substrate analogs in
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irreversible inhibitor, 29- methyhdenﬁﬁ-z,,lox#d@squalene (29-MOS), implicating the

Mh the first mechanism-based

functional importance of this region in the oxidosqualene cyclization process (Figure
1.15).*" The tritium labeled 29-MOS was further used to identify the alkylated site
(aspartate-456) in the rat 0SC.” Similar experimental results were also observed in
the squalene-hopene cyclase from A. acidoterrestris, suggesting the crucial influence
of this region on cyclase activity.’**> Another three mechanistic inhibitors, including
6-desmethyl-2,3-oxidosqualene,  10-desmethyl-2,3-oxidosqualene, and  10,15-
desdimethyl-2,3-oxidosqualene which were expected to mimic the monocyclic or
bicyclic reactive intermediates, were specifically labeled on the fragment from
Leu-489 to Lys-512 in S. cerevisiae ERG7.7%°% Moreover, 20-oxa-2,3-oxidosqualene
and other three substrate analogs, which mimic the cationic intermediate during the

formation of D-ring, revealed covalent labeling at His-234 and Trp-232 residues in the
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3056 Another mechanism-based irreversible inhibitor,

cyclase enzyme (Figure 1.16).
18-thia-2,3-oxidosqualene, was also used to covalently modify the active site residues
of OSC (Figure 1.15).”” These suicide inhibitors provide the clues in concerning with
the functional role of these amino acids participating in the substrate binding or the
stabilization of unstable cationic intermediates.

In  addition, p-chloromercuribenzenesulfonic  acid (PCMBS) and
N-ethymaleimide (NEM) also exhibited strong inhibitory activity for cyclases,
indicating that the cysteine residues are critical for the catalytic function in OSC or

SHC enzymatic active site.”*

Moreover, some of squalene skeleton-based
thiol-modifying regents were further developed for site specific inhibition (Figure
1.17). Among them, the maleimide-type squalene derivative was the most efficient
one for mammalian OSC inhibition.”” The Ellman-type squalene derivatives also
exhibited obvious inhibitory -activity. !'In.contrast, the dodecyl derivatives of
thiol-modifying agents showed-the icomplete-loss/of inhibition. These experiments
suggested that the squalene skeleton-of thiel-modifying regents act as the carrier
moiety for effectively leading these inhibitors into the enzymatic active site.* > At
the saturated condition, squalene could only protect the cyclase against the inhibition
from the squalene skeleton based inhibitor but not the Ellman regent,
5.5’-dithio-bis-(2-nitrobenzoic) (DTNB), or other general thiol-modifying regents,
indicating that a different set of thiol groups exist in the enzyme active site.®*
Cysteine-345 of squalene-hopene cyclase from A. acidocaldarius acting as one of the
constriction residues in the substrate access was thus further examined.®® The
quadruple mutant, bearing Cys-435 as its sole cysteine residue, was successfully
modified by the CNDT-squalene and caused the blockage of the substrate entrance.

Trypsin digestion and MS analysis additionally demonstrated this covalent

modification and showed that this cysteine is critical in the enzymatic substrate
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Figure 1.15 Potential modes of mechanism-based inactivation
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Figure 1.16 Affinity labeled cyclase fragment with mechanistic suicide inhibitors.

19



CH3-(CH2)n-R

R=
S
s
COOH
co
2 NO,
Squalene- Maleimide Squalene- Ellman derivative N-dodecylmaleimide/
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Figure 1.17 Structures of various squalene and dodecyl derivatives of thiol-modifing
agents.

In conclusion, the inhibition analysis of these substrate analogs that mimic the
cyclic intermediate cations at the C+2, C-8; C~10, C-13, and C-20 position or other
mechanism-based irreversible inhibitors; provided:the direct examination for the
previously postulated hypotheses. | Accordingly, - the cyclization reaction of
oxidosqualene must proceed throtigh a series of conformational rigid carbonium ionic
intermediates.®* Moreover, these experimental results also supported the hypotheses
of the “Johnson negative charge model” and the “Griffin aromatic hypothesis” that
assumed that the intermediates are stabilized via several suitable external forces in the
enzymatic active site. All of these substrate derivatives used in the inhibition studies
indicated that the precise control between cyclase itself and substrate conformation
are indispensably essential, especially in the terminal epoxide ring or the internal
methyl groups/double bonds.

In taking a different approach, after the affinity labeling strategy and the
preliminary mutagenesis analysis of 76 highly conserved positions in the
Saccharomyces cerevisiae lanosterol synthase (S. cerevisiae ERG7), the catalytically

important residues, including Asp-456, His-146, His-234, and Met-532, were first
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identified as the essential component for the cyclase catalysis.”® The putative model of
these essential residues assisting in the ERG7-catalyzed cyclization was thus proposed.
The Asp-456 residue was implied as the candidate for the role of Lewis acids to
initiate the epoxide ring.’® However, the precise role of these functional residues in
controlling the cyclization process, or whether there are more catalytically important
amino acids involved in different stages of the complex cyclization/rearrangement,
could not be defined at that time. Most importantly, no residue has been found to
facilitate the substrate pre-folding, cyclization cascade, or the rearrangement
processes from those studies solely based on the mechanism-based analogs or early

mutagenesis studies.

1.3 Biological studies of 2,3-(ox1do)squalene cyclases

1.3.1 Enzymology of 2,3-(oxide)squaléne cyclase enzymes

Despite the fact that the chemicalimechanistic studies on the cyclization reaction
has provided detailed understanding about the oxidosqualene cyclase-mediated
reaction, the enzymology for the cyclase enzymes remained incompletely
characterized for decades. The cyclases were thought to be difficult for purification
because of their membrane-associated properties. Moreover, the cyclase enzymes
from different species usually exhibited the distinct tolerance range for detergent or
salt concentrations. Attempts to purify the active cyclases always suffered from the
difficulty in obtaining the soluble enzyme. Even under detergent solubilization,
cyclase enzymes were usually unstable and rapidly lost activity. These factors lead to
difficulty in finding the optimal conditions for cyclase enzyme purification.
Fortunately, several oxidosqualene cyclase enzymes have been successfully purified

to homogeneity ranging from vertebrate, yeast, and plant sources, by using different
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strategies.”

The breakthrough in the purification of the oxidosqualene cyclase was first
carried out in higher plants.””’® An isoelectric focusing electrophoresis coupled with
hydroxylapatite, DEAE-cellulose, and gel filtration chromatographies were applied to
separate the cycloartenol synthase and B-amyrin synthase from R. japonica-hara,
according to their distinctive pl value. The active enzyme was effectively solubilized
and purified to homogeneity in the presence of the nonionic detergent Triton X-100.
By using a similar purification procedure, the rat and pig liver cyclase enzymes have
been purified in different purification fold.*>”""> Among these purification strategies,
lauryl maltoside was also alternatively used for solubilizing the cyclase enzyme.” The
simplified procedures, via combination of hydroxylapatite and DEAE-cellulose
chromatographies, have been .Successfully "used to obtain the mammalian
oxidosqualene cyclase with molecular weight of.75 kDa in pig or 78 kDa in rat.”!
The first potent mechanism-based irteversible-suicide inhibitor of cyclase, 29-MOS,
was then used to specifically labelthe different vertebrate OSCs and gave the
expected molecular weight ranging from 70 to 80 kDa (78kDa for rat; 73 kDa for dog;
75 kDa for pig; and 73 kDa for human). These results demonstrated that highly
similar cyclases exist among different mammals.

The lanosterol synthase from yeast S. cerevisiae was also purified by using
DEAE chromatography, coupled with an affigel-15 column. The purified cyclase
exhibited a rather small size (26 kDa) than other mammalian oxidosqualene cyclase
enzymes.”* The incorrect purification strategy or the contaminated protein collection
might be misapplied with regard to this yeast cyclase purification. The later molecular
cloning experiment of S. cerevisiae oxidosqualene-lanosterol cyclase has determined
that the exact molecular weight of yeast cyclase is about 80 kDa.” In other studies,

the cyclases from pea P sativum have been purified with determined molecular
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weight of 55 kDa for cycloartenol synthase, and 35 kDa for 3-amyrin synthase. These

plant cyclases also required the non-ionic detergent for their optimal activity.* -

1.3.2 Molecular cloning of 2,3-oxidosqualene cyclase

In general, purification of OSCs in sufficient quantity for amino acid sequence
determination or antibody production has proven to be difficult, mainly caused by the
trace amount of purified protein or the problems in obtaining the soluble enzyme.
Thus, attempts to isolate cDNA clones or genes encoding cyclase enzymes by this
way have met with only limited success. However, the utilization of internal amino
acid sequence information from purified cyclase enzymes has been successfully used
to isolate cDNA for some animal oxidosqualene-lanosterol cyclases. For example, the
cDNA encoded rat OSC (R. norvegicus) was detérmined via this methodology.””” An
open reading frame of 2,202 nucleotides ineluding: the stop codon was identified,
which encoded an 83.3 kDa protein with-/33, amino acids. Moreover, Corey also
cloned and characterized the human. lanosterol synthase by using hybridization
techniques in a H. sapiens liver cDNA library.”® The deduced amino acids showed
83% identity to that of rat cyclase.

The gene encoding the C. albicans OSC was first obtained by Kelly ef al. on the
basis of its ability to complement the oxidosqualene-cyclase deficient (erg7) strains in
S. cerevisiae.”” The gene consists of 2,187 nucleotides and encods a predicted protein
of 728 amino acids with molecular weight of 83.7 kDa. On the other hand, the ERG7
gene of S. cerevisiae oxidosqualene-cyclase was also reported by using the genetic
complementation as well as the oligonucleotides hybridization.*® The complementary
DNA and the derived amino acid sequences of this gene have also been determined.
The open reading frame of 2,196 nucleotides was identified, which encoded 731

amino acids with molecular weight of 83.4 kDa.*?
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Because cycloartenol or other triterpene alcohols have never been found in yeast,
molecular cloning of a plant triterpene synthases gene via genetic complementation
may appear to not be feasible in S. cerevisiae. However, accumulating the high levels
of 2,3-oxidosqualene and the absence of lanosterol in the oxidosqualene-cyclase
deficient strains (erg7) could facilitate the synthesis and identification of novel
cyclization products, which were generated via heterologous expression of triterpene
synthases. In 1993, a yeast mutant strain lacking lanosterol synthase was
transformed with an 4. thaliana cDNA library and assayed for cyclase activity via
TLC analysis. Corey thus isolated a cycloartenol synthase gene possessing the ability
to cyclize oxidosqualene for the cycloartenol production. This gene encoded an 86
kDa protein and a 2,271-bp open reading frame with significant homology to OSC
from C. albicans or SHC from A. aeidocalsarius.®*

From the availability of increasing DNA sequence information from individual
OSCs, the highly conserved tegions could_be identified. The genes encoding
oxidosqualene-cyclases proteins fromyeast,-human, and rat have been cloned via
PCR based amplification methodology, by using the degenerated oligonucleotide
primers which were designed according to these highly conserved regions.” **

While several OSC cDNAs involved in sterol biosynthesis have been cloned
from various organisms, the triterpene synthase genes were rarely reported. However,
even though the reaction products are different between squalene-hopene cyclase and
the mammalian OSC, several amino acid sequences fragments, such as the QW motif
or the DCTAE motif are highly conserved. Additionally, from the view of the product
diversity, sterol biosynthetic OSCs and triterpene synthases might come from a
common ancestral gene. Thus, triterpene synthase genes were expected to possess
these highly conserved amino acid sequence regions. Accordingly, degenerated

oligonucleotide primers based on these regions were designed to isolate the triterpene
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synthase genes from P. ginseng.* Two cDNAs, one being the B-amyrin synthase gene,
whereas the other encoded cycloartenol synthase, were thus revealed from
heterologous expression in the yeast strain. These two cyclases exhibited 60% amino
acid identity to each other. In the same way, the cDNA encoding the lupeol synthase
from O. europaea and T. officinale were identified in 1999.** They shared significant
sequence identity to each other (78%), whereas only about 58% identity was observed
after comparing with that of the known lupeol synthase in A. thaliana. The
multifunctional enzyme which produces diverse triterpene products has also been
cloned from A. thaliana.*

In the last ten years, at least fifteen triterpene cyclase genes have been cloned and

sequenced. These oxidosqualene-cyclase genes which have been functionally

characterized in yeast are listed in Table 1.1.%
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Table 1.1 OSCs that have been cloned and functionally characterized by expression in

yeast
EMBL/Gene

Organism Enzyme Abbreviation Bank AC
Rattus norvegicus lanosterol synthase osc U31352
Saccharomyces cerevisiae lanosterol synthase ERG7 U04841
Candida albicans lanosterol synthase ERG7 L04305
Arabidopsis thaliana cycloartenol synthase CAS1 U02555
Pisum sativum cycloartenol synthase PSX D89619
Panax ginseng cycloartenol synthase PNX AB009029
Panax ginseng B-amyrin synathase PNY AB009030
Panax ginseng B-amyrin synathase PNY2 AB014057
Pisum sativum B-amyrin synathase PSY AB034802
Pisum sativum Mix amyrin synathase® PSM AB034803
Olea europaea lupeol synthase OEW AB025343
Taraxacum officinale lupeol synthase TRW AB025345
Arabidopsis thaliana lupeol synthase” AFLUPI U49919
Arabidopsis thaliana Multifunétional® ATLUP? AF003472

a Primary products: o- and B-amyrin (6:4) and other minor triterpenes
b Primary product: lupeol and other at least five minor triterpenes

¢ Primary products: -amyrin , a-amyrin, and lupeol (55:30:15)
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1.3.3 Crystallization and structural characterization of cyclase

Recently, the X-ray structure of squalene-hopene cyclase from 4. acidocaldarius
has been determined.’ ¥ This three-dimensional structure of triterpene cyclase
facilitated the understanding of relationships between the enzymatic active sites and
the hypothesized mechanistic models for the first time. The polypeptide chain of
squalene-hopene cyclase is organized in a dumbbell shape of homodimer constituted
of two sets of o—o helixes bundles (Figure 1.17).*® The enzymatic active site of
squalene-hopene cyclase is located deeply in the large hydrophobic cavity. The
catalytic center of this membrane-bound enzyme is accessible through a hydrophobic
channel connecting with the non-polar part of the cytoplasmic membrane. The active
sites are mainly lined by several highly conserved aromatic residues, which were
expected to stabilize the individual intermediate carbocations and to determine
simultaneously the folding manner.'of the substrate-during the cyclization reaction.
Asp-376 together with another two Asp tesidues (Asp-374 and Asp-377) and one His
residue (His-451) are believed to initiate the-cyclization cascade via protonating the
terminal double bond. The termination reaction site was presumably represented by a
polar amino acid (Glu-45) associated with a water molecule for effectively abstracting
the proton or hydroxylating the cationic position (Figure 1.18).”"*7*

After determination of the crystal structure of squalene-hopene cyclase from A.
acidocaldarius, the structure-based mutagenesis could be carried out. The isolated
diverse early-terminated products from different squalene-hopene cyclase mutants
represented the stabilizing interaction between enzymatic active site residues and the
respective unstable carbocationic intermediates. Several putative cation-stabilizing
residues, including Glu-45, Trp-169, Ile-261, GIn-262, Pro-263, Trp-312, Phe-365,
Asp-374, Asp-376, Asp-377, Tyr-420, His-451, Trp489, Tyrd95, Gly-600, Phe-601,
Phe-605, Leu-607, Tyr-609, and Tyr-612 have been examined for their importance in
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. . : 1, 54 -101
different stage of squalene cyclization.”" >* 8 %010

The complete mutagenesis
analysis of these functional residues participating in the SHC-catalyzed cyclization
process from squalene to hopene/hopanol was summarized recently.'”*'® Obviously,
these mutagenesis studies not only provided the direct evidence about the previously
hypothetic intermediates, but also elucidated the detailed interactions between enzyme
and reactants from the view of biological triterpene synthetic system. Interestingly, in
contrast to squalene-hopene cyclase, there were only few functional residues have
been illustrated for the importance in facilitating the formation of lanosterol or
cycloartenol within the corresponding oxidosqualene-cyclase enzymatic active site,
solely based on the structure of the bacterial squalene cyclase.** % '

In 2004, Thoma et al. successfully solved the crystal structure of human OSC
complexed with the lanosterol molecule and cteated an important milestone for

understanding the triterpene synthase family:'®

A ‘monotopic protein containing a
membrane-inserted plateau with 25 A diameter.and a substrate entrance channel was
observed in this crystallized structure. (Figure-1.19). On the basis of the X-ray
crystallographic analysis of human OSC structure, Thoma proposed an elegant
exposition for illustrating the lanosterol synthase-triggered cyclization. At the top of
the cavity in human OSC crystal structure, Asp-455 was hydrogen bonded with the
lanosterol hydroxyl group, consistent with the proposed role of Asp-455 as the general
acid that donates a proton to the epoxide oxygen of the substrate to initiate the
cyclization cascade. The side chain of Asp-455 was also observed to form a hydrogen
bond with Cys-456 and Cys-533 for enhancing its acidity. The reprotonation of
Asp-455 could be achieved by the bulk solvent in a small polar channel through the
hydrogen-bonded solvent network with Glu-459, spatially near the Asp-455 (Figure

1.19).

Moreover, the hydrophobic enzymatic active site was observed to be lined by

28



abundant highly electron-rich aromatic residues as in the case of previous SHC
structure. Among them, Trp-387, Phe-444, Tyr-503, and Trp-581, which are oriented
around the A/B ring of lanosterol molecule, might stabilize the tertiary intermediate
cation at C-6 or C-10 through the cation-m interaction. The energetically unfavorable
boat conformation of the B-ring was thought to be stabilized via the spatially
mediated pressure from Tyr-98. The unstable secondary anti-Markovnikov cyclohexyl
carbocation at C-14 which is produced during the C-ring cyclization should be
stabilized via the side chain of His-232 and Phe-696 at the appropriate orientation.
Moreover, Thoma also suggested that His-232 and Tyr-503 are possible candidates for
the role of a general base that accepts the C-9 proton to terminate the
cyclization/rearrangement reactions cascade (Figure 1.20).

The availability of the long-awaited crystal structure provides an opportunity for
altering the catalytically important.residues and consequently modifying the product
patterns. These experimental resultsicould-further verify the cyclization mechanism.
The more detailed structure-based illustration for the site-directed mutagenesis studies
or for the homology modeling structural constructs will be described in the following

chapters.
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Figure 1.18 (Right) The ovef:qil_ stt!qéﬁmf A-.:';_?acidocaldarius squalene-hopene
cyclase (SHC).¥ N and C: NHZ- féngl_C_OQfH’-termini; L: the position of the
competitive inhibitor LDAO; E: the entrance of the active site channel; Color code:
internal (yellow) and external (red) barrel helices; B structure (green); QW-motifs
(purple); and helix 0-8 is the membrane-binding region (white). (Left) The putative
active site cavity in the squalene-hopene cylase.
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Figure 1.20 Local view of crystal structure of human OSC.'"
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Chapter 2

Thesis Organization

As previously described, the relationship between the cyclization mechanism and
cyclase enzyme itself is extremely interesting. The hypothesis concerning the possible
genetic evolution from the “primitive” ancestor to modern respective oxidosqualene
cyclases has been proposed. Putative models further support the concept that specific
motifs in the cyclase enzymes may account for the functional differences. Recently,
the X-ray structures of squalene-hopene cyclase from A. acidocaldarius and
oxidosqualene-lanosterol cyclase from H. sapiens have been elucidated. These
three-dimensional structures provided' the basis: for understanding the variability and
biochemical characteristics of the triterpene cyclases:

Due to the unique role iin the biosyntheses Jof ergosterol, cholesterol, and
phytosterol, OSCs have become’:potent targets for the development of antifungal,
anticholesterolemic, and phytotoxic agents. Searching for enzyme inhibitors is a
rational and efficient approach for the drug discovery. Another purpose in designing
enzyme inhibitors is to obtain the information on the mechanism and the active site
residues involved in catalysis.

There are several research issues, either from mutagenesis approaches or from
bioorganic characterization, described in this thesis.

In the mutagenesis approach, we investigated the structure-function relationships
of oxidosqualene cyclase. First, we wused the alanine-scanning and
site-directed/saturated mutagenesis to elucidate the specific amino acid residues
responsible for the cationic intermediates stabilization, hydride/methyl groups’

rearrangement, and the deprotonation reaction. Second, the chimeric enzyme library
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between different cyclases was constructed using domain swapping technology to
determine the functional domains responsible for the product specificity. In addition,
we also tried to utilize the homology modeling studies and quantum mechanic
calculation for reasonably illustrating the mutated effect.

Regarding to bioorganic characterization, we first tried to purify the
oxidosqualene-lanosterol cyclase from bovine liver. The information obtained from
the peptide sequencing was used to clone the OSC gene from a bovine liver cDNA
library. After functional expression of the OSC enzyme, the potent inhibitor,
Ro48-8071, was used as a photoaffinity labeling probe to elucidate the possible
binding mode. Second, several Ro48-8071-based fluorescent probes were developed.
The inhibition studies and the fluorescence spectrometric examination by using these
newly developed probes were carried out. Third, an in vitro selection technology,
systematic evolution of ligands-by,experimental enrichment (SELEX), was utilized to
search the potential OSC-binding! aptamers,, The biochemical and biophysical
properties of the identified aptamers.were further analyzed. These OSC-binding
aptamers may provide the opportunity for diagnostic applications or therapeutic

purposes.
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Chapter 3
Mutagenesis Approach to Investigate the Putative Active-Site

Residues from Oxidosqualene Cyclase

3.1 Introduction

The product specificity and the stereoselectivity of the oxidosqualene-catalyzed
cyclization reactions are believed to be rigorously controlled via the ingenious
mediation between substrate conformations and the enzyme active site residues.” For
example, cycloartenol and lanosterol are synthesized by cycloartenol synthase and
lanostreol synthase, respectively:®The cyclization processes between these two
cyclase-catalyzed reactions are almost identical except for the final deprotonation step.
The direct proton abstraction at C-8/C=9.pesitien or the alternative cyclopropyl ring
closure at C-9/C-19 position resulted. in the"formation of either lanosterol or
cycloartenol, respectively. In spite of the highly parallel reaction, cycloartenol
synthase and lanostreol synthase share only 36% sequence identity. Accordingly, the
amino acid difference between these two cyclases might probably imply the role in
determining the catalytic distinction. In order to elucidate these catalytically important
residues that direct the specific deprotonation reaction between cycloartenol synthesis
and lanosterol synthesis, the genetic complementary characteristic of yeast provids an
excellent system for analyzing the heterologous expression of mutated cycloartenol
synthase. Because that lanosterol synthase (ERG?7) is the sole oxidosqualene cyclase
in the yeast cell, the erg7 deficient strain could not independently grow without
exogenous addition of ergosterol. Accordingly, if some of the heterologous

cycloartenol synthase mutants acquired the lanosterol synthase activity to effectively
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convert oxidosqualene into lanosterol, yeast transformants could grow without
exogenous ergosterol. Identifying these product-specificity altering residues would
illustrate the molecular distinction of sterol biosynthetic cyclases between yeast and
plant cells, which specifically guides the unique cyclization products, respectively. A
random mutated cycloartenol synthases library was generated by either chemical
mutation with hydroxylamine mutagen, or the spontaneous genetic mutation in a DNA
repair-system deficient strain.'” In parallel, the similar strategy based on the
spontaneously generated cycloartenol synthases mutants in either 4. thaliana CASI
gene or D. discoideum CASI gene were also independently carried out.'””'® Five
distinct single-point mutations of oxidosqualene-cycloartenol synthase from A.
thaliana have been identified to alter the product specificity from cycloartenol to
lanosterol.'” These five single-point'mutations are. Tyr410Cys, Ala469Val, His477Tyr,
[1e481Thr, and Tyr532His. In-addition to Jdanosterol, Ala469Val, 11e481Thr, and
Tyr532His mutants also produced a.moneeyelic product, achilleol A. A structural
homology model showed that Tyr-410;.1le-481, and Tyr-532 were located within the
active site of cycloartenol synthase, implying that these three amino acids might

contact with the substrate.'*®

The functional importance of Tyr-410 and Ile-481 in
oxidosqualene-cycloartenol synthase were also reported by Mutsuda and his
colleagues.'”” 1% "% Moreover, the second-sphere residue His-477 was further
described for its effect on the cycloartenol synthase activity via electrostatic
interaction with the side chain of Tyr-410.""' The schematic representation of

functional residues which changed the product specificity in A. thaliana

oxidosqualene-cycloartenol synthase is listed in the Scheme 3.1.
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Scheme 3.1 The 4. thaliana CAS1;mutants changed their product specificity from

cycloartenol to lanosterol.

Subsequently, the corresponding amino acids relative to the above demonstrated
product specificity-determining residues were chosen to examine their catalytic role in
the lanosterol synthase. Two functional residues Val-454 and Thr-384, the
corresponding residues of Ile-481 and Tyr-410 in 4. thaliana CASI, exhibited the
catalytic signification for the lanosterol production, respectively. The steric effect of
Val-454 participating in the substrate folding and facilitating the cyclization process
was illustrated from either Val454Ala or Val454Gly mutated substitution.''> The
spatially smaller substitution might enlarge the active site cavity, perturb the substrate
conformation, and result in the premature termination at monocyclization step to

"2 Interestingly, the recently discovered putative

isolate the monocyclic achilleol A.
camelliol C synthase from A. thaliana, which catalyzes the oxidosqualene into the

predominant monocyclic camelliol C, was found to be strictly conserved by the
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smaller alanine residue in the corresponding position of Val-454, further implying the
steric importance of this residue for the polycyclic triterpene biosynthetic cyclase.'
Moreover, the Thr384Tyr mutation of S. cerevisiae ERG7, which exchanged the
highly conserved threonine residue in lanosterol synthase for the tyrosine residue in
cycloartenol synthase, slightly altered the control strength for the deprotonation
reaction and resulted in generation of alternatively deprotonated by-products,
including parkeol and lanost-24-ene-3p,9a-diol."*

Among these product specificity-determining residues, the functional role and
catalytic importance of Tyr-532 within oxidosqualene-cycloartenol synthase or its
corresponding residue Tyr-510 within oxidosqualene-lanosterol cyclase still was
ambiguous. First, the tritiated suicide inhibitors were specifically labeled with the
Tyr-510 residue of S. cerevisiae ERG7, and produced several truncated cyclization
products, indicating the functional significance. of: Tyr-510 in the oxidosqualene
cyclization process.”® Moreover; the cotresponding residue Tyr-532 of the 4. thaliana
CAS cyclase was responsible for+ the. product: specificity from cycloartenol into
lanosterol.'® ' In parallel, various abortive cyclization products isolated from the
derivative mutations at the corresponding Tyr-420 in A. acidocaldarious SHC further
validated the importance of this critical tyrosine residue.”> '"!

Structural illustration either from homology models or crystal structures also
provids some insights into this puzzling residue. The Tyr-532 of the 4. thaliana CAS
enzyme was observed as one of the hydrogen-bonding network residues that guides
the proton abstraction direction from C-19 of cycloartenol to the active-site acidic
residue for the reprotonation reaction.''' Moreover, from the recent structural
determination of human oxidosqualene-lanosterol cyclase, Thoma proposed another

speculation on the role of Tyr-503 (relative to Tyr-510 in the S. cerevisiae) that

directly assists the deprotonation reaction at the lanosteryl C-8/C-9 cation. The
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phenolic oxygen of Tyr-503 was found to form a hydrogen-bond with the proposed
catalytic base residue, His-232 (relative to His-234 in the S. cerevisiae), for
abstracting the proximal proton.'” This hydrogen-bonded His:Tyr catalytic dyad has

HL S 1 order to further

also been illustrated from the A. thaliana CAS enzyme.
substantiate the functional role of Tyr-510 position as well as the neighboring residues
in the yeast oxidosqualene-lanosterol cyclase, the amino acid region from Thr-509 to
Ile-513 C”TYEKI") of S. cerevisiae ERG7 were originally subjected to the
alanine-scanning mutagenesis, in vivo functional studies, and in vitro product analysis.
Moreover, the results of multiple sequence alignment in all of the known
oxidosqualene cyclases showed that tyrosine residue was conserved at the
corresponding position in both lanosterol synthase and cycloartenol synthase, which
triggers the substrate via the “pre-¢chair-boat-chair” conformation. Conversely, lupeol
synthase and B-amyrin synthase that generate the tetracyclic dammarenyl cation via
the “pre-chair-chair-chair” conformation.strictly maintain the tryptophan residue at
the relative position. This correlation implies-the importantly catalytic discrepancy of
this residue in all of the cyclase enzymes. Thus, due to the observation of conservative
difference between ERG7/CAS1 and [-amyrin/lupeol synthase, an additional
Tyr510Trp substitution was also carried out to investigate the possible effect on
product diversity. Moreover, in order to examine the influence of different electronic
environment on the cyclase activity, the Tyr510Lys mutant was also prepared.
However, in order to completely comprehend the relationship of His:Tyr
hydrogen-bonding catalytic dyad between the Tyr-510 and His-234, as well as to
understand that how the subtle changes in the ERG7 active site dramatically impact
on the intrinsic product specificity, we generated the site-saturated mutations on the

Y510X .
>19% mutations

Tyr-510 from S. cerevisiae ERG7 and expressed the respective ERG7
as its sole oxidosqualene cyclase to characterize each of mutated enzymes.''® The
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power of site-saturated mutagenesis analysis that exchanged all other nineteen
proteinogeneic amino acids for the specific residue could provide the unbiased
opportunity for fully elucidating the influence upon the active site residue substitution
from steric effect, orientation, size, polarity, or electrostatic propriety. Accordingly, we
previously have performed the site-saturated mutagenesis experiment on the His-234
residue of S. cerevisiae ERG7. The isolated diverse product profile indicated that
His-234 of ERG7 might play a key role in stabilizing various carbocationic
intermediates and also guiding the deprotonation reaction."'” We also established that
the Trp-232 and Phe-445 might act as the catalytically important residues for the S.
cerevisiae ERG7-catalyzed reaction, by wusing the similar site-saturated
mutagenesis.''* '

Three previously mentioned product specificity determining residues (Ala-469,
His-477, and Ile-481) of cycloartenol synthase: were observed to locate within a region
of fifteen amino acid residues-upstteam-to-the putative active site Asp-483 of A.
thaliana CAS1 enzyme. Based on the multiple sequence alignment, we speculated
that the corresponding region of Ala469-1le481 from other cyclase enzymes might
also be involved in determining the oxidosqualene cyclization cascade. Thus, a series
of amino acids residues *'GAWGFSTKQGYT"? from S. cerevisiae ERG7 were
subjected to the alanine-scanning mutagenesis to examine their catalytic role. Among
these single-point mutations, the Trp443Ala, Phe445Ala, and Lys448Ala substitutions
failed to complement the erg7 disruption, indicating the functional importance of
these three residues in the oxidosqualene cyclization reaction. In order to explore the
role of these residues, the mutation-induced products profiles of Trp443Ala, and
Lys448Ala mutations were further analyzed via expression of the individual ERG7
mutants in a novel heml/erg7 double knockout yeast strain. Moreover, in order to

further understand the functional role of Trp-443, site-saturated mutagenesis on
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Trp-443 for another nineteen amino acids were recently carried out.'”” The possible
catalytic role of Trp-443, Phe-445, and Lys-448 within the oxidosqualene-lanosterol
cyclase was further characterized using the homology modeling strategy.

In this chapter, we will examine the detailed mutational effect of several
functionally important residues, especially on the Tyr-510, Trp-443, and Lys-448
residues of S. cerevisiae ERG7 in the oxidosqualene cyclization cascades. Other
functionally critical residues will be described in the next chapter from the homology
modeling structure insight or the quantum mechanistic illustration. We will also
illustrate the design and construction of the novel hemi/erg7 double knockout yeast
strain, TKW14, for effectively facilitating the analysis of the inactive
oxidosqualene-lanosterol cyclase mutants. By utilization of these molecular biological
mutational approaches, we hope to'provide a deeper understanding about the complex

cyclization/rearrangement enzymatic reaction.
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3.2 Results and Discussion.

3.2.1 Generation of the alanine-scanning mutations or the site-directed mutations
of S. cerevisiae ERG7 gene

The alanine-scanning mutagenesis approach was first used to exchange the
corresponding amino acid residues from the region of Thr-509 to Ile-513 in the S.
cerevisiae ERG7 for the alanine residue. One of the parallel residues in A. thaliana
CAS1 (Tyr-532) revealed the crucial role in the cyclization/rearrangement
mechanism.'” Theoretically, the alanine residue substitution that only alters the
functional group beyond the -carbon should not dramatically change the structure of
protein or destroy the skeletal backbone. An additional tryptophan substitution of
Tyr-510 was also included to investigate the possible effect on product diversity based
on the conservative difference- between “chair-boat-chair” and “chair-chair-chair”
conformational pathways. Moreover;.the -Tyr510Lys substitution was further used to
examine the possible product distinction caused by the electronic environment. All of
the selected residues of S. cerevisiae ERG7 were converted to alanine or other
substitutions by using the PCR-based mutagenesis with the corresponding mutagenic
primer pairs. A silent mutation was also concomitantly introduced to easily screen the
desired mutants according to a restriction endonuclease analysis. The presence of the
mutations was further verified by using sequencing determination. The Trp443Ala and

Lys448Ala mutations were also constructed by the similar strategy.
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3.2.2 Principle of the plasmid shuffle methodology

Plasmid shuffle involves the exchange of a plasmid bearing the wild type gene
with a plasmid bearing the mutation of interest. Plasmid shuffle is a powerful tool for
rapid functional analysis of the mutated gene of interest. Initially, a haploid yeast cell
containing the lethal genomic target gene disruption was prepared and transformed
with a plasmid bearing the wild-type gene for viability. Thus, the survival or the death
of the yeast strain will rigorously depend on the presence of the wild-type gene
plasmid. Any random loss of the wild-type gene plasmid would result in the death of
the yeast cell. Moreover, the wild-type gene plasmid also possesses a
selectable/counterselectable genetic marker for removing the wild-type gene plasmid
exclusively. The URA3 gene encoded orotidine-5’-phosphate decarboxylase which
converts the 5’-fluoroorotic acid«(5°-FOA) into“the cell-toxic 5’-fluorouracil, was
commonly used as the selectable/countersclectable: marker. Thus, the yeast cells
without URA3 activity are resistant,to-the-5°-FOA:. By using the counterselection
against the wild-type gene plasmid possessing the URA3 activity, the functional
importance of the mutated gene of interest could be rapidly analyzed. After
transformation of the plasmid bearing the mutated gene, the yeast transformants
would contain two kinds of plasmids and maintain its viability due to the presence of
first wild-type gene plasmid. Subsequently, the extra additional uracil, which is the
end product of the URA3-involved biosynthetic pathway, could facilitate the partial
loss of the first wild-type gene plasmid with a frequency up to 1% per generation.
Counterselection against the wild-type gene plasmid with 5’-FOA was further used to
confirm that the yeast cells must only retain the second transformed mutated gene
plasmid. Therefore, the survival or the death of yeast transformants now depends on
the functional activity of the mutated enzyme. If the mutated enzyme abolished the

enzymatic activity and lost the complementary activity for the first wild-type plasmid,
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the yeast transformants are expected to die. Conversely, if the functional activity was
not dramatically influenced by the mutation, the yeast transformants would still
survive on the couterselection plate with 5’-FOA. This selectable/counterselectable
plasmid shuffle method provides a powerful tool for analyzing the mutated S.
cerevisiae ERG7. The strategy of plasmid shuffle methodology is shown in the

Scheme 3.2.

CBY57 [ pZS11 ]
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Scheme 3.2 Screening of inactive ERG7 mutants using a plasmid shuffle method.
Genome type of CBYS7[PZSI11] is (MAT a/a ERG7A::LEU2 ade2-101 his3-A200
leu2-A1 lys2-801 trpl-A63 ura3-52) [PZS11]. The abbreviation, including A, L, T, H, and
U in different cultural media represent the nutrition additive: Adenine, Lysine, Trptophan,

Histidine, and Uracil for the yeast cell viability, respectively.
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3.2.3 Screening of inactive ERG7 mutants by using the plasmid shuffle method
The genome type of haploid yeast CBY57 is (MAT a/oo ERG7A::LEU2 ade2-101
his3-A200 leu2-A1 lys2-801 trpl-A63 ura3-52). The yeast CBYS57[pZS11], bearing a
genomic disrupted erg7 gene and a pZS11 plasmid with the wild-type S. cerevisiae
ERG?7 gene, was transformed with these pRS314-derived ERG7 mutation plasmids by
electroporation. The genetic selectable markers involved in the pRS314-derived
plasmids and pZSI11 plasmid are TRPI gene and URA3 gene, respectively. The
plasmid shuffle strategy illustrated above was used to analyze the effect of mutation
on the complementary ability to the erg7 deficiency. The positive and negative control
with the pPRS314ERG7WT and pRS314 were also carried out to confirm the accuracy
of the plasmid shuffle. Yeast transformants were first selected on the
SD+Ade+Lys+His plates, and then re-selected on the SD+Ade+Lys+His+Ura
+5’-fluoroorotic acid plates to elucidate the complementation effects. In addition, the
plasmids whose encoded mutated cy¢lase-failed.to complement the cell viability were
isolated and sequenced to further confirm the identity of the mutations. Among the
results of plasmid shuffle method, all of the alanine-scanning mutations from
Thr509-11e513 produced colonies on the counter-selection plates with 5°-FOA,
indicating that Thr509Ala, Tyr510Ala, Glu511Ala, Lys512Ala, and Ile513Ala
mutations were active and did not dramatically influence the ERG7 activity. In
contrast, the Tyr510Lys and Tyr510Trp mutations failed to complement the erg7
disruption, suggesting that different amino acid substitutions on Tyr-510 might impair
the ERG7 activity below the threshold level needed to support yeast cell growth and
result in halting the cyclization/rearrangement reaction or altering the product
specificity. Similarly, cyclase mutants bearing the Trp443Ala and Lys448Ala

substitutions also failed to complement the erg7 deficiency (Table 3.1).
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Tabel 3.1 Complementation result of cyclase mutants in an erg7 knockout strain,
CBY57, by using plasmid shuffling counter selection. The symbol “+” indicated the
mutated cyclase can complement the knockout strain. The symbol “x” indicated the

inactive mutants.

Complementation of :

Mutation CBY57

_|_

Wildtype(pRS314ERG7WT)
None(pRS314)
Thr-509-Ala
Tyr-510-Ala
Glu-511-Ala
Lys-512-Ala
[le-513-Ala
Tyr-510-Lys
Tyr-510-Trp
Trp-443-Ala
Lys-448-Ala

X X X X A+ o+ X

3.2.4. Lipid extraction, column chromategraphy, and product characterization
The crude nonsaponifiable lipids from yeast transformants with Tyr510Ala
mutation were first prepared, spotted on the thin-layer chromatography (TLC plate),
developed with 20% EA/Hexane, and then observed via anisaldehyde staining.
Accordingly, consistent with  functional complementation results, the
lanosterol-positioned spot was expectably present on the TLC plate, while another
obvious spot migrating between oxidosqualene and lanosterol was also observed
(Figure 3.1). In order to examine the chemical structure of these triterpene products,
the nonsaponifiable lipid extract from the large scale of cultural yeast was further
prepared for the silica gel chromatographic purification. Monocyclic triterpene
achilleol A which migrates between oxidosqualene and lanosterol was characterized
via the GC-MS and NMR spectroscopic analyses. The detailed spectroscopic results

of monocyclic achilleol A are shown in the Appendix 3.1. On the other hand, for the
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lanosterol-positioned product, GC-MS spectroscopic analysis revealed that there are
simultaneously two compounds with identical molecular mass (m/z = 426) and same
R¢ value on the TLC plates. Repeated chromatographic purification exhibited that
these two products were indistinguishable from one another in TLC analysis, silica
gel chromatography, or even the high performance liquid chromatography (HPLC).
Thus, the acetylation reaction with acetic anhydride/pyridine was subsequently
carried out to modify the polarity of alcohol moiety (Figure 3.2 and Appendix 3.2).
However, this acetylated modification does not allow for successful separation of
these two indistinguishable NSL. Fortunately, the chemical assignments of these two
compounds with either intact or acetylated form were finally confirmed from the
'H-NMR, "“C-NMR, and different DEPT-NMR spectroscopic analyses, respectively
(Appendix 3.3). For example, the distinct chemical shifts for the methyl proton
groups and vinyl protons of lanesterol ( © 0.687 and 0.810 ppm) and parkeol ( 6 0.637,
0.729 and 5.225 ppm) were obviously-observed and compared with the available

. 110, 121
literature data.''®

The *C-NMR spectra of the acetylated products also displayed
all 32 lanosteryl acetate and parkeyl acetate signals, and thus confirmed the identities
of lanosterol and parkeol. GC-MS analysis of these compounds showed that the NSL

extract of S. cerevisiae ERG7Y> 1A

mutant accumulated achilleol A, lanosterol, and
parkeol in a 27:39:34 ratios. The identities of resulting products were confirmed via
co-injection with the authentic samples in the GC-MS analysis. In contrast, neither
9B-lanosta-7,24-dien-3B-ol nor any other oxidosqualene cyclization products with

consistent molecular weight could be detected from the nonsaponifiable lipid extract

of Tyr510Ala mutation.
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Analysis of nonsoponifiable lipid by TLC

Figure 3.1 (a) Thin-layer chromatographic analysis of the nonsaponifiable lipid (NSL)
extract from Tyr510Ala and Tyr510Lysmutants. Lanosterol was present as expected,
while a significant amount of the second. NSL'.(achilleol A) migrating between
oxidosqualne and lanosterol was observed:in the Tyr510Ala mutant. The authentic
lanosterol and oxidosqualene were also included. (b) The scheme for illustrating the
analysis of novel product generated fromithermutated ERG7 on the TLC plate.
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Figure 3.2 Acetylation with acetic anhydride/pyridine was used to modify the polarity
of alcohol moiety. After stirring for 20 h, most of product with higher R¢ value was
observed on the TLC plate.
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3.2.5 The construction of novel gene disruption strain TKW14 for analysis of
inactive mutated cyclase

In order to unambiguously determine the functional role of inactive mutations, a
novel cyclase-deficient strain, TKW14, derived from CBY57[pZS11] was generated.
Accordingly, the pZS11 plasmid bearing the wild-type ERG7 was removed and the
viability of yeast cells was mediated via the exogenous addition of the ergosterol. As
it has been suggested that mutations in the heme biosynthetic pathway could allow
the uptake of sterol from the media under aerobic conditions, efforts were thus made

to incorporate a heml gene disruption into the CBY57[pZS11] strain.'** '*

Using
homologous recombination technology, we have successfully exchanged the HEM1
gene with a drug Geneticin (G418) resistance gene in the CBY57[pZS11] strain. In
order to confirm the accurate genetic recombination in the HEMI gene, the genomic
DNA of yeast transformants was extracted and verified via PCR based amplification
with the HEMI gene terminus-sequence-primers. Moreover, the restriction enzyme
mapping with Neol, a unique restriction:site for the Geneticin resistance gene (G418%)
but not for HEM1 gene, was further used for genetic verification (Figure 3.3). After
the successful genetic knockout of the HEM1 gene in the CBYS57[pZS11] strain, the
pZS11 plasmid was removed from the yeast cell. Based on the similar principle of
plasmid shuffle, the presence of 5’-FOA in the selection plates would completely
eliminate yeast containing the pZS11 plasmid. The viable yeast colonies which bear
the genomic hem1/erg7 double knockout, eliminate the pZS11 plasmid, and maintain
cell viability via the uptake of exogenous ergosterol from the medium were renamed
as the TKW14 strain. The genotype of novel haploid yeast TWK14 is (MATa or
MATo ERG7A::LEU2 ade2-101 lys2-801 his3-A200 leu2-Al trpl-A63 ura3-52

HEMIA: kanR).
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Figure 3.3 (a) The homology recombination strategy for exchanging the HEMI gene
with a drug geneticin resistance gene (G418Y) in the CBY57[pZS11] strain. (b) The
PCR amplicons (1.5 kb) of the genomic DNA with specific primers (left), and the
result of restriction enzyme mapping with Ncol, a unique mapping site for Geneticin
resistance gene (G418%), with the expected sizes of 1 kb and 500 bp (right). Lane
1~Lane 9 indicated the individual colonies from selection plates, Lane 10 showed the
host CBY57 strain, as a negative control.
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3.2.6 Characterizing the mutant products in the novel gene disruption strain

The Tyr510Lys and Try510Trp mutated plasmids were each transformed into the
novel TKWI14 strain, respectively. As expected, the TyrS10Lys and Try510Trp
substitutions failed to maintain the cell viability in the absence of the exogenous
ergosterol. This result further supported the inactive characteristic from the previously
mentioned plasmids shuffle experiments. Both mutants were then grown in the liquid
media and harvested. Preliminary NSL extract showed that both mutations were less
efficient than the native ERG7 and gave fewer amounts of NSL per liter. The
chromatographic results with no lanosterol-positioned products isolation also
demonstrated the inactive activity of these two mutations. In addition, two
non-lanosterol products, which migrate between oxidosqualene and lanosterol, were
detected from TLC and GC-MS! analysis. After co-injection with the authentic
samples, one of the triterpene alcohols was determined to be achilleol A (Figure 3.4).
However, attempt to separate the othet-INSL.always presented difficulties due to its
indistinguishable characteristic with: the monoeyclic achilleol A. Thus, the detailed
analyses of the partially purified mixture with the ratio of 1:0.88 were carried out via
different GC-MS, 'H-NMR, and *C-NMR spectra (Appendix 3.4). A multiplet signal
at 5.216 ppm on 'H-NMR suggested that the second NSL product might contain a
trisubstituted olefin distinct from that in the side chain. In addition, the chemical shifts
for the region of methyl groups on '"H-NMR showed that 6 = 0.691 and 1.001 ppm
are the signals of achilleol A and the 6 = 0.806 and 0.946 ppm belonged to the other
NSL. Similarly, the & = 108.379 and 147.212 ppm from *C-NMR spectrum are the
unique chemical shifts of achilleol A, whereas the § = 118.257 and 137.083 ppm are
the characteristic peaks of the second NSL. Fortunately, a natural monocyclic
triterpene, camelliol C, which was extracted from sasanqua oil (Camellia sasanqua)

exhibited a identical and consistent spectroscopic result with ours in GC-MS,
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'H-NMR, and “C-NMR analyses.'** This result confirmed that the identity of the
second compound is camelliol C, which was identified from the ERG7 mutations for
the first time. 'H-NMR and GC-FID analysis of the non-lanosterol-positioned
products showed that Tyr510Lys and Tyr510Trp mutants produced achilleol A and
camelliol C in the ratio of 86:14 and 94:4, respectively. Interestingly, the achilleol A
and camelliol C were also produced from the other inactive mutants of Trp443Ala and
Lys448Ala. The analysis in the new TKW14 strain showed that these two mutants
produced different ratio of monocyclic triterpene products from that of Tyr510
mutants. These results indicated that both Trp443Ala and Lys448Ala mutations might
compromise the lanosterol production, halt the cyclization reaction at the monocyclic
stage, and result in the accumulation of achilleol A and camelliol C as its end product.
The ratio of product from the S. cerevisiae ERG7 single-point mutants are listed in
Table 3.2. The chemical structure and pestulated mechanism of the relevant

oxidosqualene cyclization/rearrangement.are-shown in Scheme 3.3.
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Figure 3.4 GC analyses of the nonsaponifiable lipid, derived from the yeast
ERG7"'% mutant. Two non-lanosterol#positioned products, which migrate between
oxidosqualene and lanosterol, were detected. The blue color line indicates the
authentic achilleol A from ERG7""'** mutant. The red color line indicates the partially
purified NSL from ERG7">'®®mutant. The co-injection of the authentic samples is

shown in the green color line.

53



Table 3.2 Product ratio from the various S. cerevisiae ERG7 single-point mutants

achilleol A camelliol C Lanosterol Parkeol
Tyr510Ala 27 - 39 34
Tyr510Lys 86 14 - -
Tyr510Trp 94 4 - -
Trp443Ala 68 32 - -
Lys448Ala 70 30 - -

Tyr 510Lys, Tyr510Trp,
Trp443Ala, Lys448Ala
Influene Cyclization
—_——
HO

camelliol C

Tyr 510Ala
Influences Cyclization
—_—

HO

achilleol A

Tyr 510Ala
Influences Deprotonation
—_—

z

HO " H

HO

2
%, H

Protosteryl Cation

Lanosterol Parkeol
Scheme 3.3 Oxidosqualene-lanosterol cyclase mutants from S. cerevisiae converted

oxidosqualene to a variety of monocyclic and deprotonated compounds, including
achilleol A, camelliol C, lanosterol, and parkeol.
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3.2.7 Site-saturated mutagenesis approach to investigate the functional

importance of the critical Tyr-510 residues

These saturated mutations of Tyr-510 in oxidosqualene-lanosterol cyclase were
respectively created by using QuikChange Site-Directed Mutagenesis kit and
confirmed by DNA sequencing using the ABI PRISM 3100 DNA sequencer.' "
These recombinant plasmids were then electroporated into the yeast TKW 14 strain for
analyzing the functional activity, as previously described.''” " The plasmids shuffle
were also carried out with CBY57[pZS11] strain. From the functional complementary

. . Y510X
assay among these various S. cerevisiae ERG7

mutants, the Tyr510Lys,
Tyr510Arg, Tyr510Thr, TyrS10Pro and Tyr510Trp substitutions failed to complement
the erg7 deficiency in the absence of exogenous ergosterol. This result suggested that
the different substitution of Tyr-510+mights influence the enzymatic activity and
abolish the cyclization process of oxidosqualene:

The nonsaponifable lipid  extracts® from each mutant were subsequently

Y510X . .
mutants are listed in

characterized. The product profiles of'S. cerevisiae ERG7
Table 3.3. Accordingly, the ERG7 " mutants produced diverse product profile
ranging from monotonous to polycyclic compounds with molecular weight of m/z =
426. Based on the GC-MS spectrum as well as the NMR data, all of the compounds
including achilleol A, camelliolC, (13aH)-isomalabarica-14(26),17,21-trien-33-ol,

lanosterol, and parkeol were respectively identified.!'>""- 12
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Table 3.3 The product profiles of S. cerevisiae TKW14 expressing the ERG7Y"'%*

site-saturated mutants and two ERG7"*VY>1%% muytants.
amino acid (13aH)-isomalabarica-
substitution achilleol A camelliol C 14@6),1721-trien-3p-0l  lanosterol parkeol
Gly 15 -_ 17 27 41
Ala 27 -_ —_— 39 34
Val 4 -_ 17 38 41
Leu —_ —_ 26 74 —_
Ile 4 -_ 11 78 7
Asp 9 -_ 11 40 40
Asn 5 —_ 9 9 77
Glu 6 —_ 27 18 49
GIln 5 -_ 26 14 55
His 45 -_ 24 5 26
Lys 87 13 - - -
Arg —_ —_ — —_— —_
Ser —_— - 4 40 56
Thr — —_ —_ — —_—
Cys —_ — 67 33 —_
Met 1 -— 15 43 41
Phe 4 -_ 10 50 36
Trp 94 6 - - -
Pro —_— —_— —_— —_— —_—
Tyr - - - 100 -
product profiles of ERG7"**Y°1%% double mutants
H234W/YS510V 2 —_— 8 90 -_—
H234W/YS510W 99 1 - - -
H234Y/Y510A"7 - - - 100 -
Y510W 94 6 - - -
H234W"" - - - - 100
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For the products analysis of Tyr-510 inactive mutants, replacement of tyrosine
with arginine, proline and threoine failed to generate any product with molecular mass
of m/z = 426, consistent with the genetic selection results. No product production
might be caused by the incorrect protein folding of S. cerevisiae ERG7 from the
individual amino acid substitution on the Tyr-510 position. The strongly basic arginine
and the conformational restricted proline might directly disrupt the protein structure.
Interestingly, in contrast to the multiple products profile from other polar residue
substitutions, the exact reason for no product extraction from Tyr510Thr mutant
remained unclear. Moreover, another two nonviable mutants, ERG7 %% and
ERG7"'""V generated trace amount of monocyclic product, either achilleol A or
camelliol C, as the previous section mentioned.'*

For the viable mutants, similar product profiles with different ratio were
observed. In most of the viable mutants, lanesterol or its alternatively deprotonated
product, parkeol, distributed predominantly-over the entire of product profiles (near or
over 70%), except for the ERG7""""™ or ERG7Y?'"%° mutants. This finding suggested
that the cyclization/rearrangement cascade of oxidosqualene in the
TKWI14[pERG7"'X] strains is almost unaffectedly complete until the final
deprotonation step. Therefore, the position of Tyr-510 or its corresponding residue
might be critical for the final deprotonation reaction as well as for the product

s 106, 108
specificity.

The nonpolar, aliphatic amino acid substitution, especially in the
ERG7"'% or ERG7"'"" mutants, might provide the selective pressure for the
precisely deprotonated control to produce the abundant lanosterol. In contrast, the
dominant production of parkeol in ERG771% ERG7YIN ERG7YE or ERG7Y'R
mutants might be caused by their polar or negative charge characteristic for the

alternative deprotonation reaction. Interestingly, the longer side chain substitution in

either ERG7"'% or ERG7"*'°? mutants further influenced the cyclization progression
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and resulted in the generation of considerable quantities of premature
(13aH)-isomalabarica-14(26),17,21-trien-33-ol, which was previously observed from

the S. cerevisiae ERG7""'" or ERG7"'™ mutants by Mutsuda and his coworkers

H234X 117,

and also independently isolated from our previous S. cerevisiae ERG7 mutants.
126 The tricyclic byproduct provided direct mechanistic evidence for the formation of
crucial chair-boat 6-6-5 tricyclic Markovnikov cationic intermediate in the
ERG7-catalyzed oxidosqualene cyclization reaction. Interestingly, the production of
(13a.H)-isomalabarica-14(26),17,21-trien-33-ol was observed from most of the S.

.. Y510X
cerevisiae ERG7

mutants. The different product ratio compared with that of
previously established ERG7"'"" or ERG7"'™" mutants, might be attributed to the
different yeast analysis system used, or the physiological metabolism of lanosterol.

Y510X .
mutations

The accurate quantitation of product ratio from:S. cerevisiae ERG7
without any background interference should be carefully carried out by using the in
vitro assay system or by using the over-expression system with the purified cyclase.'®
However, the result described herein. could provide qualitative analysis for the
functional role of Tyr-510 position in the S. cerevisiae ERG7. Moreover, the
metabolized lanosterol in TKW 14[pERG7">'%%] strain could facilitate the chemical
characterization of the trace of novel triterpene alcohol that might be obscure due to
the abundant lanosterol in the yeast host strain. Distinctively, the relatively dominant
proportion of (13aH)-isomalabarica-14(26),17,21-trien-3B-ol in the product profiles
of ERG7"'%°, might come from the powerful nucleophilic property of cysteine that
disrupted the transient dipole interaction between carbocationic intermediate and the
enzymatic active site, which retarded the tetracyclic ring formation and resulted in the
early termination. Without other tricyclic alternatively deprotonated products might be

due to steric position of the B facing C-14 methyl group that is close to H-9 proton

and directly be abstracted from the closest catalytic base residue.
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Additionally, the monocyclic achilleol A and camelliol C which is different in the
alternative proton abstraction were also indisputably observed from most of the
ERG7"' mutants. The higher accumulation of achilleol A over that of camelliol C
or the production of achilleol A whenever camelliol C is produced might be due to the
kinetically favored double-quaternary double bond deprotonation or the
stereochemical control from the enzymatic active site. The bulky indole ring of
tryptophan, the imidazole group of histidine, and the positive charged lysyl group of
lysine might have dramatically influenced the progression of cyclization and resulted
in the production of large amount of monocyclic products. The cyclization process
might be retarded either from the enzymatic perturbation or the substrate misfolding.
Interestingly, the ERG7"°'™ mutation which produces abundant monocyclic products
but also with lanosterol for supporting the yeast survivability might be caused by the
relatively small electrostatic change in the active site cavity or the slighter influence
on the cyclization process, compared.to-that of the lysine or the tryptophan
substitutions.

In consideration of the generated product profiles for various amino acid
substitutions of the Tyr-510 position, the functionally important role of this residue on
the oxidosqualene cyclization/rearrangement cascade could be elucidated. Scheme 3.4
shows the proposed oxidosqualene cyclization/rearrangement cascade occurred in the
S. cerevisiae ERG7Y'"X site-saturated mutants. The epoxide ring was first opened via
a proper catalytic acid activation and the first monocyclic C-10 cation was
immediately generated. The progression of cyclization was partially blocked due to
the steric influence from the substitution of an original tyrosine residue for the bulky

group and resulted in the production of achilleol A and camelliol C.
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C-10 cation C-14 cation protosterol cation lanosteryl C-9cation

achilleol A camelliol C  (13aH)-isomalabarica- parkeol lanosterol
14(26),17,21-trien-3p-ol

Scheme 3.4 Proposed cyclization/rearrangement pathway of oxidosqualene in TKW14

Y510X

expressing ERG7 site-saturated mutants.

During the further B- and C-ring cyclization, oxidosqualene adopted a
“chair-boat” conformation and a Markovnikov-favored 6-6-5 ring closure to produce
a tricyclic C-14 cation. The C-26 methyl proton from this cationic intermediates was
directly abstracted to yield (13aH)-isomalabarica-14(26),17,21-trien-33-ol in most of
S. cerevisiae ERG7Y'"® site-saturated mutants. After successful C-ring expansion
coupled with D-ring annulation, a tetracyclic protosteryl C-20 cation with the natural
C-20 R-form and C-17 B-side chain configuration was generated. Interestingly, none
of the ERG7"'"® site-saturated mutants was found to affect the following backbone
rearrangement stage of two hydrogen groups and two additional methyl group shifts
until the lanosteryl C-9 cation generation. The skeletal rearrangement byproducts have

been isolated from other functionally important residues, but not in our ERG7">'%%
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site-saturated mutations.'> "8 Without generation of  any
9B-lanosta-7,24-dien-3B-ol further demonstrated that the cationic rearrangement
really arrives at the lanosteryl C-9 position.'” ' Finally, the deprotonation reactions
alternatively occurred at either the C-8 or C-11 position to form the lanosterol or

Y510X

parkeol in the S. cerevisiae ERG7 site-saturated mutants, respectively.

How the various single amino acid substitutions of ERG7">'*%

generated diverse
products with different ratio are complicated and poorly understood. According to the
crystal structure of human OSC, Tyr-503 (the corresponding residue for yeast
Tyr-510) is hydrogen bonded to His-232 which was considered as the only closest

basic residue for the final deprotonation step.’® '%> 1%’

In addition, our previous study
on the site-saturated mutagenesis of His-234 (the corresponding residue for human
His-232) showed that the substitutions of the His-234 position might influence the
stabilization of the C-13 and C-20,positions as well as the C-14 Markovnikov tertiary
cation during the rings formation:' *+!** Different substitutions of ERG7"#** affected
the steric and/or electrostatic interactions between the cationic intermediate and the
side chain of active site residues, and resulted in the distinct products ratio. For
example, the substitution of His-234 with small nonpolar hydrophobic residues
facilitated the production of polycyclic products such as parkeol,
protosta-12,24-dien-3B-ol, and protosta-20,24-dien-33-0l, but interfered with the

monocyclic achilleol A formation.'”

Moreover, substitution for the tyrosine or
phenylalanine residue on His-234 induced the steric hindrance or electrostatic
repulsion to the Tyr-510 residue, relocated the possible proton acceptor, and resulted
in the production of achilleol A and other altered products. In contrast, lanosterol was
the sole product when TKW14 expressed the ERG7"*Y>1% mutant, which might be
due to the released electrostatic repulsion and the returned active site environment in

this double substitution mutation.'"
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In parallel, the fascinating and compatible result was also observed in the
products profiles of ERG7"' described herein. Accordingly, the substitutions of
larger bulky or basic amino acids on Tyr-510 tended to produce monocyclic products,
whereas the small or acidic amino acids substitutions tended to produce polycyclic
products. Thus, the impact on the hypothetical hydrogen-bonding basic dyad between
His-234 and Tyr-510 could be imagined from the observation of individual
site-directed mutation. For example, the substitution of Tyr-510 with small residues
might slightly influence the position of His-234 and generate the alternative
polycyclic deprotonation products. This transient disturbance increased when Tyr-510
was changed into the polar or acidic amino acids including Asp, Asn, Glu, and Gln.
The electronic density or the polar group influenced the orientation of His-234 for
stabilizing the C-14 cation and.tresulted in the isolation of tricyclic byproduct.
Additionally, the substitution of-Tyx-510 with basic group or the large amino acid such
as His, Lys, Arg and Trp might cause the-stetic or electronic repulsion to His-234
residue. These mutants thus increased-the production of monocyclic compounds. To

Y510W

our surprise, the ERG7 mutant produced almost monocyclic but no tricyclic or

tetracyclic products. In contrast, the previous ERG7"#*Y

mutant generated almost
one hundred percentage of parkeol without any other cyclization products.'” These
findings suggested that the spatial influence between these two important residues
might disrupt the proper orientation of substrate or the coordinated interaction among
other functional residues in the enzyme active site cavity. In order to investigate the
coordinative action in these two hypothetical hydrogen-bonding dyads, the
ERG7"2WYSIOV and ERG7ZWVYW double mutants were further created and
analyzed (Table 3.3). The nearly opposite result of the product profiles ratio revealed

that the side chain substitution of either Tyr-510 or His-234 position, especially in the

huge and bulky tryptophan residue, would dramatically influence the cyclization
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H234W/Y510V

reaction. The abundant lanosterol was observed in the ERG7 mutant. The

similar tetracyclic scaffold but with the alternatively deprotonated site, comparing

H234W mutation, supported that the

with the previous parkeol production in the ERG7
smaller valine group substitution might release the steric pressure and adjust the
orientation of the substrate for the proper deprotonation reaction. On the other hand,

H234W/Y510W
mutant

the tryptophan residue introduced in the histidine position of ERG7
produced almost one hundred percent of monocyclic product as ERG7"'Y mutant.
The functional importance of Tyr-510 for the stabilization of C-10 cation, His-234 for
the stabilization of C-13 or C-20 cations, and their coordinative action for the
deprotonation reaction could be elucidated carefully from the analysis of the product
profiles described above. However, the altered hydrogen-binding networks, the newly
generated catalytic base for thei'deprotonationreaction, even a new cyclization
pathway, or novel enzymatic activity caused by mutagenesis cannot be excluded.

In conclusion, a site-saturated mutation-on.the Tyr-510 position as well as on the
simultaneous His-234/Tyr-510 double.positions” provides critical evidence for the
functional role of Tyr-510 involved in the complicated ERG7 catalyzed oxidosqualene
cyclization. The diverse products, including truncated monocyclic, tricyclic and the
altered deprotonation products, suggested the catalytic role of this residue in affecting
the cationic intermediate stabilization for the cyclization stage and for final
deprotonation step. Without any truncated rearrangement products also supported that
the function of Tyr-510 is not crucial for the hydride/methyl groups’ migration. In
addition, the isolation of (13aH)-isomalabarica-14(26),17,21-trien- 3B-ol implied the
destabilization of C-14 cationic intermediate caused by the spatially influenced
His-234 residue. The different combination of ERG7"**¥?1%% double mutations
further supported the coordinative action of this intrinsic His-234:Tyr-510

hydrogen-bonding network.
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3.2.8 Homology modeling illustration of the functional critical residue

Due to the lack of high resolution crystal structure of wild-type S. cerevisiae
ERG7 protein or the respective mutated cyclases in complex with those isolated
products, it is very difficult to clarify the important role of these functional residues.
The subtle change within the enzymatic active site could be imagined through the
substitution of the critical functional residues. Moreover, the topography of other
coordinated residues, the substrate folding manner, or the lifetime of different
transition-state intermediates might further be influenced. In order to verify the
importance of the critical amino acids involved in the oxidosqualene cyclization
reaction as well as to understand the different mutational effects of specific active site
residues substitution, the homology modeling structures of wild-type S. cerevisiae
ERG7 and the respective mutated ¢yclase were ereated based on the X-ray structure of
A. acidocaldarius SHC or human Homo. Sapiens OSC (Figure 3.5).'"” Good
agreements in the distribution of Secondary structure, stereochemical quality
verification, and their 3D profile ‘supported-that 4. acidocaldarius SHC or human
Homo sapiens OSC are both appropriate templates for generating the homology
models of oxidosqualene-cyclases. The further detailed examination of the homology
modeling structures construction, the geometrical correctness verifications, and the
structure-based illustration of other recently identified functionally important residues
will be discussed in the next cheaper. In this section, we only focus the discussion
specifically on the Tyr-510, Trp-443, and Lys-448 residues. According to the
homology modeling structure of S. cerevisiae ERG7, the hydroxyl group of Tyr-510 is
located at a distance of about 5.4 A to the C-10 cation of lanosterol and also near to
the A/B ring fusion of lanosterol. Try-510 also shows a distance of about 4.6 A to the
C-6 cation of the monocyclic intermediate. This distance agreed with the dipoles for

observed aromatic amino acid residues at the distance of 3.5 to 5.5 A in the
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lanosterol-bound OSC complex (Figure 3.6)."" Thus, the mutagenic change on the
position of Tyr-510 might directly affect the cyclization cascade to produce achilleol
A or the deprotonation reaction to produce lanosterol and parkeol. These diverse
products were possibly generated from the partial disruption of transient interactions
between carbocationic intermediates and the hydroxyl group or the = electrons of the
aromatic ring of Tyr-510. The enlarged active site cavity also allowed the perturbation
of the flexible substrate. The premature cyclization for the monocyclic achilleol A or
camelliol C isolation might be caused by the transient migration of the monocyclic
C-6 carbocationic intermediate to the active site catalytic base and thus disrupt the
B-ring formation (Figure 3.6). Moreover, in consideration of the hypothetic role of
Tyr-510 in facilitating the formation of lanosterol despite the loss of the deprotonating
hydroxyl group, the impaired hydtogen-bonding metwork might be observed among
the different substitutions of=the. Tyr-510.- Moreover, the isolation of tricyclic
(13a.H)-isomalabarica-14(26),17,21-trien-3p-ol- also' implied the affected His-234

) ) .. Tyr510X
residue in these S. cerevisiae BERG7™!Y

mutations. Based on the homology
modeling structure of the oxidosqualene cyclase, the residues of Tyr-510 occupies the
appropriate position to stabilize C-6 and C-10 cation intermediates, whereas His-234
is positioned to stabilize the Markovikov tertiary cation at C-14. Accordingly, the
n-electron density distributions, active site cavity size, as well as the orientation of
His-234 were slightly altered due to the substitution of the Tyr-510 residues with other
amino acids. This modified hydrogen-bonding network thus caused the steric
influence to arrest the D-ring formation and also affected the stability of the C-14
cation intermediate. @ The spatially impaired His-234:Tyr-510 catalytic
hydrogen-bonding network was further examined through the observation of the
H234X/YS10X g0 o

homology modeling structures in the various S. cerevisiae ERG7

mutations (Figure 3.7). Interestingly, this kind of hydrogen-bonding pair in which
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either residue acts as the general base and to influence the other one for the
deprotonation reaction has been observed in the A. thaliana CAS1 enzyme. The
Tyr-410 and His-257 residues were examined as the coordination partners for the

"1 The further illustration of the coordinative

C-19 angular methyl proton abstraction.
interaction between the His-234:Tyr-510 dyad from the homology modeling study
will be examined in the next chapter.

In addition, the Trp443Ala and Lys448Ala mutations which are located at the
upstream of the putative active site also produced monocyclic achilleol A and
camelliol C. The multiple sequence alignment analysis showed that the Trp-443 are
highly conserved in most of cyclases, whereas Lys-448 is changed to acidic aspartic
acid residue in SHC or changed to alanine residue in CAS enzyme. In the homology
modeling analysis, the Trp-443 is positioned spatially opposite to the Asp-456, above
the molecular plane of lanosterol and shows the far distance to the substrate (10.3 A
between oxygen of tryptophan-and (C<10-of lanosterol; 10.1 A between oxygen of
tryptophan and C-2 of lanosterol) (Figure 3.8). However, the Trp-443 is located in a
flexible region and might act as the neighbor to the putative active site residues.
Trp-443 might stabilize the highly energetic cationic intermediate through the indirect
steric influence. Substitution of tryptophan with alanine disrupted the steric or
cation-t electrostatic interaction between the substrate and enzyme. Thus, the
elongation of the cyclization cascade was inhibited and halted at monocyclic stage.
On the other hand, Lys-448 is located at a flexible loop region between two helixes
motifs (Figure 3.8). Lys-448 might also exhibit the interaction with two amino acids,
Phe-426 and Asn-332 and thus hold the correct conformation in the helixes
association. Therefore, replacing of Lys-448 with alanine might disrupt the

electrostatic interaction among the structure-based functional residues, further

influence the enzymatic active site environment, and result in the formation of the
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monocyclic products.

(©) (d)

Figure 3.5 The X-ray crystal structures of (a) 4. acidocaldarius SHC or (c) human

Homo sapiens OSC, and the homology modeling structures of wild-type S. cerevisiae
ERG?7 based on the structures of (b) SHC or (d) human OSC, respectively.
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Figure 3.6 Local view of the homology modeled S. cerevisiae ERG7 structure.
Putative active site residues (stick representation) are included. (a) The substrate
analog, 2-azasqualene, is showed in orange. The distance between C-6 of
2-azasqualene and phenolic oxygen of Tyr-510 residue is exhibited with a dotted
green line. (b) Lanosterol is included in the homology model, the distance between
C-10 of lanosterol and phenolic oxygen of Tyr-510 residue is also shown. (¢) The
possibly specific function of the Tyr-510 for the stabilization of the monocyclic

cationic intermediate.
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(e) Wild-type ERG7, ERG7"2*WY31V (yellow)
and ERG7 "2*W Y3104 (Blye)

Figure 3.7 Local view of superir'npésitip'pio.lf ﬁpmél’ogy modeled S. cerevisiae ERG7

structure and different single-point mutation’s'structure or double-positions mutation’s

structure. The intermediate C-14 cation-is also. included. Putative active site residues

in the wild-type ERG7 are shown in Stick representation, while different point
mutations are displayed in yellow ‘or blue qolof.-' In order to simply the figure, the
appellations of amino acids residues are only listed with those in the wild-type ERG7.
Accordingly, the orientation of His-234 and the modified hydrogen-bonding network
were slightly altered due to the substitution of the Tyr-510 residues and/or His-234

residues with other amino acids.
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Figure 3.8 Local views of Asp-456, Trp-443, Lys-448, and Phe-445 positions in the S.

cerevisiae ERG7 structure.
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Chapter 4
Construction of Chimeric Oxidosqualene Cyclase Gene to

Study the Product Specificity

4.1 Introduction

To understand how each triterpene synthase controls the complex cyclization
reaction, and leads to the defined polycyclic product is a major issue for illustrating
the diversity of the natural triterpenes and for future protein engineering. The highly
parallel mechanism among the reactions of oxidosqualene cyclases suggested that the
skeletal diversity of sterols and: triterpenes ¢ould be attained by only small
modifications on the structure-of.the enzymes. Moreover, the results of molecular
site-directed/saturated mutagenesis studies in.previous chapters indicated that cyclase
enzymes may maintain the general protein.structure, but develop diverse product
specificities via subtle change of the shape of the active site and/or the position of the
crucial functional amino acids.

In order to investigate in depth the enzymatic control on the product specificity,
we set up a domain swapping study between oxidosqualene-lanosterol cyclase (ERG7)
and oxidosqualene-cycloartenol synthase (CAS1) to examine which functional region
is responsible for the product specificity. The feasibility of this approach has been
demonstrated by Chappell et al. for two sesquiterpene cyclases and Kushiro et al. for
two triterpene-producing cyclases.'** %’

From the results of a domain swapping experiment published in 1999, a series of
chimeric enzymes were created between -amyrin synthase from Panax ginseng and

lupeol synthase from Arabidopsis thaliana. Interestingly, the product ratio derived
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from these newly constructed chimeric enzymes narrowed down the responsible
region for the products’ specificity. For example, the Chimera-1, from which the
N-terminal half is B-amyrin synthase and the C-terminal half is lupeol synthase,
produced B-amyrin and lupeol in a 3:1 ratio. In the following constructs, they
established several possible combinations of these two cyclases. Among these
chimeric enzymes, one chimera whose region-B (the second quarter from the
N-terminus) is B-amyrin synthase whereas the other three quarters (the N-terminal
quarter and half of C-terminus) is lupeol synthase produced B-amyrin and lupeol in
the ratio of 4:1, indicating the importance of region-B in the B-amyrin production.
Moreover, the critical role of this region-B in product specificity was further proven in
another chimera which produced one hundred percent of lupeol when its region-B was
exchanged into the lupeol synthase'gene from original Chimera-1 construct. (i.e. only
the N-terminal quarter is B-amyrin.synthase while.other parts is lupeol synthase) This
product determining region was-finally reduced.into eighty amino acids region within
the region-B. The construction ofthe chimeric enzyme library between f-amyrin
synthase and lupeol synthase, as well as the resulting products ratio is shown in the
Scheme 4.1.

After the successful domain swapping experiment between two triterpene
synthases, Kushiro consequently found a functionally important residue within the
region-B in controlling the products specificity.'”®  Site-directed mutagenesis was
carried out on the Trp-259 position of B-amyrin synthase in order to exchange it for
the corresponding leucine residue of lupeol synthase. This single-point mutation
dramatically altered the enzymatic specificity and produced lupeol as its major
product. In parallel, the Leu-256 of lupeol synthase was exchanged for the tryptophan
residue and thus exclusively engineered lupeol synthase into the functional B-amyrin

synthase. Therefore, the Trp-259 of B-amyrin synthase or Leu-256 of lupeol synthase
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was identified to be the product-specificity-determining residue in controlling
B-amyrin or lupeol formation, respectively (Scheme 4.1).

[ B-amyrin synthase
= [ upeol synthase Product ratio

Region A Region B Region C Region D B—amyrin : Lupeo]
185 260 340

| I i 75 25

IS |0 80 : 20

I 0 : 100

_ 20 : 80

. LUSL256W mutant
chair LUS synthase
-chair

- chair

e,

Dammarenyl Cation

bAS synthase

HO ‘ bASW25L mutant

B-amyrin

Scheme 4.1 (Above) The schematic representation of partial chimeric library between
B-amyrin synthase and lupeol synthase. The products ratio generated from individual
chimeras are included. (Bottom) Single amino acid substitution found in the region-B
exclusively changes the product specificity from B-amyrin into lupeol or from lupeol

into B-amyrin.

According to the results of domain swapping chimeric enzymes construction and
the site-directed mutagenesis studies, the functional role of important regions or
amino acid residues in regulating product specificity among these
triterpene-producing cyclases has been observed. In order to study the relationship
between structural modifications and product alternations among the sterol-producing
cyclases, we also built a series of domain swapping chimera between

oxidosqualene-lanosterol cyclase (ERG7) and oxidosqualene-cycloartenol synthase
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(CASI). We used the restriction enzyme digestion to generate four different clones
(Chimera-1~-4). Chimera-1 was constructed to include two putative DCTAE active
site. motifs, where ERG7’s DCTAE region is in the N-terminal region, whereas
CAS1’s DCTAE region is in the C-terminal region. The construction of Chimera-3 is
similar to Chimera-1 except the eliminated DCTAE motifs and the inverted
connecting sequence; i.e. the N-terminal region is CAS1 and the C-terminal region is
ERG7. Moreover, Chimera-2 and Chimera-4 are the truncated ERG7 and CASI
protein, respectively. Subsequently, we divided the entire sequence into four regions
of approximately equal length. Region A contains two well-conserved QW motifs,
while region B contains a functionally important region WWVHTR (231-236) of
Saccharomyces cerevisiae oxidosqualene-lanosterol cyclase. Region C contains the
DCTAE motif, while region D contains several conserved QW motifs. By using a
PCR based strategy, another six- chimeric enzymes between oxidosqualene-lanosterol
cyclase (ERG7) and oxidosqualené-cycloartenol /synthase (CAS1) were obtained
(Chimera-5~ Chimera-10). The complementation effect of these chimeric enzymes in
the yeast erg7 deficiency strain were examined, and their non-saponifiable lipid were
further extracted and analyzed by using TLC plate analysis, GC-MS, and NMR
spectra as previously described in the Chapter 3. The results of domain swapping
experiments should provide some clues for better understanding of the complex
oxidosqualene cyclization reaction. The detailed construction of entire chimerical
enzymes between oxidosqualene-lanosterol cyclase (ERG7) and
oxidosqualene-cycloartenol synthase (CAS1) and the resulting data will be discussed

in the following section.
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4.2. Results and Discussion

4.2.1 Construction of a chimeric library between oxidosqualene-lanosterol
cyclase and oxidosqualene-cycloartenol synthase

The oxidosqualene-lanosterol cyclase gene (ERG7) from yeast Saccharomyces
cerevisiae and oxidosqualene-cycloartenol cyclase gene (CASI) from Arabidopsis
thaliana have been successfully cloned into the pRS314 vector to create the
pTKERG7RS314WT and pTKP-5 plasmids, respectively. This yeast-E.coli shuttle
vector, pRS314, is a TRPI centromeric plasmid which has been inserted with the
promoter region of the ERG7 gene for facilitating genetic selection, as well as the
heterogeneous protein expression. The construction of the pTKP-5 plasmid and
functional expression of the active CAS1 protein in yeast has been described
previously.'” In order to create-the. diverse hybrid ERG7/CAS! chimeric library, the
full length of ERG7 gene and €CASI gene-were divided into several genetic blocks.
Scheme 4.2 illustrates the construction.map.of the chimeric library. The Pstl cutting
site is located within the region of the putative DCTAE active site of
oxidosqualene-lanosterol  cyclase ERG7 gene, whereas Pstl cuts the
oxidosqualene-cycloartenol cyclase CAS1 gene just in front of the DCTAE region.
Thus, the construction of Chimera-1~ -4 could be carried out via a coupled enzymatic
digestion and religation process, respectively (Scheme 4.3). Consequently, Chimera-1
has two putative active site motifs from which the N-terminal half is ERG7 gene and
the C-terminal half is CAS/ gene, whereas Chimera-3 lose the DCTAE motif and also
encodes the vice versa hybrid CASI/ERG7 sequence. Moreover, Chimera-2 or
Chimera-4 exhibits the truncated ERG7 cyclase protein or the CAS1 cyclase protein,

respectively.
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In addition, the Chimera-5 ~ -10 was constructed by using a two-stage PCR
strategy (Scheme 4.3). First, two set of primer pairs, two terminal primers coupled
with another two hybrid primers, were respectively used to amplify two truncated
PCR fragments from either the ERG7 gene or the CASI gene. Notably, the sequence
of these two designed hybrid primers are based on the switch point and the
corresponding sequence of the opposite cyclase gene, i.e. the 5’-half sequence of the
hybrid primer are based on the corresponding sequence of the opposite cyclase gene,
whereas the 3’-half sequence of the primer are designed according to the downstream
gene from the switching point. Thus, these two truncated PCR fragments could be
assembled in a complementary fashion due to their fused opposite gene. After the
nested PCR reaction by the original terminal primer pairs, the full length of the
chimeric hybrid gene could be obtained and ligated into the pRS314 plasmid for the
following cyclase activity assay..The detailed,diagrammatic explanation of the

construction strategy is also shown in.Scheme 4.3.
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Scheme 4.2 The schematic representation of the entire chimeric library between
oxidosqualene-lanosterol cyclase gene (QSC). from: yeast Saccharomyces cerevisiae

and oxidosqualene-cycloartenol:cyclase gene (CAS) from Arabidopsis thaliana
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Scheme 4.3 The diagrammatic explanation for the PCR-based construction strategy
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4.2.2 Functional analysis of chimeric enzymes library via plasmid shuffle and the
product characterization

The previously mentioned plasmid shuffle methodology was used to analyze the
complementation effect of the chimeric enzyme library. Surprisingly, the functional
analysis assay revealed that all of the chimeric enzymes failed to complement the erg7
disruption in the CBY57[pZS11] strain. This finding suggested that these swapped
domains might be involved in an activity-related role. The suppression of ERG7
activity or altering product specificity thus could be imagined in the yeast
transformants with the chimeric enzyme library.

Therefore, the resulting nonsaponifiable lipids (NSL) of individual chimera were
analyzed. As shown in Figure 4.1, the nondistinctive product pattern was observed
among these chimerical strains. In-order to examine the resulting products in more
detail, the abundant ergosterol- was furthercliminated from the preliminary NSL
extract. Because ergosterol shares similar-retention time with that of monocyclic
triterpene on the GC-FID spectrum'and- thus.makes the trouble to analyze the products.
The purification of preliminary NSL was carried out on the silica gel chromatography
to collect the respective NSL products whose R.f. value is between oxidosqualene and
ergosterol. The collected lipids were then dissolved in CH,Cl, and subjected to the
GC-FID analysis (Figure 4.2).

The detailed comparison of products pattern of individual chimerical enzymes
from the GC-FID spectrums further indicated that these chimeras presented the
identical products. The dramatic exchange of functional domains might disrupt the
overall three-dimensional structure. Moreover, the rough partition of these two
cyclase genes might directly influence the active site structure or indirectly disrupt the
structurally relative helical domains. Hence, these chimeric enzymes might lose the

catalytic ability for the oxidosqualene cyclization.
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Although, the actual factors that caused the nondistinctive product pattern remain
unknown, the comparison of the respective enzymatic characteristics with previous
experimental results might provide some clues. The domains swapping approach has
been successfully applied to understand the responsible region for the product

specificity between B-amyrin synthase and lupeol synthase.'** '*

That might suggest
that these two groups of enzymes (oxidosqualene-lanosterol cyclase/cycloartenol
synthase vs. lupeol synthase/B-amyrin synthase) should be studied from different
mutagenesis strategies. Obviously, the sterol precursor either lanosterol or
cycloartenol arose early during the eukaryotic evolution. Thus, these sterol-producing
cyclases are distributed broadly among all kinds of eukaryotes. Interestingly, several
cyclase enzymes responsible for the same sterol precursor production possess the high
sequence diversity, indicating that'the product specificity might be regulated by few
conserved motifs. Thus, the large-scale!domains swapping not only change the
product specificity-determining  motifs.but.-also; disrupt the structure-dependent
domains. In contrast, cyclases that‘mediate the triterpene alcohol production might
evolve more recently. These triterpene alcohol-producing cyclases are much related,
usually with >80% identity, even for generation of different biosynthetic products.
Hence, the large-scale domains exchanging among these enzymes might only produce
minor change in the primary amino acid sequence. In addition to the sequence
similarity, triterpene synthases with their weaker strength in product-specificity
control than that of the sterol-producing cyclases let these triterpene synthases be
more flexible and suitable for domains swapping studies. Many triterpene synthases
have multiple functions for synthesis of different triterpene products in the sole
enzymatic cyclization. The detailed multiple sequence alignment and the predicted

secondary structural elements among these cyclases are shown in Figure 4.3.
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Figure 4.1 TLC analysis of preliminary NSL extract from various chimeras. Lane-1~
-10 indicated the NSL extract from individual chimera mutants; Lane-TKW14

indicated the negative control.
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Figure 4.2 GC-FID spectra of the partially purified NSL from the TKW14 strain
transformed with the representative chimera enzymes. The blue line shows the
product pattern from sole host TKW 14 strain, and the red line indicates the products

from one of chimeras. All of the chimeras share the identical product pattern.
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Figure 4.3 Sequence alignment and secondary structure comparison between [A]
Panax ginseng P-amyrin synthase®™ (P.g.bAS) and Arabidopsis thaliana lupeol
synthase® (A.tLUS), and [B] Saccharomyces cerevisiae lanosterol synthase®
(S.c.ERG?7) and Arabidopsis thaliana cycloartenol synthase®' (A.t.CASI1). Orange
boxes indicate the o-helices, and black dotted lines denote the P-strands. The
prediction of secondary structure elements were carried out via bidirectional recurrent
neural networks (SSpro, and PHDsec program).'*" '** The consensus sequences are
boxed in black. The frames (with an inverted triangle and the amino acid number)
indicate the position of the switching gene, from which the Symbol-E, C, L, and B
represent the lanosterol synthase, cycloartenol synthase, lupeol synthase, and
B-amyrin synthase, respectively. The Pstl denotes the restriction cutting site of the
restriction enzyme Pstl.

85



Chapter 5
Mechanistic Insights into Oxidosqualene Cyclization through

Homology Modeling and Quantum Mechanism Calculation

5.1 Introduction

The functional role of cyclase enzymes in the oxidosqualene cyclization process
is believed extensively from four aspects. First, OSCs trigger the substrate,
oxidosqualene, to adopt the prefolded conformation in the enzyme active site cavity
before the initiation reaction. Second, the rigidly held, partially cyclized carbocationic
intermediates are sequentially produced and stabilized by the cation-m interaction in
the proper enzymatic active site: Third, the different rearrangement or ring expansion
products are formed via the species-dependent' cyclases catalyzed reactions,
respectively. Most importantly, the ¢yclases-could prevent the early deprotonated
truncation or the nonspecifically water nucleophilic additional termination. Thus, the
product specificity and the stereoselectivity are rigorously mediated via these cyclases
triggered reactions. In contrast, the tricyclic structure with a 3-hydroxylated 6-6-5 ring
configuration was isolated from the nonenzymatic, lewis acid catalyzed cyclization
reaction of oxidosqualene in presence of stannic chloride in benzene.'”> The
spontaneous methyl group migrations were also observed in this nonenzymatic
cyclization reaction. Thus, the importance of enzymatic control in the biological
system is proven more directly for prevention of chemical tendency toward
five-membered C-ring and also for requirement of cyclohexyl C-ring formation.
Moreover, the highly exothermic cyclization reaction of the flexible oxidosqualene is

precisely regulated via the enzyme mediated reaction to avoid producing diverse
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products. The conserved Q-W motif domains, constitute of several aromatic acid
repeats in the enzyme outer barrel helices, were believed to stabilize this highly
exergonic cyclization reaction.*® !

The mechanistic difference and sequences diversity among different cyclases
imply that the structural insight is very critical for understanding the enzymatic
mediated cyclization. In order to further clarify the importance of OSC enzyme in the
oxidosqualene cyclization reaction, we performed the homology modeling studies
toward the yeast Saccharomyces cerevisiae ERG7 enzyme. The generated yeast
homology models coupled with bioinformatic ligand docking experiments provide the
molecular basis for examining the isolated truncated/early-terminated products from
different yeast ERG7 mutants. Moreover, in order to examine the relationship between
the mutated enzyme and the thérmodynamic tendency of diverse products, the
quantum mechanical calculations ;were also earried -out by using the Gaussion G03
program. The relative energies- calculation-among these truncated/early terminated
products coupled with the homology modeling structural elucidation would provide

complementary but comparative insights for fully elucidating the mechanisms of

oxidosqualene cyclization.

5.2 Results and Discussion.

5.2.1 Sequence alignment, secondary structure prediction, and homology
modeling

In order to verify the template selection and compare the diversity among the
individual cyclases, multiple sequence alignment of Homo sapiens OSC (H. sapiens
OSC), Saccharomyces cerevisiae ERG7 (S. cerevisiae ERG7), and Alicyclobacillus

134

acidocaldarius SHC (A. acidocaldarius SHC) was carried out. ”" Pairwise sequence

87



alignment of yeast S. cerevisiae ERG7 and human OSC showed 40% identity,
whereas 18% identity was calculated between yeast S. cerevisiae ERG7 and SHC.
Approximately 26% sequence identity was also observed between human OSC and 4.
acidocaldarius SHC, as previous literature has reported.'””” The multiple sequence
alignment revealed that the highly conserved active site residues exist among these
three cyclases (Figure 5.1). Due to the same reaction mechanism, the homology
modeling construction of Saccharomyces cerevisiae ERG7, based on the crystal
structure of Homo sapiens OSC, could be expected to be reliable. Moreover, in order
to elucidate the mechanistic difference between OSC and SHC at the molecular level,
the homology modeling studies of OSC based on the SHC crystal structure is
meaningful.

The secondary structural elements from erystal structures of Alicyclobacillus
acidocaldarius SHC and Homae sapiens 'OSC were also included in the multiple
sequence alignment and compared with the-predicted secondary structural elements of
Saccharomyces cerevisiae ERG7, respectively (Figure 5.1)."" % 13 As could be
expected, the predicted secondary structure of Saccharomyces cerevisiae ERG7
showed similarity to the other two cyclases. The main secondary structure elements,
a-helices, matched perfectly in the analogous regions among these cyclase genes.
Moreover, short B-strands assigned in the yeast ERG7 also displayed highly parallel
alignment to the other two genes, except in the N-terminal region. The similar protein
folding among these cyclases is theoretically predicted according to the distribution of
secondary structure elements (Figure 5.1). Thus, Alicyclobacillus acidocaldarius SHC
or Homo sapiens OSC would be the appropriate template for the generation of a
homology modeling structure of yeast ERG7.

The homology models of the Saccharomyces cerevisiae ERG7 were created by

using the Insight II Homology program utilizing X-ray crystal structures either from
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Alicyclobacillus acidocaldarius SHC (PDB entry 1UMP), or from Homo sapiens
OSC (PDB entry 1W6K) as the primary template. The generated models were applied
into the energy minimization calculation module using the Sybyl 7.0 software until
energy convergence. The different molecules considered including protosteryl cation,
lanosteryl cation, or other truncated cyclization/rearrangement products were docked
into the homology models by using GOLD 3.0 software. Finally, the ligand-protein
complexes were also applied into the energy minimization calculation by using the
Sybyl 7.0. The reliability of the generated homology models or the specific
interaction between ligands and the specific residues within the enzyme active site
will be discussed in the following sections. The detailed procedure for generation of
homology modeling structures, energy minimization, and ligand docking experiments

i I

will be presented in the experimgi{ﬁ'"sep'cl'i.on.{_"l"hef_ chemical structures of all ligands
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Figure 5.1 Multiple sequence alignment and secondary structures comparison of
Homo sapiens OSC (HsOSC), Saccharomyces cerevisiae ERG7 (ScOSC), and
Alicyclobacillus acidocaldarius SHC (4aSHC). Orange boxes indicate the a-helices,
and black dotted lines denote the B-strands. The secondary structure prediction of
ScOSC was carried out by using bidirectional recurrent neural networks (SSpro, and

PHDsec program).’" '3



5.2.2 Geometrical verification of the generating homology models

In order to verify the quality of the yeast ERG7 homology modeling structure,
some geometrical check programs were used and their protein 3D profiles were also
generated via the NIH MBI  Laboratory  Servers in  UCLA
(http://nihserver.mbi.ucla.edu/).
5.2.2.1 Protein volume evaluation.

Volume Z-scores, the atomic volume deviation values computed from 64 highly
resolved and well-refined protein crystal structures, were used to assess the quality of
the protein crystal structures as well as the homology models. Volume Z-score root
mean square deviation (Z-score rms) also represents the resolution of a structure or
models by inversely i.e. Z-score rms decreasing means the resolution improving.
These two “Volume-based structure validation™ ptovide an independent methodology
to identify the problems in specific regions within a protein structure.*® The result
from the program “PROVE” (PROtein-Velume Evaluation) calculation showed that
the percentage of the buried outliers in the S: cerevisiae ERG7 homology model is
smaller than 1.0%. This small distribution revealed a good satisfaction in this
homology modeling structure.
5.2.2.2 VERIFY 3D program verification.

“VERIFY_3D program” that plots an averaged 3D-1D score within a sequence
position window was developed and provided the evaluation for the correctness of the
homology modeling structure.””” The high score value in the 3D-1D profile was
originally observed from the perfect match between the atomic coordination in the
well known protein structures (3D) and their own sequences (1D). The 3D-1D profiles
of the S. cerevisiae ERG7 model and human OSC crystal structure respectively
showed that nearly ninety percent residues have an average 3D-1D score >0.2,

indicating that these amino acids are in the preferable environment (88.25% in S.
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cerevisiae ERG7 model, whereas 97.11% in human OSC crystal structure as
illustrated in Figure 5.2). The higher score value for the human OSC structure
calculation revealed that the better overall packing was existed for the crystal
structure as previously reported other homology modeling experiments.'?’

5.2.2.3. PROCHECK, the stereochemical quality program of protein structures.

The Ramachandran plots originally showed the phi-psi torsion angles for all
residues in the structure, except those at the chain terminus. According to the
statistical occurrence of the phi-psi torsion angles in well-known structure, Thornton
et al. developed a methodology to examine the quality of modeling structure.'”®
Because of the atypical dihedral angle distributions, proline and glycine residues are
always excluded. The result from the program “PROCHECK” for the S. cerevisiae
ERG7 homology model showed that almost all of the residues were assigned to either
the CORE, ALLOWED, or GENEROUS region, whereas only four residues (0.6% of
overall population) were located in the disallowed region (Figure 5.3). This result is
better than that of previous human OS€ modeling structure based on the SHC crystal
structure.'”” Accordingly, from the observation of 121,879 residues in the 463 known
structure in the PDB bank, 1.3% of overall residue population belonged to the
disallowed region (Table 5.1)."* Especially, these four residues (Phe-71, Glu-328,
Phe-426, or Glu-526) are neither located in the putative active site nor be proposed to
participate in the enzyme function.

Additionally, the “good satisfactory” were also assigned for most of the resulting
sections according to the “WHAT_CHACK” calculation, a suite of programs to
assess the "stereochemical quality"” of a given protein structure. Therefore, the
homology modeling structure of the yeast ERG7 would be a reliable model to provide

useful mechanistic information from the structural aspects.
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Figure 5.2 The 3D-1D profiles of the homology modeling structure of yeast ERG7
(Upper plot) and human OSC crystal structure (Downer plot).
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Figure 5.3 The Ramachandran plot of the homology model of yeast ERG7.

Table 5.1 Statistical occurrence of ¢, y angles in the PDB bank compared with the ¢,
vy angles distribution in the homology modeling structure of yeast S. cerevisiae
ERG7.127-139

Region Occurrence in PDB bank'*’ in S. cerevisiae ERG7
(%) (%)

Core 81.9 86.9

Allowed 14.8 10.2

Generous 2.0 2.3

Outside 1.3 0.6
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5.2.3 Comparison between homology models and mechanistic hypothesis

The preliminary superimposition of the S. cerevisiae ERG7 homology modeling
structure with either crystal structure of squalene-hopene cyclase or the human
oxidosqualene-lanosterol cyclase was performed by using WebViewer software,
respectively. As shown in Figure 5.4, the homology model of S. cerevisiae ERG7
exhibited the high similarity with those two crystal structures, indicating that the
overall skeleton coincidence was conserved among these mechanistic similar cyclases.
Due to the redundant sequence alignment, the N-terminal region of S. cerevisiae
ERG7 was specifically omitted in the superimposition of the S. cerevisiae ERG7
homology model with the squalene-hopene cyclase crystal structure. This N-terminal
region has been proven recently to fill the space between two a-a barrel domains and
act as the stabilizing role in the human OSC structure.'” Moreover, Ruf’s group has
identified several residues at a- distances within.5 A to lanosterol molecule in the
human OSC crystal structure.'®> Theése putative active site residues were also highly
conserved in the yeast ERG7 from.the observation of the multiple sequences
alignment (Figure 5.1). The superimposition of the S. cerevisiae ERG7 homology
modeling structure with the crystal structure of human oxidosqualene-lanosterol
cyclase also exhibited the similar orientation among these putative active site residues
(Figure 5.5).

On the other hand, for reasons of the inherent differences in cyclization reaction
between OSC and SHC: such as using squalene instead of oxidosqualene as substrate,
the vicinal importance of histidine residue for assisting the catalytic acid residues, the
opposite substrate folding manner during the B-ring formation, the cyclohexyl
D/E-ring formation, and the loss of the rearrangement step, led the elucidation of
these diversity via structural insight would be plausible and meaningful. The

hypothesized mechanism for oxidosqualene or squalene cyclization is listed in the
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Scheme 5.1 and will be discussed in the following text.

A

(B)

Figure 5.4 (A) Superimposition of the S. cerevisiae ERG7 homology modeling
structure (red) with crystal structure of human OSC (blue), and the docked product,
lanosterol (green), is included. (B) Superimposition of the S. cerevisiae ERG7
homology modeling structure (red) with crystal structure of A. acidocaldarius SHC

(blue), and the inhibitor, 2-azasqualene, is shown in green.
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Figure 5.5 Local views of the- superlmpogmdn,of [hOmology modeled S. cerevisiae
ERG7 structure (shown in stlc'k repﬂ@“éj’aﬁﬂﬂn and"" the corresponding residues are

marked with black color) w1th: hu'fnan (iS(}*‘.:g}rystal structure (shown in line
representation with blue color). Lanostero'l'(green) is also included.
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First, because of the highly consistency in the A-ring formation, most of the
putative amino acids participating in this process were highly conserved from the
observation of superimposition of the S. cerevisiae ERG7 homology model with the
squalene-hopene cyclase crystal structure except two residues: Asp-374 is changed to
Val-454 and Asp-377 is changed to Cys-457 (S.c.ERG7 numbering). The cysteine
substitution has been proposed for the functional role in activating the catalytic
Asp-456 (S. cerevisiae ERG7 numbering) during the initiation reaction, whereas the
valine substitution provided the steric importance for the proper substrate folding.'®>
"2 Obviously, most of the aromatic amino acids near the first tertiary C-6 cation, such
as Phe-445, Tyr-510, Trp-587, Tyr-707 (S.c.ERG7 numbering) were observed in
parallel to their corresponding amino acids in SHC structure, respectively (Figure
5.6).

The first mechanistic differences between OSCE and SHC mediated cyclization
reaction is the substrate foldingl manner—during the B-ring formation. The
pre-chair-boat-chair conformation of ©S. is.adopted in the OSC active site, whereas
the squalene is prefolded with all-chair conformation during its cyclization process.
Therefore, the orientations of the resulting tertiary cation (C-8 cation) and the
connecting methyl group are respectively either located above the molecular plane of
squalene, or below the molecular plane of oxidosqualene during the B-ring formation.
The energy unfavorable B-ring conformation in the oxidosqualene cyclization
reaction was proposed to be mediated by the enzymatic active site residues.'” One
amino acid deletion below the molecular plane and one amino acid insertion above the
molecular plane of oxidosqualene were mentioned in the OSC active site (Figure
5.7)."%7 The steric pressure from Tyr-98 or the electrostatic interaction from Lys-331
in human OSC were also proposed to assist this energetically unfavorable

conformation formation during the oxidosqualene cyclization. ™
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Figure 5.6 Local views of the superimposition of homology modeled S. cerevisiae
ERG7 structure (red) with SHC crystal structure (blue). 2-azasqualene is shown in

green. The active site residues that mentioned in the text are marked in bold and
underlined.
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From the homology modeling illustration of the S. cerevisiae ERG7, the Tyr-99
(S. cerevisiae ERG7 numbering) which is positioned above the C-8 atom might push
the methyl group below into the molecular plane (Figure 5.7). Moreover, from the
multiple sequence alignment, the same position is replaced with the leucine residue
(Leu-36) in the SHC active site (Figure 5.1). The smaller steric hindrance of leucine
residue might facilitate the formation of the chair form conformation during squalene
cyclization.  On the other hand, one amino acid deletion (relative to the Thr-601 in
SHC) in the ERG7 active site might promote the position of Phe-699 (S. cerevisiae
ERG7 numbering) closer to the methyl group during the B/C ring formation and also
create the less hinder space between Phe-699 and Tyr-707 (S. cerevisiae ERG7
numbering) for the orientation of the resulting methyl group. In contrast, the insertion
of threonine residue in the SHC might promote the.Phe-601 to interact with the deeper
cation that was produced in the following squalene cyclization cascade (Figure 5.7).

However, the electrostatic-interaction-from Lys-331 was never observed in the
yeast oxidosqualene cyclase homelegy modeling structure. The negative charge
residue, Asp-334, is located at the corresponding position according to the multiple
sequences alignment result. The electrostatic interaction proposed from the human
OSC crystal structure might not be suitable for illustrating the formation of the boat
B-ring in the yeast ERG7.'”” Additionally, from the observation of the S. cerevisiae
ERG7 homology model, one amino acid insertion above the molecular plane does not
influence the steric space enormously. This insertion might just promote Tyr-99 in the
proper orientation for the formation of boat B-ring during the oxidosqualene

cyclization.
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Figure 5.7 (A) The hypothetical enzyme-triggered stereic control for the formation of
the boat cyclohexyl B-ring. One-residue insertion above and a one-residue deletion
below the molecular plane of the substrate within the enzymatic active site were
proposed. (B) Local view of S. cerevisiae ERG7 homology modeling structure. The
functional residues, Asp-456, Tyr-99, Phe-699, and Tyr-707 are listed in the stick
representation. The truncated cyclization intermediate C-14 cation is shown in gray,
and the lanosterol molecule is shown in green. (C) The local relative spatial position
of amino acid residues near to the B/C ring junction and the partial sequence
alignment of cyclases for illustrating the position of one amino deletion in the S.

cerevisiae ERG7.

For the C-ring formation, both squalene and oxidosqualene adopt the pre-chair
conformation in the enzyme active site. The differences between squalene and
oxidosqualene cyclization in the C-ring formation are the reverse orientation of
methyl group and the resultant cation., This_conformational difference is primarily
caused by the previously revetSed, B-ring confotmation. Thus, the methyl group
connected to the C-14 is either-above the molecular plane of oxidosqualene or below
the molecular plane of squalené-as previously mentioned in the B-ring closure. The
homology model and the crystal structare showed that the Trp-232 from S. cerevisiae
ERG7 and Phe-601 from SHC might provide the stabilizing m-cation interaction
toward the resultant cation in different orientation. Moreover, the Phe-699 from S.
cerevisiae ERG7 might also participate in the interaction with the resultant cyclohexyl
cation due to its proper position just below the C/D ring plane (Figure 5.6, and Figure
5.8).

The final ring closure in the oxidosqualene cyclization is the formation of
cyclopentyl D-ring, whereas the cyclohexyl D-ring is further formed in the squalene
cyclization. The cyclohexyl secondary anti-Markovnikov cation has proven to be
stabilized by the Phe-605 in the SHC. As expected, the truncated five-membered ring

140

products were isolated from the SHC™"* mutant.'*" The replacement with small
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cysteine residue was observed in the OSC homology model. The cyclopentyl D-ring
but not cyclohexyl D-ring formation was thus formed due to the loss of the stabilizing
interaction (Figure 5.8). Interestingly, the fifth E-ring has never been observed from
the natural mammalian oxidosqualene-lanosterol cyclase-mediated cyclization. The
dramatic difference in the amino acid arrangement, especially in those stabilizing
aromatic residues, was observed between OSC and SHC enzymatic active site. The
careful illustration of the spatial position of these functionally important amino acids
might provide clues for understanding the mechanistic difference in the E-ring

formation.

<( = \TL‘\ Trp231 @ /

N7

Phe601

Cys703
(Phe605)

Figure 5.8 The different orientation of Trp-232 from S. cerevisiae ERG7 and Phe-601
from A. acidocaldarius SHC, which are involved in the formation of C ring. The
Phe-605 from A. acidocaldarius SHC was proposed for stabilizing the cyclohexyl
secondary anti-Markovnikov cation during the formation of D ring. The

corresponding Cyc-703 from S. cerevisiae ERG7 is also shown.
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The functional role of OSC assisting in the skeletal rearrangement has been
proposed through the m-electron density surrounding with the intermediate
carbocations. The high n-electron density from the aromatic residues were abundantly
observed to occupy the position around the intermediate C-6 or C-10 cation, whereas
the density was substantially reduced near the position of the C-20 or C-17 cation.
Although, it was believed that the protosteryl cation would progress the spontaneous
skeletal rearrangement imperceptibly even in the nonenzymatic condition, the highly
conserved aromatic residues around the lanosteryl cation indicated the specific
importance of the cyclase enzyme in shifting the equilibrium from the protosteryl

cation toward the C8/C9 lanosteryl cation.'* '

In contrast, due to the proper position
of Glu-45 in the SHC, the direct proton abstraction or water quenching termination,
rather than skeletal rearrangement was observed for the hopene or hopenol
synthesis.'*' Moreover, the critical. functional.residue-for the deprotonation step in the
oxidosqualene cyclization was+-proposed-based on"the crystal structure of human
oxidosqualene cyclase.'” In parallél, the His-234 (corresponding to His-232 in human
OSC) is the only basic residue to occupy the proper position for the role of the
deprotonation reaction. However, the hydroxyl group of Tyr-510 (corresponding to
Tyr-503 in human OSC) might also serve as the terminal step, due to its closer

1
05 Moreover,

proximity to the C-8 or C-9 lanosteryl cation (Figure 5.5 and Figure 5.9).
because of the highly hydrophobic properties in the active site, the water quenching

product was never isolated in the natural oxidosqualene cyclase catalyzed-enzymatic

reaction.
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Figure 5.9 Local view of the homologymmodeling structure of S. cerevisiae ERG7. The
functional amino acids are shown.in the stick representation. The Tyr-510 and His-234

are the proposed base-dyad. = i[9 gt

5.2.4 Correlation of the OSC lflédel' to ;he é'xpériméntal mutagenesis studies
Several functional residues,rn iheluding‘ Tsér—99, Trp-232, His-234, Trp-390,
Trp-443, Phe-445, Lys-448, Tyr-510, Phe-699 and Tyr-707 in S. cerevisiae
oxidosqualene-lanosterol cyclase (S. cerevisiae ERG7) have been respectively
elucidated as the catalytically important residues for the cyclase-mediated reaction
using site-directed/saturated mutagenesis coupled with bioorganic characterization in

1 115, 117-119, 125, 142 . . . . . .
06 115, H7-119, 125 192 Dyjverse products including monocyclic, bicyclic,

our laboratory.
tricyclic, tetracyclic, truncated rearranged tetracyclic, altered deprotonation tetracyclic,
as well as the normal biosynthetic tetracyclic product, lanosterol, were isolated from
respective single amino acid substituted S. cerevisiae ERG7 mutants. These isolated

premature products not only imply the plasticity of the cyclases and the conceivable

evolution from the common ancestral cyclase, but also provided the direct evidence

106



for the existence of the long-sought mechanistic intermediate states during the
biosynthesis of lanosterol.

Due to the absence of S. cerevisiae oxidosqualene-lanosterol cyclase (S.
cerevisiae ERG7) crystal structure, the elucidation of the relationship between
mutated enzyme and its product diversity is hampered. Fortunately, bioinformatic
tools and quantum mechanics simulation might provide some opportunities for
rationally examine the role of these functional residues in the complex
cyclization/rearrangement reaction. For example, the previously created plausible S.
cerevisiae ERG7 homology model based on the crystal structure of bacterial
squalene-hopene cyclase (4. acidocaldarius SHC) or human oxidosqualene-lanosterol
cyclase (human OSC) could provide a suitable template for generating the individual
homology modeling structures of:iS. cerevisiaet ERG7 mutations. In addition, these
individual cationic reactive intermediates .or the- respective annulated products
including monocyclic, bicyclic, tricyelics tetracyclic, truncated rearranged, and altered
deprotonation tetracyclic structures could be simulated and docked into the active site
cavity of the wild-type S. cerevisiae ERG7 and various mutated S. cerevisiae ERG7
homology models. Moreover, in consideration of the spatial orientation or
electrostatic interaction between the enzymatic active site residues and the various
annulated cationic intermediates, the generated homology modeled enzyme/ligand
complexed structures were further applied for the energetic minimization module by
Sybyl 7.0 software. The chemical structure of these cationic reactive intermediates
and various annulated products is shown in Figure 5.10. Moreover, the respective
premature products isolated from different mutations are listed in Figure 5.11. The
examination or the local view of individual S. cerevisiae ERG7 mutation’s homology
modeling structure complexed with various cationic reactive intermediates or

annulated products will be discussed in the following text.
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lanosterol parkeol oxidosqualene
Figure 5.10 The chemical structure of the possible cationic reactive intermediates and

various annulated products.
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Figure 5.11 The isolated products from various S. cerevisiae ERG7” mutation studies.
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A detailed investigation of the homology modeling structures suggested that a
n-electron rich pocket, which was created by previously illustrated catalytically
important residues, including Tyr-99, Trp-232, His-234, Trp-390, Trp-443, Phe-445,
Tyr-510, Phe-699, and Tyr-707 coupled with other aromatic amino acid residues,
including Trp-587, Tyr-239, Trp-194, Phe-528, and Phe-104, existed in the S.
cerevisiae ERG7 active site. Among these functional residues, the hydrogen-bonding
network between His-234 and Tyr-510 was located on the top side of the molecular
plane of lanosteryl cation, from which the Tyr-510 was spatially near the C8/C9
position, whereas His-234 was proximal to the C/D ring junction of lanosterol. In
addition, the Trp-232, the neighbor residue of His-234, was thought to affect the
orientation of His-234 as well as the His-234:Tyr-510 hydrogen-bond dyad.

As illustrated in the previous chapter and in other published data, the single

amino acid substitution of S. cerevisiae ERG7 1%

generated various products from
monocyclic achilleol A or camelliol €;-and.altered deprotonation tetracyclic lanosterol
and parkeol.'” ' Together with the:monocyelic and deprotonated structures from
different S. cerevisiae ERG7"'* mutants, the possible dual functions of this residue
involved in cyclization and deprotonation steps of the oxidosqualene
cyclization/rearrangement cascade has been proposed.'”™ '** Moreover, from the
observation of the S. cerevisiae ERG7 homology model, the hypothesized model of
the stabilization of Tyr-510 residue for the monocyclic cyclization or deprotonation
reaction was also discussed in the previous chapter.

The isolation of tricyclic (13aH)-isomalabarica-14(26),17,21-trien-3f3-ol,
tetracyclic protosta-20,24-dien-33-ol, and protosta-12,24-dien-33-ol from various S.

H234X

cerevisiae ERG7 mutants indicated the catalytic importance of His-234 for the

complex cyclization/rearrangement cascade, especially near the C/D ring junction.'"

7 Notably, these incompletely cyclized products further provided the direct
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mechanistic evidence for the formation of the chair-boat 6.6.5-fused tricyclic
Markovnikov cationic intermediate and chair-boat-chair 6.6.6.5-fused tetracyclic
protosoteyl cation, that were assigned provisionally to the ERG7-catalyzed
biosynthetic pathway. Moreover, the protosta-12,24-dien-33-ol is the first isolated and
characterized truncated rearrangement product, suggesting the important role of
His-234 in stabilizing the cationic intermediate generated in the rearrangement
process.''> From the observation of homology models, the position of the Ne2 of the
His-234 imidazole group was found at a distance of about 4.2 A and 4.0 A to the C-13
and C-20 of protosteryl cations, respectively (Figure 5.12). Accordingly, the
n-electron rich characteristic of His-234 was suitable and optimal for stabilizing the
electron deficient cationic intermediates, especially for the chair-boat 6-6-5 tricyclic
Markovnikov C-13 cation as well:as the protosteryl C-20 cation. The substitution of
histidine residue for other amino. acids would. affect the steric or electrostatic
interaction between the respective cationiec-intermediates and enzymatic active site,
and thus resulted in the generation..of different ratio of achilleol A, parkeol,
(13aH)-isomalabarica-14(26),17,21-trien-3p3-ol,  protosta-12,24-dien-33-ol and

protosta-20,24-dien-3p-ol.'> 17
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(A) (B)

~-

Asp-456

Val-454

Lanosteryl C-13 cation

Figure 5.12 (A) Stereo representations of the wild-type S. cerevisiae ERG7 homology
modeling structure. The putative active-site residues (stick representation) in the
active-site cavity are included. Landsférol 1S 'SHOWn in green; while the black dotted
lines show the distance between:'C-B an& C_-20 atcir'n of lanosterol with the Ne2 atom
of His-234, respectively. (B) Pattially su;l)éri'm'pbsed homology modeling structures of
wild-type ERG7, ERG7"*** and ERG?ﬁyﬂptoteinis. The original His-234:Tyr-510
catalytic base dyad is shown with ,Sti'c"’k rép-f:e'senfation in gray, whereas the yellow
color represents the Trp232Cysr” mutation and blue color represents the Ala

substitution, respectively. Moreover, the protosteryl C-13 cation is also included.

On the other hand, the isolation of the same tricyclic (13o.H)-isomalabarica-
14(26),17,21-trien-3p-ol from most of S. cerevisiae ERG7"'* mutants also implied
the altered orientation of His-234:Tyr-510 dyad or spatially changed enzymatic
cavity. The impaired catalytic hydrogen-bonding network was further supported from
the various homology models of S. cerevisiae ERG7"2*Y21%X qouble mutations. First,
the hydrogen-bonding interaction between Tyr-510 and His-234 was exchanged for

Ha34y mutant, from which the

the electrostatic repulsion in the S. cerevisiae ERG7
orientation of Tyr-510 was away from the original position and pushed the Tyr-234

residue toward the bottom side of the enzymatic cavity, resulted in the formation of
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H234Y/Y510A
34YNSI0A utant released the

altered products. In contrast, the S. cerevisiae ERG7
electrostatic repulsion and restored the partial active site cavity, which resulted in the
production of lanosterol as its sole product (Figure 5.13). Consistently, from the

. . H234W/Y510V
recent experimental results of the S. cerevisiae ERG7

mutant that produced
the polycyclic products like lanosterol and (13oH)-isomalabarica-14(26),
17,21-trien-3B-ol; whereas the ERG7"#*WY3'W mytant that produced only
monocyclic achilleol A, further indicated the spatial importance of Tyr-510 residue in
the cyclization reaction. The polycyclic products isolated from the smaller substitution
of Tyr-510 in either the S. cerevisiae ERG7"2*WY31% mutant or previous S. cerevisiae
ERG7"#*YY3194 indicated the catalytical importance of His-234 for stabilizing the
C-13 and C-20 protosteryl cations respectively. The partial disturbance of the active
site residues especially near the €13 or C-20"of protersteryl cations was observed
when the His-234 was changed into other amino acid. The destabilization of the
corresponding cationic intermediates”-tesulted in* generation of the alternative
deprotonated products. On the contrast, the isolation of monocyclic achilleol A from
the S. cerevisiae ERGT"Z*™WY1W mutant or S. cerevisiae ERG7'Y mutant
suggested that the bulky substitution of Tyr-510 dramatically pushed the His-234
away from the original position, blocked the polycyclization progress after the A-ring
formation, and resulted in the truncated monocyclic product production. The steric
effect of the bulky tryptophan residue, the affected cavity conformation, as well as the

coordinative interaction between Tyr-510 and His-234 can be apparently observed

from the homology modeling structure of S. cerevisiae ERG7 (Figure 5.13).
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(A) S. c. ERG7™*Y mutant (B) S. ¢. ERG7"#*YY5194 qouble mutant

Asp-456 E <Ala-510
Asp-456 Fw Val-454

Val-454 Tyr-510

Trp-232

(C) The wild-type ERG7 (gray) and (D) The wild-type ERG7 (gray) and
mutant (yellow)

ERG7H234W/Y S10W ERG7H234W/Y5 10V

mutant (blue)

Figure 5.13 The Stereo representations of various S. cerevisiae ERG7 mutations
modeling structures. (A) ERG7"'**Y mutant (B) ERG7"3/Y3194 qouble mutant ©)
The partially superimposed ERG7 and ERG73WNYSIOW utant models (D) The
partially superimposed ERG7 and ERG73WNYSIOV mutant models.
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On the other hand, the catalytic importance of the Trp-232 might be implied via
the indirect interactions from the spatially affected active site residues. From the
homology models illustration, the orientation of the hydrogen-bonding network of the
His-234:Tyr-510 catalytic base dyad was slightly moved after substituting the bulky
Trp-232 residues to other amino acids. Obviously, the distance from His-234 to the
protosteryl C-13 cation was changed and slightly close toward the C-11 or C-12
position of lanosteryl cation. Thus, the alternatively deprotonated products, either
parkeol or protosta-12,24-dien-3B-ol, were respectively generated in the replacement
of the bulky Trp-232 residue to the smaller residues (Figure 5.12).'"®

The tricyclic (13aH)-isomalabarica-14(26),17,21-trien-33-0l, and three altered
deprotonation products: lanosterol, parkeol, and 93-lanosta-7,24-dien-3[3-0l were also

F445X 119
mutants.~ The

observed from the products profile in the S. cerevisiae ERG7
careful examination of the mutants' homology models suggested that the substitution
of the S. cerevisiae ERG7"**X significantly—influenced the cavity size and steric
orientation of the m-electron rich active site pocket. The homology models of S.
cerevisiae ERG7 revealed that Phe-445 was located spatially proximal to the B/C ring
junction and exhibited the near distance from Phe-445 to the C-8/C-14 positions of the
lanosteryl cation (Figure 5.14).'"” The Phe-445 also exhibited the definitive
interaction with other individual m-electron-rich aromatic residues within the cyclase
active site. The distance from the terminal phenyl group to respective amino acid
residues are shown in the following: Tyr-99 (3.7 A), Trp-390 (4.4 A), Tyr-510 (6.5 A),
Tyr-707 (4.0 A), and Tyr-710 (6.2 A). Because these aromatic residues were proposed
to provide the high electron density gradient for the equilibrium shift toward the final
deprotonation reaction at the C8/C9 cation, substitution of the Phe-445 might partially

disturb the transient cation-m interaction during the rearrangement step, affect the

equilibrium tendency for the final C-8/C-9 proton position, and consequently result in
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the formation of three possibly altered deprotonation products.'® '*’ On the other
hand, although the relative distances from Phe-445 or His-234 to the C-8 cation of the
lanosteryl cation were both approximately 5 A, the difference of product profiles
between Phe-445 and His-234 substituted mutants could also be reasonably examined
from the elucidation of the homology models. His-234 exhibited the obvious
hydrogen-bonding interaction for the Tyr-510 residue, whereas the hydrogen bond
was absent between Phe-445 and Tyr-510 residues due to the long distance about 6.5
A" Notably, the S. cerevisiae ERGT">** site-saturated mutations generated
diverse product profiles from monocyclic, tricyclic to tetracyclic products, whereas
the only truncated tricyclic and altered deprotonation products were isolated from the
S. cerevisiae ERG7"*** site-saturated mutations. The impacts caused by the Phe-445
substitution on either steric orientation of Tyr-510 position or on the intrinsic
Tyr-510:His-234 hydrogen-bonding ' interaction were not observed in S. cerevisiae
ERG7"*** mutants. The spatially alteréd-active-site-cavity structure and the affected
electrostatic interaction between the His-234:Tyr-510 hydrogen-bonding network was
only observed in the His-234 substitutions.''> '

From the recent site-saturated mutagenesis studies coupled with products
characterization in our laboratory, several newly truncated cyclization bicyclic and
tricyclic products as well as the truncated rearrangement tetracyclic products,
including bicyclic  (9R,105)-polypoda-8(26),13E,17E,21-tetraen-3B-ol, tricyclic
(13a.H)-isomalabarica-14Z,17E,21-triene-33-ol, (13o.H)-isomalabarica-14E,17E,21-
triene-33-ol, tetracyclic protosta-17(20),24-dien-33-0l, and protosta-13(17),24-
dien-3p-ol were respectively isolated from either Tyr-99, Phe-699, or Tyr-707
mutants.'**'*® Although the exact reasons for the production of diverse products in
different S. cerevisiae ERG7 mutant are complicated, the illustration of the structural

basis obtained through the homology modeling might provide suitable insights for
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examining the experimental results.

(A) (B)

=

Asp-456

Trp-390 \ Val-454

Phe-699

iels

=
Figure 5.14 Putative functlonal res1dues in the - eilectron pocket of S. cerevisiae
ERG7, in which Phe-445 is near- the B/C ring Junctlon

First, the Tyr-99, Phe-699, or Tyr-707 are all located in the bottom half portion of
the enzymatic active site cavity, and in the opposite position relative to the previously
mentioned His-234, Phe-445, or Tyr-510 amino acid residues (Figure 5.5). According
to the observation from homology modeling structure, the Tyr-99 occupied the middle
site in the cavity, and interacted with the substrate via its phenolic oxygen side chain.
The distance between the phenolic oxygen of Tyr-99 and the tricyclic Markonikov
C-14 cation was approximately 4.5 A, while the Phe-699 residue showed the very
similar distance (4.1 A) to the tetracyclic lanosertyl C-17 cation (Figure 5.15). The
short distance allows these two amino acids to stabilize the electron deficient C-14 or

C-17 cationic intermediates during the annulation of the C/D ring, respectively.
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(A)

His-234

\'/\Q.\Q * i . nosterol

i ’

(B) ©

Asp-456 Val-454

> Tyr-510
Tyr-510 His-234 ~ N
N

Asp-456

Protosteryl C-20 cation

> o > ) 1 .
Tyr-707 Tyr-99 ; Phe-699 " G
) C-B 6.6.5 tricyclic C-14 cation

Figure 5.15 (A) Local view of the homology model of S. cerevisiae ERG7. The
respective catalytically important residues and lanosterol are shown. (B) The distance
from C-20 cation to Phe-699 (C) The distance from C-14 cation to Tyr-99
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Thus, the simultaneous isolation of different stereochemically
(13aH)-isomalabarica-14Z,17E,21-triene-33-ol, or (13aH)-isomalabarica-14E,17E,

Y99X mutants indicated that the affected

21-triene-3B-ol from the S. cerevisiae ERG7
enzymatic active site allows for the slight rotation of the long carbon side chain along
the axis of C-14/C-15 backbone, and resulted in the incorrect deprotonation process
(Scheme 5.2). Interestingly, the totally different product profiles between the

Y9X mutants and the theoretical

experimental results of the S. cerevisiae ERG7
speculation for the corresponding Tyr-98 from human OSC crystal structure might
indicate the imperceptible discrepancy or the different spatial neighboring assistance

in these two eukaryotic lanosterol cyclases. However, other factors including the

steric or electrostatic effect assisting the substrate folding could not be excluded.

from Tyr99 in ERG7Y%X

l The loss of the stabilization

Backbone rotation along
with the axis of C14/C15

'

Tricyclic terpenoid moiety formation with
different stereochemical control

Scheme 5.2 The proposed model of Tyr-99 for the stereochemical control.
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In addition, the accumulation of tetracyclic protosta-13(17),24-dien-3f3-0l and
protosta-17(20),24-dien-33-0l from Phe-699 mutants of S. cerevisiae ERG7 clearly
indicated the functional role of Phe-699 in stabilizing the lanosteryl C-17 cation

. ., 146
intermediate.

These two newly discovered tetracyclic structures also demonstrated
the occurrence of putative truncated rearranged intermediate states among the
backbone rearrangement cascade, from protosteryl cation to the formation of
lanosterol. Interestingly, we obtained a Phe-699 mutant that showed a complete
product change to generate a sole protosta-13,24-dien-3p-ol.'*® The experimental
result of site-saturated mutation in the Phe-699 position clearly exemplified the
hypothesis observed from the human OSC crystal structure, which assumed that the
Phe-696 occupied the below plane of the substrate molecule and provided the
stabilizing interaction for the lanosteryl C-17 cation intermediate.'®

In other experiments, =a .Jlong-awaited . bicyclic intermediate structure,
(9R,105)-polypoda-8(26),13E,17E,2 I-tetraen-3p-ol, © that generated after the
ERG7-mediated concerted epoxidé ting opening/A-ring cyclization coupled with the
arrest at the bicyclic step, was isolated from our recent site-saturated mutants on
Tyr-707 residue.'* The newly trapped bicyclic product together with three altered
deprotonation products including lanosterol, parkeol, and 9B-lanosta-7,24-dien-33-ol,

Y707X myutants. The result indicated

were identified from various S. cerevisiae ERG7
that the Tyr-707 may play an important role in stabilizing C-8 cation during the
formation of second cyclohexyl ring and the final lanosteryl C-8/C-9 -cation.
Substitutions at this position interrupted the cyclization cascade to generate the
bicyclic triterpene alcohol, and interfered with the deprotonation step to generate
other three altered deprotonation products. The homology model of S. cerevisiae

ERG7 model showed that the distance from Tyr-707 to the C-8 cation of bicyclic

carbocationic intermediate was 6.2 A. This long distance causes the elucidation of the
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importance of Tyr-707 for the formation of bicyclic structure to be hampered. The
crucial importance of Tyr-707 in the formation of the truncated bicyclic chair-boat
triterpene alcohol and the contradictive role between Tyr-707 of yeast ERG7 and
Tyr-98 of human OSC should be further clarified in the future. However, from the
observation of yeast ERG7 homology structure, or human lanosterol synthase
structure, the positions of Tyr-707 and/or Tyr-99 are the only functional residues that
occupied the suitable orientation to enforce the conformation of secondary cyclohexyl

ring into a boat form (Figure 5.15).

5.2.5 Quantum mechanism calculation for illustration of the lanosterol synthesis

According to chemical or computational studies, the oxirane ring opening and
A-ring formation process were suggested to be concerted.””'*” Corey first established
that the anchimeric assistance from the nucleophilic C-6/C-7 olefin, as well as the
well-positioned acidic group, “weré.-necessary for this rapid catalytic initiation
reaction.'”” The ab initio molecular and density functional theory also provided the
evidence to support the concerted mechanism for the oxirance cleavage and A-ring
formation.”’ Moreover, the preorganized substrate in the enzymatic active site was
also shown to be obligatory, for effectively reducing the distance between tertiary
cation and olefin.'**

In addition, the highly exothermic process was also proposed for the overall
oxidosqualene cyclization reaction.'** '** About 20 kcal/mol of reaction energy was
released with progression from the oxirane ring opening to the B-ring formation,
whereas the following annulations proceeded with an exothermicity of about 10
kcal/mol.'*® Although the ring expansion from the C-ring tertiary cation to the
secondary cyclohexyl cation was proven to be an endothermic process with about 12

kcal/mol, the better solvation characteristics as well as the stabilization force from the
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enzymatic nucleophilic fragment was capable of stabilizing the high energy state.'*®
In addition, the D-ring closure was predicted as an exothermic process with 25
kcal/mol.'*

The free energy surface of each of the carbocationic intermediates and the
electrostatic interactions between the respective functional residues and the cationic
intermediates were also examined via the molecular dynamics simulation
experiments.'* The importance of the functional residues for lowering the energy
barrier was further illustrated from the observation of averaged interatomic distance
change between individual carbocationic intermediates and the atom of specific
residues. Thus, the enzyme-mediated delicate balance between thermodynamic and
kinetic was suggested for controlling the formation of the final tetracyclic

149
lanosterol.

Although, the recent'theoretically computational calculations proposed
some mechanistic views distinet from the experimental evidence, the controversy
between computational science-and experimental chemistry provided complementary
and comparative insights for fully elucidating the mechanisms among cyclization
reactions of squalaene/oxidosqualene.'**">!

In order to elucidate the relationship between the catalytically important amino
acids and the different isolated truncated products, the quantum mechanic simulation
for the respective carbocationic intermediates was carried out. The relative stability of
various truncated intermediates were constructed and optimized at the B3LYP/6-31G*
level of the Gaussian theory. In addition, the parallel calculation of the dammarenyl
cation pathway was also performed. The results showed that in neglecting the
enzymatic effects, the cyclization cascade to the dammarenyl cation pathway exhibits
a progressive reaction energy release. Figure 5.16 shows the partial relative energy

profiles derived from quantum mechanic calculations. The similar calculated result of

the dammarenyl cation pathway was also observed from previous literature, from
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which the A, B, and C-ring formation released most of the reactive energy, whereas

the annulation of D-ring produced less energetic changes.'*?

In parallel, the
thermodynamic tendency for the lanosteryl C-9 cation also existed among the
cyclization cascade of the protosteryl cationic pathway. Among the predicted
cyclization sequences from the protonated oxidosqualene to the final lanosteryl C-9
cation, about 12 kcal/mol of endothermic process occurred during the C/D ring
annulation from the most stable bicyclic C-8 cationic intermediate stage. This energy
unfavorable cyclization could be overcome by the following dramatic exothermicity
processes, or by the catalytic amino acid from the protein backbone.'** Thus, the
catalytically important residues could be imagined for stabilizing these unstable
intermediate stages and for assisting the exact progression until the final product. The
critical enzymatic importance via the delicate. regulation for the sole product
production might contribute the natural specificity-among the protosteryl cationic
pathway, compared to the diverse product-in-dammarenyl enzymatic pathway. The
amino acid substitution at different spatial-positions may alter the electrostatic
interaction or the steric control with the special carbocationic intermediate, and
further influence the lifetime or the activation energy barrier for the next cyclization
among various carbocationic intermediates. Thus, the isolation of the aborted
cyclization products from the mutated enzyme could provide the proofs of that the
corresponding carbenium ionic intermediate truly existed among the predicted
lanosterol biosynthesis pathway. Moreover, these important residues also supported
the significance in rigidly or stereochemically control among the predicted cyclization
sequences from substrate, various intermediate, to the final product. However, altered
cyclization pathways generated in these mutants still could not be excluded. The

complete energy profile is listed in the Appendix 5.
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Figure 5.16 The partial relative energy profiles among various intermediate stages, derived from quantum mechanics calculations.
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5.3 Conclusion and Future Perspective

In conclusion of above results from site-saturated mutations or previous
mutagenesis studies on the distinct ERG7 mutations, the functional role of these
residues involved in the oxidosqualene cyclization/rearrangement cascade could be
elucidated. The proposed enzyme-templated oxidosqualene cyclization/rearrangement
cascade as it occurred in the S. cerevisiae ERG7 is summarized as follows. First, the
Asp-456 coupled with two cysteine residues (Cys-540 and Cys-457) were crucial for

the initiation step in ERG7-catalyzed reaction.’” >* '*

After the epoxide ring
opening and first monocyclic C-10 cation generation, Tyr-510 provided the functional
importance for the stabilization of C-6 cationic intermediates.'” Moreover, Val-454
also contributed the steric effect in assisting the'orientation of substrate during the
cyclization process.''” The subsequent cation-m ‘annulation generated the chair-boat
bicyclic C-8 cation and the chair-boat6.6.5-Markovnikov tricyclic C-14 cation were
stabilized by Tyr-707, Tyr-99, and His-234 residues, respectively.'> ''7- 144 143
Moreover, His-234 and Phe-699 further provided the highly electronic propriety to
stabilize the D-ring closure protosteryl C-20 cation as well as the first backbone

. 115, 117, 146
rearranged protosta C-17 cation.” ™ "

The Trp-232, the neighboring residue of
His-234, showed its unequivocal importance in the rearrangement process, and also
exhibits the influence for the coordinative action between His-234 and Tyr-510.""* In
addition to stabilization of the respective carbocationic intermediate during the
different stage of cyclization process, His-234 and Tyr-510 further displaied the
crucial role to guide the final depronation reaction.''> ' '* Moreover, Phe-445
influenced both the C-ring formation and the deprotonation step, distinct from that of
His-234 was suggested according the structural insight.'"” Additionally, the product

specificity-determining residues, Thr-384 was also investigated previously.'*
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The concomitant isolation of diverse postulated mechanistic products from
distinct ERG7 mutants revealed the importance of these residues in controlling the
reaction of oxidosqualene cyclization/rearrangement cascade. In addition, these
site-directed/saturated  mutation experiments help us to elucidate the
structure-function relationship between substrate and cyclase, reflect that how minor
changes can alter product specificity, and further highlight the potential for increasing
the diversity of triterpene skeleton through molecular engineering of cyclase enzyme
family. The subtle size or electrostatic changes of active site environment that
influence the structure-function relationship of cyclase enzymes could only be
thoroughly analyzed by the utilization of site-saturated mutagenesis with all
proteinogenic amino acid substitutions.

There are three possible directions that could’be considered for the future work in
order to better understand the-oxidosqualene-lanosterol cyclase-mediated reaction,
which is the most remarkable-andingenious. biotransformation in the cholesterol
biosynthesis pathway.

1. Mechanism of OSC-catalyzed cyclization

Data obtained from site-directed/saturated mutagenesis coupled with random
mutagenesis experiments have indicated that some functional residues participate in
the complex cyclization reaction and are directly responsible for required critical steps.
Moreover, several truncated cyclization/rearrangement structures have been identified
from different ERG7 mutants, further implicating that these hypothetically postulated
intermediate states may occur among the overall cyclization cascade. However, many
questions still remain, particularly concerning the enzymatic steric control involved in
the two possible types of pathways for cyclization (i.e., protosteryl cationic or
dammarenyl cationic pathway). The steric control for the unique B-ring conformation

of oxidosqualene cyclization is the most significant step for the species-dependent
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product specificity, because it located at the branch point between the sterol or
triterpene biosynthetic pathway. It is fascinating to study how cyclases precisely
control the substrate conformation via “chair-boat-chair” conformation for the
lanosterol or cycloarteol synthesis, or via the reversed “all-chair” conformation for the
production of amyrin or lupenol structure. In spite of the molecular biological
investigations that have been undertaken to elucidate amino acid residues critical for
the cyclization pathways, the functional residues involved in steric-determination of
the cyclohexyl B-ring have never been discovered. Tyr-707 of S. cerevisiae ERG7 has
showed its influence on the formation of bicyclic structure. The corresponding
residues or the spatially neighboring positions in the dammarenyl cation-biosynthetic
synthase (e.g., f-amyrin synthases or lupenol synthases) might provide a chance for
altering the structures of the products from the scaffold of “all-chair” form into the
scaffold with “chair-boat-chai” .form. Moreover; approaches utilizing directed
evolution coupled with the oxidosqualene-lanoaterol cyclase (erg7) deficient yeast
strain also provides an opportunity. to.select mutated -amyrin synthases gene or
lupenol synthases gene possessing the lanosterol-synthetic ability. Better
understanding the molecular basis of cyclization mechanism, especially in the B-ring
conformational distinction, the structural requirements or the natural evolutionary
relationship between sterol and triterpene biosynthesis could thus be elucidated
clearly.
2. Structural Biology

The first crystal structure of human oxidosqualene-lanosterol cyclase has
provided valuable structural insights for illustrating the molecular interaction between
lanosterol and the enzymatic active-site. Bioinformatics tools also have assisted in
creating plausible homology models based on this crystal structure to elucidate the

importance of critical amino acids in the S. cerevisiae ERG7-catalyzed cyclization.
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However, recent site-saturated mutagenesis data and the analysis of diverse products
generated from various S. cerevisiae ERG7 mutants revealed a contradictory situation
between human oxidosqualene-lanosterol cyclase crystal structure and S. cerevisiae
ERG7 homology models. For example, mutation on Tyr-99 of S. cerevisiae ERG7, the
corresponding residues of Tyr-98 (hypothesized as sterically important) in human
oxidosqualene-lanosterol cyclase, produced the truncated tricyclic structures but not
the putative bicyclic structure. On the other hand, the Tyr-707 residue (which
corresponds to the Tyr-704 in human oxidosqualene-lanosterol cyclase) unexpectedly
isolated the bicyclic intermediates from its mutated cyclase. These data suggested that
a slightly altered orientation might exist between the active site cavity of human
oxidosqualene-lanosterol cyclase and S. cerevisiae ERG7. There were repeated
observations of multiple product$ arising from. the different ERG7 mutants. In
addition, the mutated cyclase produced the altered products with the deprotonation
position, which is unexpectedly-distinet from.that of the mutated site, implying other
influenced amino acids in these singlé point mutations. In order to understand the role
of functional residues assisting in the substrate binding, cationic intermediate
stabilization, and the coordinative interaction with other amino acids in an in-depth
way, the determination of three-dimensional structures of these mutated cyclases are
necessary. The pichia pastoris expression system has been used for elucidating the
crystal structure of human oxidosqualene lanosterol cyclase. This expression system
might be a suitable candidate system for expression and crystallization of different S.
cerevisiae ERG7 mutants. Moreover, the isolated partially cyclized products might be
used for the co-crystallization and detailed understanding of the molecular interaction

between the enzymatic active site and the various products.
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3. The Cyclase Enzyme Plasticity

Mutagenesis studies show that the variation of cyclization reactions can be
attained by only small modification of the enzymatic active site. In addition, the
sequences comparison and the homology models also suggested that some specific
domains in the enzymatic active site might be responsible for the product specificity.
Interestingly, various mutated cyclases have been examined for their altered

product-specificity from the original cyclase into another cyclase. For example, the S.

H234S H234T
S.

cerevisiae ERG7 or cerevisiae ERG7 completely altered the
product-specificity from original lanosterol synthase into either parkeol synthase or
protosta-12,24-dien-3B-ol synthase, whereas A. thaliana CAS1™ N1V oxhibited the

nearly one-hundred percent product conversion from cycloartenol into lanosterol.'”

133 Moreover, the functional genomic studies on the putative OSC homologous gene
from A. thaliana genome have characterized many cyclase proteins with novel

113, 154-160 plegents atticles—have introduced the detailed reaction

catalytic functions.
mechanism and molecular origin: of. structural diversity concerning the newly
discovered oxidosqualene cyclases in the plant.””” ™ ! Careful elucidation of
sequence alignment of these cyclases, and comparison with other function-known
cyclases might provide valuable information for the catalytic distinctions among the
cyclase-catalyzed reactions. Thus, the different artificial cyclases with newly catalytic
activity or novel product specificity could theoretically be generated via diverse
genetic selections or molecular evolution methods. Moreover, the rationally designed
cyclase enzyme could also be obtained by the structure-based alternation after the

elegant analysis of the product specificity-determining catalytic residues, which will

be revealed from the array of three-dimensional protein structures in the future.
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Chapter 6
Purification, Tandem Mass Characterization, and Molecular
Cloning of Oxidosqualene-Lanosterol Cyclase Enzyme from

Bovine Liver

6.1 Summary

The oxidosqualene-lanosterol cyclase (OSC) from bovine liver has been
successfully purified to homogeneity by using ultracentrifugation, Q-Sepharose,
hydroxyapatite, and HiTrap heparin chromatographies. The detergent requirement for
its activity in the microsomal fraction wasjalso detézmined. The purified OSC cyclase
displayed a single band with the"molecular weight of ~70 and ~140 kDa on the
silver-stained SDS-PAGE and “the ‘Coomassie-stained Native-PAGE, respectively.
Peptide mapping coupled with tandem’mass* spectrometric determination identified
three  peptide fragments, ILGVGPDDPDLVR, LSAEEGPLVQSLR, and
NPDGGFATYETK, which are highly homologous to human, rat, and mouse OSCs.
After successful purification and tandem mass characterization of bovine liver OSC,
the encoded gene was determined via PCR based strategy. The deduced amino acid
sequence showed >80% identity to the other three mammalian lanosterol cyclases.
Genetic complementation of bovine liver OSC gene into a yeast erg7 knockout strain,
CBY57, demonstrated its functional expression and enzymatic activity. The inhibitor
binding site of bovine liver OSC was probed with a potent Ro48-8071 inhibitor and
determined via LC/MS/MS. However, due to the low peptide coverage, the precise

inhibitor binding site still could not be identified at this time. A monoclonal antibody
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was also produced and exhibited its activity against the purified OSC via the rational
design of an immunogenic oligopeptide antigen based on the homology modeling

structure of cyclase.

6.2 Introduction

As previously described in the Chapter 1, the purification of oxidosqualene
cyclase has always met with difficulties in obtaining the functionally active and
soluble enzyme. These difficulties were mainly caused by the detergent- or
salt-dependence of cyclase activity. Moreover, due to the instability of the solubilized
enzyme, the acquisition of a large amount of purified cyclase protein for the crystal
structure determination remains.@a" challenge.2*Even though the purification of
oxidosqualene-lanosterol cyclase has been hampered; some OSCs have been purified
to homogeneity. After successful purification.of OSCs, the amino acid sequences
could be obtained via different methedologies.” Recently, numerous cyclase genes
were successfully cloned and sequenced, made it is possible to deduce the primary
amino acid sequence analysis of OSC. Comparison of amino acids sequence among
different eukaryotic oxidosqualene cyclases and prokaryotic squalene cyclases
revealed the moderate overall sequence identity and several highly conserved motifs.
These results suggested that the cyclase enzymes might maintain the general structure
from their common ancestral protein, but alter the critical functional residues in the
specific position for developing their diverse products. Thus, from the concept of
diverse evolution, understanding the primary amino acid sequence conservation in
OSCs is a prerequisite for the future investigation.

On the other hand, photoaffinity labeling is a technique to study the interaction

between two different molecules. It has been used broadly in different biological
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fields during the past several years. After irradiation reaction occurred, the covalent
bond was formed between two molecules. This covalent labeling technology has
become a popular tool to investigate the protein-ligand, protein-peptide, or
protein-protein interactions in the proteomics studies recently. One of the features in
this technique is that the covalent linkage between photoreactive ligand and its
binding protein remains even under the denaturing conditions. These covalent binding
information could be elucidated by different levels of analysis.'®* In the protein level,
SDS-PAGE or Native-PAGE is used to identify the intact proteins, which have been
covalent labeled. After enzymatic or chemical degradation, the labeled fragments
could be isolated and identified via different liquid chromatographies.'® The
LC/MS/MS instrument provides a very powerful tool to determine the exact
photolabeled amino acid.'®

In contrast, although the X-ray.crystallography and NMR spectroscopic methods
are the most powerful tools to study.the structure of the ligand binding, the
photoaffinity labeling is thought to-be-independent from above two approaches and

164-166 .
The conformation

provides another evidence for the ligand binding mode.
alteration of the binding ligand might happen during crystallization process from the
soluble phase to solid phase; or the binding mode of ligand is absolutely different in
these two phases. Consequently, the photoaffinity labeling could fit the requirement
complementarily for the structural elucidation of protein-ligand binding events.
Various criteria for photoaffinity probes design were discussed recently.'®” First,
it should be stable under the ambient light; second, a photogenerated long-life
excitation state should be formed for the covalent linkage reaction; third, a single
unambiguous covalent adduct should be generated once; fourth, the covalent linkage

products should be avoided for the solvent trapping or releasing. Additionally, the

activation wavelength for the probe should be longer than 300 nm to avoid damage to
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protein. There are three kinds of photoreactive compounds, including aryl azides, aryl
diazirine, and benzophenone derivatives extensively used in chemical biology. Their
chemical structure and photoinduced mechanism are shown in Scheme 6.1. Among
these photoaffinity probes, benzophenone (BP) derivatives are most stable, and the
carbonyl oxygen of BPs react preferentially with the neighboring carbon atom within
the distance of 3.1A even in the presence of solvent. This highly efficient covalent
modification and the site-specific labeling property of BPs, let it be applied in many

167, 168

biochemical systems. The mechanism of the covalent bond formation between

carbon atom and BPs contain three steps: the triple state excitation, the proton
abstraction, and the radical recombination (Scheme 6.2).'%*

The Hoffmann-La Roche group has developed a series of BP-containing orally
active cholesterol-lowering compounds targeting at OSC. Among them, Ro48-8071 is
the most potent OSC (SHC) inhibitor.'®” | 'The tritium-labeled Ro48-8071 was then
synthesized and specifically labeled:with bacterial SHC or rat liver OSC in either
purified or crude extract protein. Competitive displacement experiment also showed
that Ro48-8071 might bind in the same location with other two mechanism-based
cyclase inhibitors or one nonterpenoid inhibitor.'® '"° Moreover, the photoaffinity
experiment suggested that Ro48-8071 binds at the junction between the central active
cavity and substrate entry channel, and then hinders the enzymatic substrate uptaking

ability.!”!

On the other hands, co-crystallized structure containing Ro48-8071 in
SHC or OSC were also established recently.*” ' Interestingly, the binding site of
Ro048-8071 in these two structures are very different from the previous photoaffinity
labeling experiments. The structural conformations were also contradicted with the
well-known noncompetitive inhibition mechanism of Ro48-8071. Due to the

difference between these experiment results and the overall difference in the solid or

liquid phase system, some more extensive experiments are need to clarify these
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divergences.
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Scheme 6.1 Three major photoreactive groups.
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Scheme 6.2 Formation of covalent adducts from photoexcited benzophenone group.

Therefore, the above described importance or puzzlements, involved in the
studies of oxidosqualene-lanosterol synthase, provoked us to purify the
oxidosqualene-lanosterol synthase from bovine liver and characterize its catalytic
activity in the native environment. The peptide mapping coupled with tandem mass
spectrometric determination could provide a tool for identifying the N-terminal amino
acid or internal amino acid sequence. The information obtained from the peptide

sequencing and mass characterization will be used to clone the OSC gene from the
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bovine liver cDNA library. After cloning and sequencing of the OSC gene, the cyclase
activity is confirmed by using the genetic complementation in a yeast erg7 knockout
strain. The sequence comparison will also be performed among the mammalian OSC
genes. Moreover, the respective monoclonal antibody will also be developed via the
rational designed oligopeptide antigene. In the last part of this chapter, the
photoaffinity labeling experiment coupled with the mass spectrometry will be used to

further explore the Ro48-8071 binding mode.

6.3 Results and Discussion

6.3.1 Purification of bovine liver OSC

To date, no more than five oxidosqualene cyclases, mainly cycloartenol synthase
and B-amyrin synthase from higher plants, have been purified to homogeneity (Table
6.1). In order to obtain the homologouslanesterol cyelase from the mammalian source,
we try to purify the oxidosqualene=lanosterol” cyclase from bovine liver. Using
knowledge from purification of oxidosqualene-lanosterol cyclase in different species,
microsomes from bovine liver homogenates were first treated with various
concentrations of Triton X-100. The specific activity of the starting microsomal
suspension was apparent in the buffer containing 0.5% (w/v) Triton X-100. Therefore,
the concentration of detergent was maintained at this level for subsequent purification
steps.

Following recovery of OSC from the microsomal fraction, the crude enzyme
solution was subjected to chromatographic separation using Q-Sepharose Fast Flow,
hydroxyapatite, and HiTrap heparin columns. In each chromatographic separation, the
cyclase enzymatic activity was determined by a standard procedure, and the

cyclase-containing fractions were collected for the next column chromatography. The
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detailed purification procedure and the cyclase activity assay were described in the
experimental section.

In brief, the enzyme adsorbed on the Q-Sepharose Fast Flow column was eluted
with IEB buffer containing 20, 50, 70, and 100 mM potassium chloride, and the
cyclase activity appeared in fractions containing 70 mM salt. Next, the cyclase
containing fractions were applied for hydroxyapatite chromatography fractionation.
Interestingly, the cyclase was not retained on hydroxyapatite resin, and exhibited the
activity in the flow-through fraction. However, the hydroxyapatite, a mineral material
with the formula Cas(PO,);(OH), effectively removed other impurities that occupied
abundantly in previous Q-Sepharose fractions. Finally, oxidosqualene-lanosterol
cyclase was substantially purified by HiTrap heparin chromatography via elution with
HB buffer containing 50 mM potassium chloride. The hydroxyapatite and heparin
steps significantly enhanced the fold of purification,-yielding 728-fold enrichment in
specific activity.

Electrophoresis of the fractions after the different purification steps revealed a
single protein band with a molecular weight of about 70 kDa, as visualized by silver
stained sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—PAGE). A
single band of about 140 kDa also was revealed on the non-denaturing
polyacrylamide gel electrophoresis (PAGE).

The purified homogeneous enzyme was stable for up to 6 months at -80°C in the
presence of Triton X-100, DTT, and phosphate buffer. Interestingly, the HiTrap
heparin chromatography, which was applied to purify oxidosqualene cyclase for the
first time, provided an effective method for purifying multi-milligram quantities of
apparently homogeneous mammalian oxidosqualene cyclases (Figure 6.1 and Table

6.2).
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Table 6.1 Purification and properties of 2,3-oxidosqualene cyclase from vertebrates,

higher plants, and yeast.**

Source Molecular weight Purification factor Specific activity
(kDa) (from microsomes)
Vertebrates
Pig liver 138 256"
Pig liver 75 441 2643"
Rat liver 78
Dog liver 73
Human liver 73
Rat liver 75 1863 436"
Rat liver 65 128 58¢
Yeast
S.cerevisiae 142 84"
S.cerevisiae 112 40°
S.cerevisiae 26 160 4400"
High Plant
(R. japonica)
Cycloartenol synthase 54 139 16"
B-amyrin synthase 28 541 41"
(Pea)
Cycloartenol synthase 55 235 1678
B-amyrin synthase 35 1072 28"

a: nmol/h/mg ;

b: mkat/kg;

c: from homogenate; d: pmol/min/mg;

e: mg protein necessary for20% conversion ratio; f: units/mg; g: pkat/mg

Table 6.2 The purification of oxidosqualene-lanosterol cyclase from bovine liver

Total
. . Total activity Yield Specific activity Purification
Fraction protein . .
(nmol/10min) (%) (pmol/min/mg) fold
(mg)
Microsomal membranes 2417 348 24 1
Q-sepharose FF 328 228 22 9
Hydroxyapatite 105 33.5 165 69
HiTrap Heparin 9 16.6 1747 728
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Figure 6.1 (a) Silver-stained SDS-PAGE gel of bovine liver OSC obtained from
column chromatography fractions. Lane 1, marker proteins: phosphorylase b (97 kDa),
bovine serum albumin (67 kDa), ovalbu kDa), carbonic anhydrase (30 kDa),
and trypsin inhibitor (20 kDa); Lane ' S ilized protein; Lane 3, Q-Sepharose Fast
Flow purified protein; Lane 4, droxyapatite pur
heparin purified protein. (b) ',-. mass ! tained non=d enaturing PAGE gel of bovine
liver OSC obtained from HiTrap: 9 omatography. Marker proteins:

thyroglobulin (669 kDa), ferri . ( Da), catalase (232 kDa), lactate
dehydrogenase (140 kDa), and albumin (67 kDa); Lane 1, HiTrap heparin purified
protein.
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6.3.2 Identification of OSC by tandem mass spectrometry

The purified protein then was subjected to the N-terminal sequencing and
internal amino acid determination to confirm the identity of the purified protein.
Multiple attempts to obtain the N-terminal sequence of OSC were unsuccessful,
suggesting that the N-terminus of the protein may be blocked. For internal amino acid
determination, the SDS—PAGE band corresponding to OSC was subjected to in-gel

1'% After digestion, the resulting

trypsin digestion as described by Rosenfeld et a
peptide mixtures were analyzed by nanoscale capillary LC/MS/MS. Among these
peptide fragments, one tandem mass spectrum of a doubly charged precursor m/e
683.45 is shown in Figure 6.2. Following a database search for the mass spectrum of
the peptide and its fragment ions, one unique hit matching the human OSC peptide
sequence was identified.'” #The sequence was determined to be
'“ILGVGPDDPDLVR'” of human OSC. Another peptide, whose sequence was
determined to be *’NPDGGFATYEBTK>® from LC/MS/MS analysis, also matched
the human OSC protein. Moreover, a. “MS<BLAST search” for the homologous
proteins identified a third sequence, **LSAEEGPLVQSLR**. This BLAST-based
searching methodology would identify all high-scoring pair (HSP)-regions, the high
local sequence similarity regions, between individual peptides in the query and a
protein sequence from the database entry.'”* In summary, the results showed that three
peptide fragments from in-gel digestion of purified bovine liver OSC were
homologous to OSCs from human (EC 5.4.99.7), rat (EC 5.4.99.7), and mouse (EC
5.4.99.8). These data provided evidence that the identity of the purified protein was

bovine liver OSC. Individual HSP-aligned sequences of high similarity are shown in

Figure 6.3
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Figure 6.2 Tandem mass spectrum of'a doubly charged tryptic peptide at m/z 683.45

from purified bovine liver OSC protein, «The ‘complete amino acid sequence,
ILGVGPDDPDLVR, was deduced from the.mass differences in the y-fragment ion

series and is also partly supported by b-ion and a-ion series. The sequence is shown

using single letter amino acid symbols:“‘lons’ were labeled according to the

nomenclature of Roepstorff and Fohlman.

ions observed by the mass spectrometer.
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Figure 6.3 Sequence alignments of the trypsin-digested peptides from bovine liver
OSC. Three peptide sequences detected: by tandem mass spectrometry were
homologous to lanosterol synthas¢ (OSC),in. human (EC 5.4.99.7), rat (EC 5.4.99.7),
and mouse (EC 5.4.99.8). The consensus' sequences are boxed in black. These
highlighted amino acid residugs indicate’ the similarity of OSCs among different

mammalian species.
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6.3.3 Molecular cloning of OSC from bovine liver

Following successfully identified three peptide fragments from purified bovine
liver OSC, the gene encoding bovine liver OSC was determined. In addition to three
known internal amino acids sequences, we designed the N-terminal and C-terminal
oligonucleotide primers based on the highly identical region of the mammalian
sources. One gram of fresh frozen bovine liver was homogenized with mortar and
pestle, and the lysed powder was mixed with oligo(dT) cellulose for hybridization.
The mRNA library was then eluted from the bead and the concentration of the
extracted mRNA was determined as 74 pg/ml. The reverse transcription reaction was
then carried out with M-MLV RTase and the transcripts were used as the template for
the PCR reaction. After several trails of nested PCR reaction, one of primer pairs
(CHC-cDNA-PEP2/CHC-cDNA-PEP3) gave the specific PCR amplicon product with
size about 1 kb. The deduced amino‘acid sequence of this amplicon fragment showed
85% identity to human lanosterol synthase-in-NCBIprotein databank, indicating that
it is the portion of cDNA from bovine liver OSC.

The terminal sequence of the bovine liver OSC gene was determined by using
the “RACE” method.'” For the C-terminal RACE, two redesigned oligonucleotide
primers (CHC-cDNA-Seql, CHC-cDNA-Seq3), obtained from previous core
fragment sequence, and one highly identical C-terminal primer, based on mammalian
source, were synthesized and applied for the PCR reaction. The deduced amino acid
sequence exhibited high sequence homology to the carboxyl terminus of human
lanosterol synthase, strongly suggesting that the obtained PCR product is the
C-terminal region of bovine liver OSC gene.

Moreover, the similar N-terminal RACE strategy was used to clone the
N-terminal fragment of the OSC gene. Several trails of RACE method give no

expected PCR product. This unsuccessful amplification might be caused by the lager
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size of PCR products or the failed terminal transferase reaction. Another inversed
PCR method,'”” which was used for cloning the rat OSC gene, also failed to isolate
the expected product. As the cloning of C-terminus region, the highly identical
N-terminal primer coupled with two antisense primers were utilized to give the correct
product. This PCR product displayed high identity to other known OSCs. Overall, the
nucleotide sequence of bovine liver OSC revealed the presence of an ORF with 2,196
bp, encoded a 732 amino acid polypeptide with a molecular mass of 83.2 kDa. The
deduced amino acid sequence of OSC exhibited 83%, 82%, and 85% identity to those
of the lanosterol synthases from mouse, rat, and human. The theoretical pl of bovine
liver OSC was 6.36 from prediction in the Protein Identification and Analysis Tools in
the ExPASy Server. The nucleotide and deduced amino acid sequences of cDNA from
bovine liver OSC is shown in Figure 6.4. The multiple sequence alignment of OSCs
among mammalian source is also included in-Figure-6.5. The cDNA sequence of the
bovine liver oxidosqualene-lanostetol’-cyclase. has successfully submitted to the

protein data bank with the accession number: DQ372933.

atgaccgagggcacgtgtctgcgtcgaagaggcggaccctataagacagagccageccaca 60
M T E G T C L R R R G G P Y K T E P A T
gacctcagtcgctggcggctcagcaatcaggttgggaggcagacatggacctactctcaa 120
b L. S R W R L S N Q V G R Q T W T Y S O
gaagaagatcctgtccgagagcagtctggcctggaagctcacctcttgggactggataca 180
E E D P V R E Q S G L E A H L L G L D T
aaaagtttctttaaggacttgccgaaagcgcacacagcctgcaggggggctctgaatggg 240
K s P F K DL P K A H T A C R G A L N G
gtgacattttacgctgcactgcagactgaggatgggcattgggcgggtgattacggtggce 300
v T F Y A A L Q T E D G H W A G D Y G G
ccactcttcctcecctgceccaggcectectgatcacgtgeccatgtggecgaacatcecctetgecg 360
P L F L L P G L L I T C H V A N I P L P
gccggataccgagaagaaattatacggtacctgecggtctgtgcagectccccgacggecgge 420
A G Y R E E I I R Y L R S V O L P D G G
tggggcctgcacattgaggacaagtccacggtatttggaactgecgecttaactatgtgtcet 480
W G L H I E D K s T Vv F G T A L N Y V S
ttgagaattctgggtgtggggcctgacgatcctgacctggtgcgagecccggaaccttett 540
L R I L.G V G P D D P D L V R A R N L L
cacaagaaaggtggtgctgtgttcatcccgtecctgggggaagttttggttggectgtcectyg 600
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aacgtgtacagctgggaaggcctcaatacactgtttccagaaatgtggctgtttcecctgac 660
N VY S W E G L N T L F P E M W L F P D
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tggatgcccgcacatccecctceccaccatectggtgeccactgteggcaggtgtacctgeccatg 720
W M P A H P S T I W C H C R Q V Y L P M
gcctactgctacagcacgcggctgagtgccgaggagggecccgectggteccagagecteecge 780
A Y C Y S T R L S A E E G P L V Q0 S L R
caggagctctacctggaggactacagctgcatcgactgggccgecgcacaggaacagcegtyg 840
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H v sS R I P DY L W L G L D G M K M Q G
accaatggctcacagatctgggacaccgcgtttgeccatccaggectttgetggaggecacgt 1200
T N G $S ¢ I w b T A F A I Q A L L E A R
gcacaacacaggccggagttttggtcctgecctgeggaaggegecatgagtatctececggate 1260
A Q H R P E F W sS C L R K A H E Y L R I
tcacaggtgccagacaatttccccgactaccagaagtactaccgccatatgagcaagggt 1320
S ¢ v P DN F P D Y Q K Y Y R H M S K G
ggctttagcttcagcacgctggactgtggctggatcgtggectgactgcacggectgaggee 1380
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AT Y E T K R 66 GG H+sL L E/L L N P S E V
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¥ 6 DI M I D YW ¥ V E €+T S A V M Q A
ctgaagactttccacaagcagttcctagaccacagggccggggagatcagggagaccctt 1680
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gagcagggcttgcagttctgtcggcagaagcagaggcctgatggctectgggaaggectece 1740
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Figure 6.4 The nucleotide sequence and its deduced amino acid sequence of cDNA

from bovine liver OSC
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R.nLS QERLYNAVAVLLSMRNSDGGFATYETKRGGYLLELLNPSEVFGDIMIDYTYVECTSAVMQ 540
M.mLS RERLCDAVDVLLSLRNADGGFATYEKKRGGYLLELLNPSEVFGDIMIDYTYVECTSAVMQ 540
H.sLS RERLCDAVAVLLNMRNPDGGFATYETKRGGHLLELLNPSEVFGDIMIDYTYVECTSAVMQ 539
B.tLS RERLFDTVAVLLSLRNPDGGFATYETKRGGHLLELLNPSEVFGDIMIDYTYVECTSAVMQ 539
:*** ::* ***.:**-********_****:*****************************
R.nLS ALRHFREYFPDHRATESRETLNQGLDFCRKKQRADGSWEGSWGVCFTYGTWEGLEAFACM 600
M.mLS ALKHFHEHFPDYRAAEVRETLNQGLDFCRRKQRADGSWEGSWGVCFTYGTWEFGLEAFACM 600
H.sLS ALKYFHKRFPEHRAAEIRETLTQGLEFCRRQORADGSWEGSWGVCEFTYGTWEFGLEAFACM 599
B.tLS ALKTFHKQFPDHRAGEIRETLEQGLQFCRQKQRPDGSWEGSWGVCFTYGAWFGLEAFACM 599
**: *:: **::** *x  kk kK ***:***::**_***************:**********
R.nLS GHIYONRTACAEVAQACHFLLSROMADGGWGEDFESCEQRRYVQSAGSQVHSTCWALLGL 660
M.mLS GHTYQDGAACAEVAQACNFLLSQOMADGGWGEDFESCEQRRYVQSARSQVHSTCWALMGL 660
H.sLS GQTYRDGTACAEVSRACDFLLSROMADGGWGEDFESCEERRYLQSAQSQIHNTCWAMMGL 659
B.tLS GHTYHNGVACAEISRACDFLLSROMADGGWGEDFESCKQRRYVQSAQSQIHNTCWALMGL 659
*: *:: .****:::**.****:**************::***:*** **:*.****::**
R.nLS MAVRHPDISAQERGIRCLLGKQEPNGEWPOENISGVENKSCAISYTNYRNIFPIWALGRE 720
M.mLS MAVRHPDITAQERGIRCLLGKQLPNGDWEQENI SGVFNKSCAISYTSYRNIFPIWALGRE 720
H.sLS MAVRHPDIEAQERGVRCLLEKQLPNGDWPOENIAGVENKSCAISYTSYRNIFPIWALGRE 719
B.tLS MAVRHPDVAALERGVSYLLEKQLPNGDWPOENISGVENKSCAISYTSYRNVFPIWTLGRE 719
*******: * ***: * % **:***:******:************'***:****:****
R.nLS SSLYPDNTLAGHI 733
M.mLS SNLYPDNTLAGHI 733
H.sLS SQLYPERALAGHP 732
B.tLS SRLHPDPALAGHP 732

* ke k. o kK kK

Figure 6.5 Multiple sequence alignment of oxidosqualene-lanosterol cyclase (OSC).
The sequence shown are Homo sapiens OSC (H.sLS), Mus musculus OSC (M.mLS),
Rattus norvegicus OSC (R.nLS), and Bovine liver OSC (B.tLS), respectively. The
identical amino acid positions are exhibited above the symbol of “*”. The highly
conserved sequences, at least two of four members, are indicated with the symbol of

@ 9 7782
. .

. Or
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6.3.4 Genetic complementation of recombinant bovine liver OSC in yeast erg’7
deficient strain

After the full length of bovine liver OSC cDNA sequence was determined, the
functional expression of this gene was subsequently carried out. In order to facilitate
the expression of bovine liver OSC in S. cerevisiae, the promoter sequence from the
ERGT gene was fused to the coding sequence of the bovine liver OSC gene, and a
complete hybrid ERG7/b.IOSC expression plasmid, pCHCRS314BLOSC, was
obtained. This hybrid plasmid was checked by restriction enzyme mapping and DNA
sequencing analysis. “Plasmid shuffle” method utilized in previous site-directed
mutagenesis studies was used to examine the cyclase activity. This pRS314-derived
plasmid was next transformed into the TKW14 strain to further confirm the cyclase
activity. The results showed that the recombinant gene in pCHCRS314BLOSC
plasmid can complement the functional deficiency: of lanosterol synthesis, confirming

the identity of bovine liver oxidesqualene-lanosterol synthase.

6.3.5 Mass spectrometry determination of the photoaffinity labeling bovine liver
OSC with Ro48-8071

Ro48-8071, a photoactive benzophenone-containing compound, was developed
as an orally pharmaceutical agent for lowering serum cholesterol levels in Syrian
hamsters, squirrel monkeys, and Gottingen minipigs. Ro48-8071 showed the in vitro
inhibition for human liver microsomes, rat liver homogenous OSC, and the in vivo

selective inhibition for the HepG2 cells.'®

In our laboratory, Ro48-8071 also
displayed inhibition for bovine liver OSC."* The experimental data suggested that
the Ro48-8071 might block the OSC activity via a noncompetitive inhibition behavior.

However, the controversial results was obtained from the recent crystal structure of

SHC.*¥ As previously illustrated, the photoactive benzophenone group held the
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potential for the cross-linking reaction with its neighboring amino acids in the protein

. .. 168
active site.

Moreover, the tandem mass spectrum provided a valuable tool to
examine the internal amino acid sequence information from protein. In order to
understand the inhibition mechanism and to determine the binding site of this potent
inhibitor in the mammal OSC, the photoaffinity experiment was carried out.

In order to have sufficient labeled peptide fragments for sequence analysis, the
photoaffinity reaction was performed with a threefold molar excess of Ro48-8071.
After exposure to UV light, the cyclase inactivation assay was used to confirm the
inhibitory ability of Ro48-8071. As expected, there is no observable lanosterol spot in
the TLC analysis, whereas the unlabeled protein produced clear product spot.
Moreover, the protein bands could be visualized by the coomassie R-250 brilliant blue
staining SDS-PAGE, indicating that the photo-labeling process did not dramatically
disrupt the enzyme and the =inactivated  cyclase -primarily was caused by the
Ro048-8071 inhibition (Figure 6.6). These-protein bands were picked for the in-gel
digestion and the following LC/MS/MS.identification, as previously stated. However,
no expected molecular weight change between the unlabeled protein fragments and
the photocrossing protein/Ro48-8071 complex was observed in all mass spectra. As
shown in Figure 6.7, the total peptide coverage of bovine liver OSC for LC-MS/MS is
about 28.5%. The very low coverage is a common challenged phenomenon for
analysis of membrane proteins. Because they are not readily soluble in the polar
solvents and often undergo aggregation, it is not surprising that analyzing the well
known membrane-bound property of OSC makes analysis very difficult. Moreover,
the comparison with the result of the previous SHC photoaffinity labeling experiments
showed that the predicted binding site of Ro48-8071 is not in the present OSC mass
coverage. Hence, the exact binding site of this potent inhibitor in the bovine liver

OSC can be further investigated by either increasing the sample concentration to
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enhance its peptide coverage or using different combination of chemical and/or
enzymatic digestion. For example, a sequential CNBr/trypsin in-gel digestion method
coupled with mass spectrometry for analysis of membrane protein analysis was
recently published.'”® The critical role of CNBr utilization prior to trypsin cleavage is
that CNBr can access the inner hydrophobic sites and cleave the polypeptide chain at
the position of methionine residues, generating the smaller peptides for the following
photolytic attack of trypsin. This CNBr/trypsin digestion method might provide
additional peptides for the purpose of peptide identification.

On the other hand, if the pulses of ionization laser fragmented the Ro48-8071
molecule at different positions, the molecular weight change is hard to predict. This
causes the difficulty in judging the crosslinking additive products. Hence, in the future,
the more detectable probes either: from fluorescent modifications or radioisotopes
labeling should be integrated~into' the moiety .of- Ro48-8071 molecule for easy

analysis.

@ 1 2 37.®b M- 4 5

Figure 6.6 (a) TLC analysis of cyclase activity with/or without incubation of
Ro48-8071 after exposure to UV light. (Lane 1: Activity assay of photoaffinity
labeled OSC with Ro 48-8071, Lane 2: Activity assay of wildtype OSC, Lane 3:
Standard Lanosterol) (b) SDS-PAGE analysis of photoaffinity labeled OSC with/or
without Ro48-8071 (Lane M: Protein Markers; Lane 4: photoaffinity labeled OSC
with Ro48-8071; Lane 5: wildtype OSC)
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1 MTEGTCLRRRGGPYKTEPATDLSRWRLSNQVGRQTWTYSQEEDPVREQSGLEAHLLGLDT 60

61 KSFFKDLPKAHTACRGALNGVTFYAALQTEDGHWAGDYGFPLFLLPGLLITKHVANIPLP 120

121 AGYREEIIRYLRSVQLPDGGWGLHIEDKSTVFGTALNYVSLRILGVGPDDPDLVRARNLL 180
181 HKKGGAVFIPSWGKFWLAVLNVYSWEGLNTLFPEMWLFPDWMPAHPSTIWCHCRQVYLPM 240
241 AYCYSTRLSAEEGPLVQSLRQELYLEDYSCIDWAAHRNSVAPDDLYTPHSWLLHVVYAIL 300
301 NLYERHHSTSLRQWATQKLYEHIAADDRFTKCISIGPISKTINMLVRWHVDGPASAVFQE 360
361 HVSRIPDYLWLGLDGMKMQGTNGSQIWDTAFAIQALLEARAQHRPEFWSCLRKAHEYLRI 420
421 SQVPDNFPDYQKYYRHMSKGGFSFSTLDCGWIVADCTAEALKSILLLQEKCPFVSNHVPR 480
481 ERLFDTVAVLLSLRNPDGGFATYETKRGGHLLELLNPSEVFGDIMIDYTYVECTSAVMQA 540
541 LKTFHKQFPDHRAGEIRETLEQGLQFCRQKQRPDGSWEGSWGVCFTYGAWFGLEAFACMG 600
601 HTYHNGVACAEISRACDFLLSRQMADGGWGEDFESCKQRRYVQSAQSQIHNTCWALMGLM 660
661 AVRHPDVAALERGVSYLLEKQLPNGDWPQENISGVENKSCAISYTSYRNVFPIWTLGRFS 720

721 RLHPDPALAGHP- 732

Figure 6.7 Peptide coverage of bovine liver OSC from LC-MS/MS analysis. The
predicted binding sites of Ro48-8071, via the sequence alignment comparison of the
previous SHC experiment, are marked with a. square box. The shaded amino acids

indicated the determined peptide sequences.from the LC/MS/MS mass spectrometer.

6.3.6 Monoclonal antibody preparation‘and western blotting analysis

After successfully purified 0xidosqualene-lanosterol cyclase from bovine liver,
attempt to obtain its respective polyclonal antibody through direct injection of entire
purified OSC protein in mice met with failure. The unique biochemical
membrane-bound characteristic and the larger molecular size might cause the
difficulty to stimulate the immunoreaction in injected mice. Thus, careful
consideration for the oligopeptide antigen design was carried out. According to the
crystal structure of human OSC and the sequences alignment between human OSC
and bovine liver OSC, a homology modeling structure of bovine liver OSC was
generated. Figure 6.8 shows the comparison between bovine liver OSC homology
model and human OSC crystal structure. Accordingly, one oligopeptide sequence,
DGGWGLHIED, was highly conserved among all mammalian OSCs and only

changed two residues in that of the respective cyclases from Saccharomyces
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cerevisiae or Candida albicans. Moreover, this oligopeptide region was also found to
occupy the position on the surface of oxidosqualene-lanosterol cyclase structure
(Figure 6.8). Therefore, this oligopeptide sequence might be appropriate for
generating the immunogenic antigen. Octameric branches of this oligopeptide on a
dendrimer core were thus synthesized from the GeneMed Synthesis Inc. by using the
multiple antigenic peptide technology (MAP). The synthesized oligopeptides MAP
core was dissolved in PBS solution and added with equivalent volume of adjuvant
(Sigma) for injection in BALB/c mice. After three rounds of injection, the
immunoassay based on ELISA analysis was subsequently carried out to measure the
immunoreactive titer. The monoclonal antibody against the synthesized oligopeptides
MAP core was then performed as the following steps: cell fusion of myeloma cell
with the spleen cells from the immunized mouse, hybridoma cell culture, ELISA
immunoassay determination, mouse ascetic .fluid preparation, and the monoclonal
antibody purification. The detaileditechnological processes for the generation of
monoclonal/polyclonal antibody were established and executed in our laboratory.'”
180" After successfully obtaining the monoclonal antibody against the synthesized
oligopeptides MAP core, a western blotting experiment of the purified bovine liver
OSC was subsequently carried out to confirm the immunogenicity. Figure 6.9 shows
the SDS-PAGE and the resultant western blotting analysis with the anti-OSC mAbs.
Obvious bands corresponding to the predicted molecular weight of
oxidosqualene-lanosterol cyclase were observed from both the SDS-PAGE and the

immunoreactive chemiluminescence’s reaction on the Kodak autoradiography film.
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(b)

©)

=1
Rattus IAHIPLPAGYREEMVRYLRSVQLP-DCGWGLHIEDKSTVFGTALSYVSLRILGIGPDD171
Mouse ISHISLPAGYREEMVRYLRSVOLP-DGGWGLHIEDKSTVFGTALNYVALRILGIGPDD171
Human VARIPLPAGYREETVRYLRSVQLPJBGGWGLHIEDKSTVFGTALNYVSLRILGVGPDDl7O
Bovine VANIPLPAGYREEITRYLRSVQLP-DGGWGLHIEDKSTVFGTALNYVSLRILGVGPDD170
Saccharomyces IAGIEIPEHERIELIRYIVNTAHPVDECWGLHSVDKSTVFGTVLNYVILRLLGLPKDH172
Candida YSKTEIPEPYRVEMIRYIVNTAHPVDGGWGLHSVDKSTCFGTTMNYVCLRLLGMEKDH1 64

Figure 6.8 (a) Crystal structure of human OSC in complex with lanosterol (green).
The oligopeptides region, DGGWGLHIED, is shown in yellow stick representation.
(b) Homology modeling structure of bovine liver OSC. The oligopeptides region,
DGGWGLHIED, is shown in yellow stick representation. (c) Partial multiple
sequence alignment among different OSCs, from which the region of the
oligopeptides DGGWGLHIED was colored in red.
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Chapter 7
Development and Application of Fluorescent
Ro048-8071 Derivative Probes to Study

Oxidosqualene-Lanosterol Cyclase

7.1 Summary

As previously described results from the Chapter 6, bovine liver OSC had been
successfully purified and effectively inhibited by a potent inhibitor, Ro48-8071. But
the photoaffinity labeling experiments failed to solve the exact inhibitor-binding site.
In this chapter, several Ro48-8071-based]fluorescént probes were developed. These
fluorescent derivatives, including 4-(4,5-diphenyl-1H-imidazol-2-yl)-phenylboronic
acid (DPA), biphenyl-3-boronic. acid (BP-3), ‘biphenyl-4-boronic acid (BP-4),
naphthalene-1-boronic acid (NA-1), and'naphthalene-2-boronic acid (NA-2) moiety,
were successfully synthesized from Ro48-8071 using the palladium-catalyzed Suzuki
coupling reactions and confirmed via GC/MS and nuclear magnetic resonance (NMR)
spectroscopy analysis.

According to the inhibition experiments of all newly synthesized fluorescent
probes, it was found that Ro4-NA1, Ro4-NA2 and Ro4-BP4 showed apparent
inhibitory activity at the concentration of 100 uM. Ro4-BP3 showed worse inhibitory
activity than that of Ro4-NA1 at the concentration up to 100 uM. Ro4-DPA showed
the worst inhibition. The results of inhibition experiment indicated that the fluorescent
modification of Ro48-8071 dramatically reduced the inhibitory activity. Results from

molecular docking experiments showed that both the interactions and orientation
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between the Ro48-8071-derived probes and the active site of bovine liver OSC have
dramatically changed. On the other hand, from the fluorescence spectrometric
examination, no obvious difference was observed between the bovine liver
OSC/Ro4-DPA complex and the free Ro4-DPA molecule. However, after Hi-Trap
desalting column purification, the OSC-fraction exhibited slight fluorescent intensity
change under picosecond scale spectrography studies. These results suggested that the

fluorescent moiety group might interact but not integrate within the protein active site.

7.2 Introduction

Fluorescence techniques have been utilized for determination of trace levels of
molecules. This non-radioisotope,highly sensitive characteristics have let various
fluorescence labeling reagents developed for.detection of a wide variety of bioactive
compounds. Currently, many labeling feagents-haye been utilized for conjugation of
different functional groups, including amino.acids, alcohol, thiols, aldehydes, ketones,
and carboxyl groups.'®! However, many pharmaceuticals and agricultural chemicals
could not be labeled are due to the lacking of the reactive functional groups. Thus, the
new conjugation approaches for specifically labeling are still required. For example,
because of the extensive exist of aryl halide in the natural products, the fluorescence
labeling reagent for aryl halide is believed as a powerful method in the pharmaceutical
applications. Recently, several fluorescent arylboronic acid derivatives have been
developed for effectively labeling aryl halides by using the Suzuki coupling reaction,
a palladium-catalyzed coupling reaction of aryl halides with aryl boronic acids.'®* '®
Suzuki coupling reaction is one of the most versatile and powerful methods for

carbon-carbon bond formation. Among these arylboronic acid derivatives,

4-(4,5-diphenyl-1H-imidazol-2-yl) phenylboronic acid (DPA) was first successfully
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used in the labeling reaction for the aryl halide, and acted as an enhancer for the
horseradish peroxidase chemiluminescence reaction.'™

Aromatic boronic acids have also been illustrated as a glucose sensing indicator
via quenching their fluorescence intensity when they interacted with the saccharide
molecules. The fluorescence change has been utilized to investigate the relationship
between the aromatic ring and saccharide-binding events.'® ' On the other hand,
many different fluorescent probes also provided applications in the several
biochemical fields. For example, the fluorescent probe,
bis(8-anilino-1-naphthalenesulfonate), was the first example utilized to study protein

conformation change in 1976."*’

The magnesium-dependent conformational change of
30S subunit from Escherichia coli ribosome was observed via reversible binding of
dye molecule to the specific ptotein sites “at. the ribosomal surface. Another
rhodamine-labeled geranylgeranylated/methylated. cysteine derivative was also used
to simulate the C-terminal medifi¢ation-in-small* G-protein. The protein-protein
interaction between small G-proteinrand. its regulation inhibitor GDI proteins was first
reported by using the quantitative fluorescence assay.'™ In addition,
p-Aminobenzamidine, a competitive inhibitor of serine protease, exhibited high
fluorescent intensity change when it bound to trypsin or thrombin, whereas the weak
fluorescence was observed in the neutral aqueous buffer. The spectral properties of
this probe sensitized to the specific hydrophobic interaction or the structural features
in the active center of serine proteases were further investigated in 1982.'%
Moreover, a fluorescent substrate analog of undecaprenyl pyrophosphate synthase
(UPPs), 7-(2,6-dimethyl-8-diphospho-2,6-octadienyloxy)-8-methyl-4-trifluoromethyl-
chromen-2-one geranyl pyrophosphate, was prepared and utilized to study the ligand

interactions with E. coli UPPs. The dramatic fluorescent intensity quenching caused

by the enzymatic hydrophobic environment was also observed. The kinetic
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characteristics were also measured by using stopped-flow apparatus. These results
indicated that the fluorescent substrate analogs or inhibitor probes might provide a
tool to investigate the ligand interactions for a broad class of proteins in native
environment, and to provide the comparable results with that of co-crystallized
experiment 190191

In order to expand the methodology for investigating cyclase, different
fluorescence labeling reagent will be conjugated to the inhibitor, Ro48-8071, by the
palladium-catalyzed Suzuki coupling reaction. The inhibition mechanism will be

elucidated using various fluorescence spectrum studies, TLC activity assay, as well as

the molecular docking experiments.

7.3 Results and Discussion

7.3.1 Synthesis of newly Ro48-8071=based-fluoerescent probes.

A series of fluorescent aromatic boronie-acids including naphthalene-1-boronic
acid, naphthalene-2-boronic acid, biphenyl-3-boronic acid, biphenyl-4-boronic acid
were converted into their boronic pinacol ester derivatives via the condensation

reaction with the pinacol diol (Scheme 7. 1).1%

Four boronic pinacol ester compounds,
including naphthalene-1-boronic pinacol ester (NA-1), naphthalene-2-boronic pinacol
ester (NA-2), biphenyl-3-boronic pinacol ester (BP-3), biphenyl-4-boronic pinacol
ester (BP-4) were then used for modification of Ro48-8071 molecule via the Suzuki

. . 193
coupling reaction.

The novel C-C single bond is formed via exchanging the
aromatic group next to boron atom with alkyoxy group from aryl halides. The
proposed mechanism of Suzuki coupling is shown in Scheme 7.2. In addition, one
fluorescent labeling reagent, 4-(4,5-diphenyl-1H-imidazol-2-yl)phenylboronic acid
(DPA) has also been successfully synthesized and coupled with Ro48-8071 by using
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the same Suzuki coupling reaction.'™ The structure and coupling reactions are listed

in Scheme 7.3 and Scheme 7.4.

la-4a + ——» 1b-4b
THF
HO OH

OH

’ 0

B—OH \

B—o
HO OH
(0] (0]
B B
1a 1b 2a 2b
naphthalene-1-boronic acid ~ naphthalene-l-boronic  naphthalene-2-boronic acid ~ naphthalene-2-boronic
pinacol ester (NA-1) pinaco ester (NA-2)
HO OH 0 0
~
i / h B
B B
Ho™ o =
3a 3b 4a 4b
biphenyl-3-boronic acid biphenyl-3-boronic biphenyl-4-boronic acid biphenyl-4-boronic
pinacol ester (BP-3) pinacol ester (BP-4)

Scheme 7.1 Synthesis of the aromatic boronic pinacol ester
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(a)
' @B(OH)Z + Br / \
K L ™
g fr?of‘%/fgé(anI;hﬁct» / \ / \
Solvent, A\ R _ ___ R

(b) Ar'-Ar
// Pdm\/ Arx
Ar-Pd (11 )-Ar' Ar-Pd (11 )-X
B(OH )4 NaOH
Ar-Pd (I1)-OH
, (,)H NaX
Ar'~~p_oH
J | X =Br, I
Ar'B(OH), OH
NaOH

Scheme 7.2 (a) The first published Suzuki coupling reaction.'” (b) Proposed
mechanism of Suzuki coupling reaction, from which the alkali base is sodium
hydride.
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The crude products were extracted and purified on silica gel using the mobile
phase constituted of 0%, 10%, and 20% methanol/CH,Cl, solution. The spectroscopic
data corresponding to the additive modification were identified from the integration
values in the 'H-NMR and from the judgments in the “C-NMR as well as the
DEPT-NMR spectra. The MS signals also provided the evidence of successful
modification for Suzuki coupling reaction. The chemical structures of these newly

Ro048-8071-based fluorescent probes are shown in Scheme 7.4.

g Q
OH
4\/N\/\/\/\O Br ﬁ OH
2 o

Ro048-8071

Pd(PPh3),
Reflux’O/N | K7CO;

Toluene / EtOH

4\/111\/\/\/\0 or le-de
&

Ro4-DPA

Scheme 7.3 Derivation reaction of Ro48-8071 with DPA or other four boronic pinacol
ester compounds. The Ro48-8071 was synthesized according to the previous

. 1
literature.'®
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Ro4-DPA

/\/ll“\/\/\/\o
O

AT T O‘

Ro4-NA1 (1¢)

Ro4-NA2 (2¢)

PPN OO‘

Ro4-BP3 (3¢)

Ro4-BP4 (4¢)

Scheme 7.4 The chemical structure of five newly Ro48-8071-based fluorescent

probes.
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7.3.2 The inhibitory activity of the Ro48-8071-based fluorescent probes

In the present study, the fluorescent modifications were introduced on the
benzophenone group of Ro48-8071. In order to understand the inhibitory effect of
these fluorescent derivatives and compared with the previous Ro48-8071 data, the
inhibition assays were performed by mixing of the substrate, OS, and different
concentrations of the inhibitor derivatives with purified bovine liver OSC. After
incubation for 2 h, the reactions were extracted and spotted on the TLC. The
inhibitory effect was observed and compared to the control experiment that contained
no inhibitor in the reaction. The TLC analysis demonstrated that the Ro4-NAl,
Ro4-NA2, and Ro4-BP4 showed obvious inhibition for the bovine liver OSC at the
concentration of 100 uM, whereas the Ro4-BP3 exhibited less inhibition at the same
concentration. The bulky lophine analogue; . 4-(4,5-diphenyl-1H-imidazol-2-yl)
phenylboronic acid (DPA), dramatically .abolished the inhibitory activity of
Ro48-8071 even at the concentrationimore-than-100 pM (Figure 7.1). Moreover, none
of these newly Ro48-8071-based fluorescent.probes displayed comparable inhibitory
activity with that of parent compound, Ro48-8071. At the concentration of 1 uM,
Ro48-8071 exhibited adequate capability to shade the cyclase activity (Figure 7.1).
Interestingly, from the illustration of human OSC cyclase crystal structure, the aryl
bromide of the Ro48-8071 structure was expected to occupy the substrate entrance

105 From the initial

channel and not to enter deeply into the enzyme -cavity.
consideration, the modification of the aryl bromide should be more reasonable than
that of other portions. However, from our present results, the extreme decrement of
inhibitory activity was observed from all of the derivatives even in the presence of the
less hindrance of naphthalene or biphenyl modification. The flowchart of the

inhibitory activity assay of these newly Ro48-8071-based fluorescent probes is shown

in Table 7.1
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Table 7.1 The inhibitory activity assay of the new Ro048-8071-based fluorescent

probes for bovine liver OSC.

Mixed enzyme and inhibitor at a desired
concentration

-

Incubated about 20 min at 37°C

-

Added substrate, oxidosqualene(excess)

-

Incubated about 2 h at 37°C

"

TLC analysis
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Figure 7.1 (a) TLC analysis of cyclase activity, from which OSC was pre-incubated
with different Ro48-8071-based derivatives at either 10 uM or 100 uM concentration
(Lane 1~12). In addition, Lane O (negative control): activity assay reaction without
cyclase enzyme, Lane C (positive control): activity assay reaction without inhibitor,

Lane L: standard lanosterol position. (b) The inhibition of Ro48-8071 for the bovine
liver OSC.'"
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7.3.3 Spectroscopy of these newly Ro48-8071-based fluorescent probes

The absorption spectra of the newly synthesized Ro48-8071-based fluorescence
compounds were measured on a UV-Vis spectrophometer (DU 7500, Beckman). The
molar absorption coefficient was also examined according to the Beer’s law. From the
UV-Vis spectra, the Ro4-NA1, Ro4-NA2, Ro4-BP3, and Ro4-BP4, respectively
displayed the maximal absorption wavelength at 297 nm, 314 nm, 297 nm, and 304

nm, whereas the Ro4-DPA exhibited the maximal absorption wavelength at 365 nm

(Figure 7.2).
Ro4-NA1 in SmM Kpi / 0.1% TX-100 Amax=297
16 €310=26432
14
o 12 — 201M
g 1
= — 25M
g g-: 35uM
- — 50uM
< 0.4
0.2 |
0
280 330 380 430
wavelengthinm)
Rod-NAZ in 5mM Kpi / 0.1% TX-100 , _3;4
14 £310=24738
1.2
e 1 —20pM
® 03 — 251M
§ 0.6 35uM
2 04 ——50uM
0.2
0
280 330 380 430

wavelength{nm)

165



Ro4-BP3 in 5mM Kpi 0.1% TX-100 A )97
€310=18542

§ e 20 UM
]
b 25uM
2 e 50 M
1 ——100 uM
—
280 330 380 430
wavelength{nm}
Ro4-BP4 in SmM Kpi/ TX-100 A _304
1.2 €110=10311
1 —20 uM
25
g 0.8 - hM
& =50 uM
£ - ——100 M
w | o
a
280 330 lago 430
wavelength{nm}
Ro4-DPA in SmM Kpi /0.1 TX-100 A,,..=365
2 €165=7860
1.8
16 —20uM
g 14 —25uM
€ 1.2
£ 4 50pM
% 0.8 e | OOUM
< 06
0.4
0.2
0
290 340 390 440

wavelenathinm}

Figure 7.2 The wavelength scanning of fluorescent probes in aqueous solution
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According to the UV-Vis spectra of these Ro48-8071-based derivatives, the
maximum absorption wavelength was around 300-315 nm except the lophine
analogue, Ro4-DPA. The larger red shift might be caused by the intra-molecular
conjugated electronic transferring from carbonyl group to the coplanar DPA group.
The m = =* shift instead of the n = n* shift, the absorption of the carbonyl group,
was observed in the UV-Vis spectrum of Ro4-DPA. On the other hand, other
derivatives might form a non-planar structure between naphthalene or biphenyl group
and the benzophenone moiety, thus led to abrogate the electron transfer phenomenon.

Moreover, the fluorescence spectrums of the Ro48-8071 derivatives in different
solution were also taken from 300 nm to 800 nm by using a HitachiF-4500
spectrophotometer. As shown in Figure 7.3, the 25 uM Ro4-DPA showed strong
fluorescence emission in the aqueous or in the DMSO solution, whereas the weakest
emission was observed in the-ethanol solution., Interestingly, without addition of
detergent TX-100 in the aqueous Kpibuffer; the Ro4-DPA fully eliminates the
fluorescence emission. The micellic; structureswould be formed while the non-ionic
detergent TX-100 was solved in the aqueous solution. The hydrophobicity of the inner
environment might facilitate the stacking of the fluorescent probe, and lead to enhance
the fluorescence emission. In addition, the red shift of fluorescence emission observed
in the DMSO solution might also be due to the lower polar property of DMSO.
According to the dramatic fluorescent change in different polar solvent, it seems
reasonable that when Ro48-8071-based derivatives interacted with the inner
hydrophobic OSC active site cavity, the fluorescence intensity change or the maximal
emission wavelength shift might be observed. The fluorescence changes might
provide the method in measuring the interaction between the fluorescent probes and

the OSC protein.

167



Fluorescence emission spectrum of Ro4-DPA
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Figure 7.3 The fluorescence spectra of Ro4-DPA in the aqueous solution, ethanol, and
DMSO, respectively.

Interestingly, none of other Ro48-8071-based fluorescent probes exhibited the
fluorescence characteristic in either aqueous; DMSO solution, or on the TLC plate
(Figure 7.4). The fluorescence quenching caused by the solvent mediator effect or the
ultrafast fluorescent decay might occurred-among these excited Ro48-8071-based
fluorescence probes. Due to the lack "of the fluorescence emission from naphthalene
(Ro4-NA1, or Ro04-NA2) or biphenyl derivatives (Ro4-BP3, or Ro4-BP4),
fluorescence titration experiment was only carried out for the Ro4-DPA probe.
Fluorescence spectrophotometer was employed to monitor the fluorescence change of
Ro4-DPA after adding purified bovine liver OSC to the solution containing Ro4-DPA.
As shown in Figure 7.5, there is no obvious change in the fluorescence emission
intensity between the free Ro4-DPA control and the Ro4-DPA pre-incubated with
OSC samples. The results suggested that the fluorescent moiety of the Ro4-DPA
might not either participate in the interaction with OSC or enter in the deeper
hydrophobic active site cavity. Moreover, according to the TLC analysis, the fully

abrogated inhibitory activity was observed from Ro4-DPA derivatives. The bulky
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fluorescent DPA moiety might dramatically influence the binding as well as inhibitory
ability of the Ro48-8071 for the OSC, thus we could not observe any fluorescence

emission intensity change in the titration studies.
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Figure 7.4 Fluorescence characteristic of the various Ro48-8071-based fluorescent
probes on either (a) TLC plate dr,jn the solution of (b-1) DMSO and (b-2) the aqueous

solution. '/
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Figure 7.5 Fluorescence spectra of Ro4-DPA (2.5-0.5 uM) with/or without addition of
bovine liver OSC.
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7.3.4 Homology modeling and ligand docking studies of newly Ro48-8071-based
fluorescent probes

In order to elucidate the influence of fluorescent modification on the Ro48-8071
inhibitory activity as well as to know the interaction between fluorescent probes and
OSC cyclase, the homology modeling structures coupled with different ligand
docking studies were carried out. The homology models of the bovine liver OSC was
created and the different ligands, the Ro48-8071-based fluorescent probes, were
individually docked into the bovine liver OSC’s modeling structure. The detailed
procedure was previously described or in the experimental sections. For each of the
Ro48-8071-based fluorescent probes, fifty genetic algorithm runs with standard
default parameter settings were performed without any early termination, after which
10 best solutions were chosen for.gach ligand. Moreover, the scoring functions based
on the genetic docking algorithm. . GOLD 3.0 were used to predict the biological
interaction of the ligand. The GOLD 3.0 fitness function consisted of four
components: (a) protein—ligand ‘hydrogen.bond energy (external H-bond); (b)
protein—ligand van der Waals (vdw) energy (external vdw); (c) ligand internal van der
Waals energy (internal vdw); and (d) ligand torsional strain energy (internal

194
torsion).

The top scoring solution of each probe, predicted by GOLD program, was
further used to construct its binding model and the orientation within the enzyme
active site cavity. The GOLD fitness values for the Ro4-NA1, Ro4-NA2, Ro4-BP3,
and Ro4-BP4 were 43.4767, 70.2055, 63.3292, and 46.6721, individually, whereas all
of fifty docking solutions for the Ro4-DPA were negative with averaged fitness
values -89.34. This negative fitness represented the loss of binding ability of
Ro4-DPA for the OSC enzyme.

The detailed examination of the binding modes and the orientations of these

ligand molecules confirmed the predicted GOLD fitness values. According to the
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human OSC/Ro048-8071 co-crystallized structure, the quaternary amino group of
Ro48-8071 formed the hydrogen-bonding with the putative general acid residue,
Asp-455 residue, and subsequently inactivated the cyclase enzyme function. In
addition, the benzophenone group of Ro48-8071 stacked with His-232 and Phe-696
also blocked the substrate binding in the enzyme hydrophobic cavity. Among the
present docking results, the nitrogen atoms from Ro4-NA1 and Ro4-BP4 exhibited
similar distance for the Asp-455 residue (3.9 A and 4.7 A relative to 3.1 A of the
Ro48-8071). However, the substituted naphthalene or biphenyl groups of Ro4-NA1 or
Ro4-BP4 dramatically twisted the orientation of derivatives and drove the
benzophenone group far away from the original position of Ro48-8071 in the enzyme
active site channel. This altered binding mode might contribute to the loss of
inhibitory activity in the Ro4-NAJ or Ro4-BP4./In contrast, the high GOLD fitness
value for the Ro4-NA2 and Ro4-BP3 might be caused by the different orientation of
the substituted group in the« benzophenone, structure. The entire structure of
derivatives remained in the original‘binding channel was observed from the homology
modeling structure. However, the distances from nitrogen atom to the aspartic acid are
larger than their relative structural isomers (5.0 A or 5.3 A relative to the 3.9 A or 4.7
A). The loss of hydrogen-bonding might lower the inhibitory activity for these two
Ro48-8071 derivatives. Interestingly, all of the docked Ro4-DPA molecules exhibited
the reverse orientation compared with that of original Ro48-8071 within the enzyme
active site. The negative fitness value and the incorrect binding orientation of the
Ro4-DPA might be due to the bulky DPA group or the steric hindrance repulsion.
Hence, the loss of binding ability of Ro4-DPA for the cyclase enzyme, based on
theoretical homology calculation, provides hits to suggest the abrogated inhibitory
activity observed from the experimental TLC activity assay. The binding structures of

these Ro48-8071-based fluorescent probes in the bovine liver OSC active site are
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shown in Figure 7.6 and Figure 7.7.
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Figure 7.6 The molecular ligand docking results of the (a) Ro4-NA1, (b) Ro4-NA2, (c)
Ro4-BP3, and (d) Ro4-BP4 for the bovine liver OSC. The gray molecule represents
the original Ro48-8071 molecule, whereas the light blue one shows the corresponding
docked Ro48-8071 derivatives. The distances from the nitrogen atom to the aspartic
acid residue are also included.
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Figure 7.7 (a) The molecular ligand docking results of the Ro4-DPA for the bovine
liver OSC. The orientation of Ro4-DPA exhibited the reverse direction, relative to the
original position of Ro48-8071. (b):The total ﬁ'fty docking solutions of the Ro4-DPA.

7.3.5 Time-resolved ﬂuorescefgce stuﬂieé of R048-8671-based fluorescent probes

The laser induced ﬂuore;crel}'c_'é,ﬁclec'é;-rqr_ ."the anisotropic analysis of these
Ro48-8071 based fluorescent probes ”were “srubsequently carried out. Results from
these picosecond-scale spectrographic studies might provide some useful clues to
understand the fluorescent characteristics or the interaction behaviors of these
fluorescent probes. One of the Ro48-8071 based fluorescent probes, Ro4-NA1, was
pre-incubated with the purified bovine liver OSC at 37°C for 2 h, and subsequently
applied for a PD-10 desalting columns to remove the free probes. The fluorescent
lifetimes detection or the anisotropy analysis were performed by using a
time-correlated single-photon counting spectrometer (TCSPC, Fluo-Time 200,
PicoQuant) coupled with a excitation system from a picosecond laser system
(LDH-P-C-440 and PDL-800B, PicoQuant) at 375 nm. The detailed experiment to

measure the fluorescent lifetime or the anisotropic change were described and
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executed elsewhere.'” From the results of florescence decay of the sole Ro4-NA1 in
HB buffer, the major component of decay rates was 0.4 ns (76%) whereas others two
were 1.4 ns and 2.9 ns (Figure 7.8). Moreover, for the Ro4-NA1/OSC mixture, the
florescence decays are 0.1 ns (80%), 1.2 ns (15%), and 3.3 ns (5%), respectively.
Accordingly, the major difference between the Ro4-NA1/OSC and free Ro4-NA1
molecule is the first lifetime (t;) whereas the second and third lifetimes are similar.
Without the theoretical longer lifetime appearing in the experiment of Ro4-NA1/OSC
indicated that the fluorescent probe might not be tightly trapped by cyclase. However,
results from the difference of first decay rate implied that some energy transfer or
other non-radioactive process between ligand and protein might occur and thus further
influence the cyclase activity.

Moreover, from the results of:anisotropy analysis, the time-resolved fluorescence
anisotropic change of two conditions (Ro4-NA1/OS€ mixture and the free Ro4-NA1
molecule) was almost the same-andalse-fitted for/the double exponential decay. As
shown in Figure 7.8, the first depolarized lifetime was pulse limited and another was
~9.3 ns. This result suggested that Ro4-NA1 dye molecule might not bind tightly in
the OSC’s cavity or Ro4-NA1 dye molecule might leave away from the cyclase
rapidly. Moreover, the longer linker design of these Ro48-8071-based fluorescent
probes might also cause the facile rotation of phenyl rings in the enzyme active site

and lead to the loss of fluorescent change in the anisotropic analysis.
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Figure 7.10 (a) The laser induced fluorescence decay, or (b) the anisotropy analysis of
the Ro4-NAlfluorescent probes. The transient fluorescence intensity decay from
either sole Ro4-NAT1 in HB buffer (red line) or the Ro4-NA1 pre-incubated with OSC

(blue one) are measured and compared, respectively.
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Chapter 8
Identification of DNA Aptamers for Bovine Liver
Oxidosqualene-Lanosterol Cyclase via Systematic Evolution of

Ligands by Exponential Enrichment

8.1 Introduction

The functional nucleic acids that specifically bind and regulate the cellular
protein were first discovered in 1989."° Interestingly, Turek and Gold then
established a standard generation procedure for identification of RNA ligand with
high affinity for T4 DNA polymeraserasiwell as various organic dyes.'”’ Such
functional nucleic acid molecules were termed as ‘“aptamer” by Ellington and
Szostak.'” Aptamer molecules were derived-from: an in vitro SELEX (Systematic
Evolution of Ligands by EXponential enrichment) selection.”””'*® In general, SELEX
consists of several iterative steps. The first step of SELEX process is to construct a
single-stranded nucleic acid library. The chemically synthesized oligonucleotide
containing a centralized random sequence segment (typical about 30 ~ 40 nucleotides)
flanked with two fixed terminal sequences was directly used as the starting material
library for the first round of DNA-SELEX or subjected for the reverse transcription to
generate the material for the first round of RNA-SELEX. Due to the restricted
chemical synthesis scale, the diversity of random library was commonly limited to
10" distinct molecules even though the theoretical value could be composed of 10%*
molecules (4*° = 1.2 x 10**). However, this kind of initial library was big enough to

generate a high probability for obtaining a desired aptamer. Second, this random
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sequence library was incubated with the target molecule and the different washing
strategies were subsequently chosen for separating the unbound oligonucleotides from
the target/oligonucleotide complex. For example, for the small organic molecules
which were pre-immobilized on the solid supporting matrix, the buffer solution was
enough to remove the unbound oligonucletides. For the protein targets, the fitter
binding assay with nitrocellulose membrane or the gel mobility shift assay were
usually selected to analyze the binding behavior between oligonucleotides and
proteins. In addition, the affinity chromatographic column or the ELISA microtiter
plates were also been utilized for the protein immobilization during the SELEX
process. Subsequently, after dissociating the bound oligonucleotides from the target
molecules via harsh or denaturing extraction, the standard ethanol precipitation was
carried out to concentrate and purify the residual oligonucleotides. The next step is to
amplify the resultant nucleic acids pool via the PCR—based reaction. Alternatively, the
single-stranded DNA separation or the reéverse transeription was performed to obtain
the starting materials for the next round of SELEX selection. Theoretically, the next
SELEX cycle utilized the newly generated nucleic acids library will enrich those
oligonucleotides which have higher affinity for the same target molecule than that of
previous SELEX round. The affinity of bound oligonucleotides exponentially
increases for each round of SELEX cycles. After several repeating rounds of these
stages, the nucleic acids with high affinity for the target molecules were isolated via
general molecular cloning technology and followed with DNA sequencing analysis.
Interestingly, a derivative of SELEX technology, photo-SELEX, from which the
substrate of either DNA polymerase or RNA polymerase was exchanged for the
5’-iodo or 5’-bromo dUTP or UTP in the PCR reaction has been included in the

199201 These evolved aptamer molecules allow the

normal SELEX procedure.
photo-crosslinking reaction occurred between target protein and the photo-aptamer
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molecules after exposing them under long wavelength UV light. This kind of laser
induced photo-crosslinking process has been mentioned recently to further facilitate

201, 202

the design of aptamer-assisting diagnostic array system. In parallel, the random

double-stranded DNA library has also been used in the SELEX procedure to identify

203, 204 . .
03. 204 Noreover, in order to isolate

the dsDNA consensus for the interest protein.
nucleic acid aptamers with the extremely high specificity, the counter selection
strategies or the negative selection strategies were broadly carried out during the
SELEX procedure.*”® On the other hand, the stringent selection conditions might also
be applied to adjust the binding characteristic of the resultant nucleic acids.
Theoretically, the nucleic acid molecule with highest specificity and the highest
affinity for the target molecule could be isolated and confirmed for its binding
property via different biophysical studies. The “winner” of nucleic acid isolated from
the in vitro section was named-"“aptamer”, which. was originally derived from Latin
word “aptus”, meaning “to fit?. Moteover—after: completely sequencing of the
full-length of aptamer, the essential region for the binding could be determined via
design of the different truncate forms of aptamer. Usually, the nucleotide sequences
that are not important for direct binding with target or for facilitating the correct
structure folding should be eliminated from the full-length. The scheme for the
selection of DNA aptamer to the specific target molecule is shown in Figure 8.1.
Interestingly, the specificity of existing aptamer could also be further changed for
another target molecule via the second selection of SELEX for the cognate targets by
using a biased library which was produced from the existing aptamer.”® For example,
the specificity change from L-arginine to L-citrulline of definite L-arginine-aptamer
molecule could be used to demonstrate the power of the in vitro selection for

optimizing or modifying the specific aptamer on demand.?*>"’
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Figure 8.1 The schematic diagram of.the-scelection of DNA aptamer to target

molecule, i.e. the general SELEX procedure.

As we know, for a given target molecule, both antibody and aptamer exhibiting
comparable binding affinity as well as high specificity could be theoretically isolated.
However, the production of antibody was derived from the in vivo immunoreactions,
whereas the aptamer was derived from the in vitro SELEX procedures. Moreover,
aptamers could also be obtained via chemical synthesis. Thus, different reporter
molecules such as biotin, radioisotope, fluorophores, could be easily modified on the
skeleton of aptamer molecules. Aptamer molecules could also specifically targeted at
the non-immunogenic toxic molecules and be applied for the non-physiological

selection condition. Hence, the target range of antibody was narrower than that of the
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aptamer molecule. Moreover, the batch to batch variation of definite antibody caused
by the in vivo immunoreactions process was significantly bigger than that of relative
distinct production of aptamer. Further, the thermal denaturation was also reversible
for an aptamer molecule. Importantly, the specificity and discrimination for an
aptamer could further be regulated easily during the aptamer screening procedure.
Thus, the application and stability of aptamer is broader than that of antibody
molecules. The advantages of aptamer over antibody and other unique characteristics

of both molecules are listed in Table 8.1.

Table 8.1 The Comparison of functional characteristics between aptamers and
antibodies.”

Aptamers Antibodies
Affinity Low nM - pM Low nM - pM
Specificity High High
Production In vitro process In vivo process

Target range

Wide: ions, small-organic molecules,

Narrow: only immunogenic

protein, whole cells, toxic-molecules, etc (compounds
Batch to batch variation  |Little Significant
Chemical modification Easy and straightforward Limited
Thermal denaturation Reversible Irreversible
Shelf-life Unlimited Limited

Up to date, various targets including organic dye?”, amino acids®'’, biological

211 g 212 L 213 . 214 -
cofactors™ ', antibiotics™ °, peptides™ °, proteins™ ', even complex mixtures such as

215, 216

whole virus particle , cell membrane®’, live trypanosomes®'®, and whole

1" have been selected to isolate their own aptamers from

mammalian endothelial cel
diverse library, further indicating that the aptamer molecules have the property of
broad target range. The online aptamer database listing all of the selected aptamers

was publicly available on the internet (http://aptamer.icmb.utexas.edu/). The high

target affinity and high discrimination specificity of aptamer molecules allowed them
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to be used as the recognition elements in the diagnostic application. The first
fluorescent-tag modified aptamer was utilized in the flow cytometry system in
1996.7*° After then, different recognition elements involving the functional aptamer
molecules were dramatically developed. These engineered aptamer molecules have
been employed in the diverse array of diagnostic systems containing the quartz crystal

- 221 SN.) -
microbalance™’, surface plasmon resonance technique™”, electrochemical

sensor’>>* and different FETs fabricated with single-walled carbon nanotubes
(SWNTs)** #°. Among these, the electrochemical sensors coupled with functional
aptamers, compared to that of antibody-form biosensors, have another obvious
advantage during the regeneration process. The bound protein could be easily
removed from the electrode surface without damaging the sensing aptamer molecule
itself, whereas the harsh washing step would denature the bound antigen as well as the
antibody in the antibody-form biosensors. -Hence; the repeatable utilization and
reversible stability of aptamer molec¢ules-provide the superiority over the diagnostic
systems based on the antibody.

Conversely, many aptamer molecules not only display high specificity and high
affinity for the particular target but also disrupt the respective biological activity of
this target. Thus, the aptamer molecules are also been referred as one of the prime
potential drug candidates. For the purpose of application of aptamers in
pharmaceutical medicine, the stability of nucleic acids is the critical issue for prior
consideration. The endonuclease-resistant aptamer was developed after changing the
2’-OH group of ribose to 2°-NH, or 2°-F modifying sugars on the pyrimidines moiety.
This kind of chemical modification provided not only the stability of aptamer but also
the compatibility for enzymatic reaction in the SELEX protocol.”®' Moreover, the
phosphorothiolate linkage modification® or the chemically synthesized enantiomer

aptamer based on the parent-SELEX against the enantiomer of target provided
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additional clues to produce the nuclease-insensitive ligand.>* On the other hand, the

235
have

PEG conjugation®” or the attachment of aptamers on the surface of liposome
also been illustrated to enhance the circulation time, to avoid the renal excretion, as
well as to increase the efficacy of aptamers in body fluid. The “lead optimization
strategy” which was broadly used in the medical chemistry field, to modify the “lead
compounds” for obtaining a more effective drug could also be utilized in the aptamer
procedures. Conspicuously, after a decade of preclinical development for optimizing
its biological effects, the Pegaptanib, an anti-VEGF aptamer for ocular vascular
disease, was notably shown in the clinical trials for being the potential first aptamer
therapeutic agent for use in humans.**®

After the determination of sequence, the structures of aptamer-ligands complex
could further be solved by using different methods.of NMR spectroscopy. Thus, these
structures could be utilized to elucidate clearer insights about the crucial interaction
involved in the binding between the.definite aptamer and its ligand molecule.
Compared with the antisense nucleic. acids, “aptamer molecules can form the
characteristic three-dimensional structure via their intrinsic intramolecular interaction

or the intermolecular interaction with the target molecules.”*

Usually, the continued
mismatch of nucleotide sequences often contributed the characteristic binding pocket
for small ligand molecules. Notably, these flexible and unstructured regions of
aptamer will become the well-organized structure when aptamer molecule interacted
with its respective ligands.”>” Moreover, the base-base stacking, base-triples formation,
hydrophobic interactions, hydrogen-bonds interactions, electrostatic interactions, and
different sets of edgewise interactions from the base of nucleotides represented the
combination of different stabilizing forces within the aptamer-ligand complex and

also contributed the discrimination among the relative ligand analogs.”****" In parallel,

the complexed structures between aptamers and relatively large protein have also been
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resolved via the X-ray crystallography.”*'-*** Compared with the previously illustrated
aptamer-small molecule interactions via the formation of specific binding pocket to
incorporate its respective ligands, the protein-bound aptamers always formed unique
folds for integrating into the structure of larger protein.”* Interestingly, from the
results of the well-resolved aptamer-ligand complex, the solved structures derived
from the in vitro SELEX selection were highly similar to the binding structures found
in nature.”” 2**?* Hence, these in vitro selected aptamers not only could provide the
high affinity and specificity for the diagnostic or therapeutics application but also
facilitate the understanding about structural characterization in natural occurring
systems. The building architecture, interaction patterns, or regulation principle
involved in either protein-nucleic acid interactions or small molecule-nucleic acids
interaction could thus be revealed particularly.

As previous chapters described, the great biological and medicinal significance
of oxidosqualene cyclase fulfills ta~uniquerole” in designing new antifungal,
hypocholesteremic, and phytotoxic drugs. ~The preliminary information obtained
from sequence comparisons, site-directed/saturated mutagenesis, and mechanistic
inhibition studies have provided a basis for rational designing of drugs for therapeutic
purpose. On the other hand, the utilization of random selection approaches to gain the
novel type of inhibitors was rarely applied to the oxidosqualene cyclase. The
combinatorial chemistry methodology, a technique for screening very large
combinatorial libraries of biopolymers against a specific target via an iterative in vitro
selection process, offers the convenience of repeatable amplification of their members
and also makes the screening process rate faster and easier. These combinatorial
libraries either based on replicable nucleic acids or polypeptides have been utilized for
screening the definite protein binder to act as their inhibitors. The combinatorial

polypeptide-based phage display technology has also been used to find the
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OSC-binding peptide in our laboratory.”*® In order to extend the research field of
oxidosqualene cyclase, we try to utilize another in vitro random selection
methodology, SELEX, to isolate the high-affinity binding ligands for oxidosqualene
cyclase. As previously, SELEX begins with a large population of single-stranded
nucleic acid molecules and usually challenges with the specific task. The task herein
is to find the aptamer molecule specifically bind to the purified bovine liver OSC
protein. Theoretically, single-stranded oligonucleotides with the high affinity for the
bovine liver OSC could be isolated from the random sequence library. Especially, if
the binding domain of this high-affinity aptamer located at or near the active site of
the OSC protein, it might be regarded as a potential drug-candidate to inhibit the OSC
activity. After the iterative SELEX selection, the nucleotide sequence of the
corresponding aptamer molecule® is determined by using the automatic DNA
sequencing. Subsequently, the radioisotope-labeled ssDNA from the individual clones
are used to confirm the binding-behavior-between the aptamers and OSC via the gel
mobility shift assay. The dissociation. constant of individual aptamer are also
determined using the surface plasmon resonance (SPR) in a BIACORE instrument.
Finally, the sequence analysis and the secondary structure predication of individual
aptamer molecules are determined by the ClustalW and the mfold program,

respectively.

8.2 Results and Discussion

8.2.1 In vitro selection of DNA aptamer for bovine liver OSC
The synthetic single-stranded DNA library was first subjected to the PCR
amplification with two defined primers, from which one of terminal primers was

pre-modified with biotin molecule. This PCR amplicon was subsquently applied to

184



the Avidin-agarose bead for immobilizing the biotinylated double-stranded DNA.
After washing with binding buffer, the single-stranded DNA library was generated
and collected via an elution of 0.2 N NaOH solutions, and then purified by using the
ethanol precipitation. The polystyrene microtiter plates which possess the
hydrophobic surface for immobilization of various macromolecules were chosen for
the first six rounds of SELEX selections.”*”*** Accordingly, the DNA concentration
used in every round was kept constant at 50 pmol/well, whereas the amount of coated
bovine liver OSC was decreased in the last two rounds of SELEX selection in order to
enhance the stringency of the selection. The total amount of DNA and bovine liver
OSC utilized in the SELEX experiment are described in Table 8.2. In order to
eliminate the non-specific DNA binder for the polystyrene as well as the blocking
solution, the pre-selection of DNA“library for the'microtiter plates solely coated with
blocking solution was first carried,out. This “panned” polynucleotide library was then
loaded into the protein-coated wells for'the-SELEX selection. After adequate washing
with binding buffer, the guanidine thiocyanate solution was then used to disrupt the
absorption of protein on the surface of microtiter plates as well as the DNA molecules
which interacted with the coated protein. The residual DNA molecules via guanidine
thiocyanate elution from the surface of the microtiter plate were collected,
precipitated, and amplified with the conserved primers. The recovery of DNA
amplicon was analyzed on the agarose gel with SYBR green I staining. The reactions
without immobilizing OSC protein were used as background control in all rounds of
SELEX selection. The PCR amplicon recovered from these “negative wells” were
also compared with the PCR products obtained from the wells coating with the target
protein. The staining gel from SELEX-3"-Cycle selection exhibited a clearer DNA
band which corresponds to the correct PCR amplicon, indicating that the

negative-selection was successful to remove the non-specific DNA binder of the
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supporting matrix. After the sixth round of SELEX cycles, the binding ability of
resultant DNA to the OSC protein was further determined by gel mobility shift assay.
The representative patterns of DNA recovery from the OSC-immobilizing wells are

shown in Figure 8.2.

Table 8.2 The concentration of OSC or DNA library load into each SELEX round.
The total volume of either protein or DNA is fixed at 200 ul. These values just donate
the amount loaded into each wells. It does not represent the amount of absorbed

macromolecules.
Round OSC / ug per well DNA/ pmol per well
1 30 50
2 30 50
3 30 50
4 30 50
5 15 50
6 3 50

—
[\®)
(U5
B
]
[@2
J

3.0kb

1.5kb
1.0kb

0.5kb

I" BRI

Figure 8.2 PCR amplicon of the resultant DNA, which was eluted from the surface of
the microtiter plates, during SELEX-3"-cycle. Lane-M is the commercial 3.0 kb
marker consists of 100 bp to 3,000 bp DNA fragment mixtures. Lane-1 to Lane-5
represent the PCR products of eluted DNA from the linear diluted OSC (from 30 pg
to 3 ng) coating wells. Lane-6 is the PCR product of original single-stranded DNA
library. Lane-7 represents the PCR product of eluted DNA from the BSA-coated well,
indicating that the SELEX experiment with “pre-panning procedure” effectively

removed the DNA binder for other than cyclase protein.
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8.2.2 Gel mobility shift assay of the binding between DNA aptamer and OSC
After finishing six rounds of SELEX selection on microtiter plates, the guanidine
thiocyanate eluted DNA was amplified and purified according to the method
described above. In order to examine the binding ability of these DNA and bovine
liver OSC, the gel mobility shift assay was carried out. The single-stranded DNA
library was obtained and labeled with the adenosine 5°-[y-**P] triphosphate. Different
concentrations of DNA probes were incubated with constant concentration of OSC in
the total volume of 40 ul at 37°C for 30 min. These reaction mixtures were then
fractioned on the non-denatured polyacrylamide gel to analyze their binding ability
for the bovine liver OSC. The salmon sperm DNA and the BSA protein were used as
non-competitive controls, respectively. According to the result of autoradiography
obtained from the Image Scannet, the retardant radioisotope bands were clearly
observed in the reaction mixture,containing:the, OSC protein. On the other hand,
non-binding pattern appeared on the detected.gel in the reaction with sole labeled
DNA (Lane-2 and Lane-4, Figure'8.3). Moreover, under the fixed concentration of
cyclase protein, the clearer retardant radioisotope band was observed in the reactions
with the larger amount of DNA probe (Lane-2 and Lane-3, Figure 8.3).  In addition,
various concentrations of OSC were reacted with the fixed amount of [y->*P] labeled
DNA. As shown in Figure 8.4, the retardant radioisotope bands become darker and
correlated with the increasing concentrations of OSC. It suggests that the interaction

between aptamer and OSC is dose-dependent.
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p DNA-OSC complex

" Free DNA probe

Figure 8.3 Gel mobility shift assay of different amounts of DNA probe interacted with
the fixed bovine liver OSC. Lane-1: 2.25 ng DNA probe incubated with OSC. Lane-2:

11.25 ng probe incubated with OSC.} -3: 22.5 ng probe incubated with OSC.
Lane-4: sole 11.25 ng DNA probe: The reta

in the binding reaction with cyc%ﬁg _%ﬁ%

| BT

Figure 8.4 Gel mobility shift assay of fixed amount of DNA probe (11.25 ng)
interacted with the various amounts of bovine liver OSC. Lane 1-2: Binding reaction
without cyclase. From Lane 3-10: The binding reactions were added with increasing

amount of the cyclase (from 0.1 ng to 10 pg).
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In order to confirm the specificity of interaction between bovine liver OSC and
the DNA probes, the competition experiment with the unlabeled probe was also
carried out. As shown in Figure 8.5, the addition of excessive amount of unlabeled
DNA will interfere the binding between [y->>P] labeled DNA probes and the bovine
liver OSC. Hence, the decrement of intensity of the retardant radioisotope bands
correlated with the addition of unlabeled DNA (From the radioisotope bands of Lane
-3 to Lane-10 in Figure 8.5.). Without addition of bovine liver OSC, the excess
unlabeled DNA could not produce any retardant radioisotope bands, indicating the

binding specificity between DNA probe and the cyclase protein (Comparison of

radioisotope bands in Lane-1 and Lane-2 in Figure 8.5).

[unlabeled DNA]

DNA-OSC complex

‘ Free DNA probe

Figure 8.5 Gel mobility shift assay of competition experiment by using the unlabeled
DNA probe. The excess unlabeled competitive probes were added into the reaction
mixture. The amounts of the unlabeled competitive probes in Lane-3 to Lane 8 are
more concentrated than that of [y->*P] labeled DNA probes (from 40-fold to 1-fold),
respectively. Lane-9 and Lane-10 is the positive control without addition of any
unlabeled competitive probes. On the other hand, no OSC was added in the Lane-1
and Lane-2 well, except 20-fold concentration of unlabeled competitive probes was
exclusively added in the reaction of Lane-2, which was used to indicate the binding

specificity between cyclase and DNA probe.
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8.2.3 Gel mobility shift assay provide alternative selection strategy for SELEX
Subsequently, the observed retardant radioisotope bands from the gel mobility
shift assay were excised and purified.** The obtained PCR amplicon exhibited similar
size to that of primary single-stranded DNA library, indicating that the retardant
radioisotope bands were the reliable complex of cyclase and the enriched DNA library
(Figure 8.6). The electrophoretic gel mobility shift assay (EMSA) could provide
another selection strategy to screen the aptamer molecules. Thus, the PCR amplicon
from the retardant radioisotope bands was subjected to produce the novel
single-stranded library for next round of SELEX cycles. Another three rounds of
SELEX (SELEX-7"-cycle to SELEX-9"-cycle) were carried out through the EMSA
strategy. The retardant radioisotope bands were observed among the each round of

SELEX and provided the new mqufﬁﬁé f_ogthenex-r SELEX round.

k] 1, S
! s i1
7, A

(a) g J(b) e g o o ()

Figure 8.6. Gel mobility shift assay of isolated DNA molecules for the bovine liver
OSC. The symbol ” =< > on the (a) and (b) represent the region of retardant
radioisotope bands for excision and purification. (¢) The PCR amplicon of recovered
DNA fragment from the excised region, indicating the reliability of EMSA. Lane-1 is
the PCR product of primary single-stranded DNA library. Lane-2 is the negative
control without addition of templates. Lane-3 and Lane-4 are the PCR products of

excised fragment of retardant radioisotope bands.
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8.2.4 Molecular cloning and DNA sequencing analysis of individual aptamer
After completing the ninth round of SELEX selection, the autoradiography band
of DNA retardation was isolated and cloned into the pCR2.1-TOPO vector. The full
lengths of sequence in the respective colonies were subsequently determined. We
sequenced twenty-six colonies isolated from the retardant radioisotope bands of the
SELEX-9"-cycle, and another fifteen colonies isolated from the SELEX-6"-cycle. No
consensus sequence was detected from the sequenced clones. Theoretically, the
distribution of nucleotide diversity should be narrow down via iterative screening of
DNA library population against the same target molecule. The conserved motif, which
is involved in the binding between target and DNA nucleotide, should be “panned”
from the vast ocean-like single-stranded DNA library. However, the non-conserved
sequences among the entire population of the selected aptamer clones have previously

20252 gmolke, ef al. isolated

been discovered from other independent investigations.
approximately 60 kinds of aptamer isequences-for an unique small molecule target,
codeine, and none of the selected clones-exhibited the predominant predicted
structure.”® Similarly, Ikebukuro’s group also founded a diverse array of DNA
sequences targeting at two kinds of proteins, Vascular endothelial growth factor
(VEGF) and quinoprotein glucose dehydrogenase (PQQGDH).*" *** The sequences
of aptamer clones from our SELEX-6"-cycle and SELEX-9"-cycle experiments
respectively, are listed in Figure 8.7 and some representative secondary structure
predicted from mfold server are also included in Figure 8.8.*° According to the
results of secondary structure prediction, almost all of the selected aptamer molecules
adopt a unique folding structure. However, the secondary structure could not
completely reveal the binding characteristics between target protein and the respective

nucleic acids. The fairly critical motifs for protein binding should further be

determined via other structure-based analyses or experiments with truncated mutation
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construction.

(a) 5’-GGATCCGAGCTCCACGTG=36N-GCTAGCGTCGACCGTACG-3’

(b)

125-6-14
126-6-10
125-6-08
126-6-12
126-6-03
126-6-07
125-6-04
126-6-05
125-6-10
125-6-06
126-6-06
125-6-09
126-6-04
126-6-09
121-6-01
(c)

121-9-01
125-9-13
125-9-11
125-9-12
125-9-04
126-9-10
125-9-06
125-9-15
126-9-01
126-9-05
126-9-09
125-9-02
125-9-03
126-9-07
125-9-07
125-9-10
125-9-09

variation regions

—-——-CCGCACACGACCAATGCA--CGTACGCACACTATCGCCC——--

—-—-—-—-CCCACAAACCCCAAGCA--CTAATGCCTCCTCCCGCCC———

192

36
36
36
36
31
36
36
35
36
36
37
36
36
31
37

35
34
37
36
36
36
37
36
31
36
36
36
36
36
35
37
36



126-9-04  -—-—-—- CCACAAACCCGTTTCCTCCTTATGCCTTCTCACTGCC-=-= 37

125-9-01 -—————- TACAGAC-CAAGGAGTTACAGGC-CCACCCCTGCCCTCG 37
125-9-08  —--—-- CCAAAAACACTAACAGCCACATACGTTACCGCCGCC---- 36
126-9-11 --—-GGCACAATC---AACAGATAAAGAC-TCTCCCATGCTGCC- 36
126-9-12 -—-GGGTCCAA-ATCACAGCACAGCTT--AACGACAGACTCC---- 36
126-9-02  —-———- CCCGGCACAGCATCACC-CGAGAAACCACAGGCCCCC-=-- 36
126-9-06 —-———- CCCA--ACATCATCACCGCATGAAACCGCCTAATGCC--- 35
125-9-05  -—=————- CCACCGTGATGATAGCGTCGGGGACGCTGTCCGGLCC—--- 36
126-9-08  —-—=————- CGCAGCCATCATCATTGAGCATAATCCCAACCAGCC--- 36

Figure 8.7 Sequence alignment of the respective aptamer clones. (a) single-stranded
DNA template for generating primary DNA pool, from which the variation regions
were chosen for the following sequence alignment; (b) 15 sequences of the aptamer
clones from the SELEX-6th-cycle; (c) 26 sequences of the aptamer clones from
SELEX-9"-cycle
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Figure 8.8 The representative predicted secondary structures of aptamers from the
SELEX-9th-cycle, via the mfold sever prediction.*>
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8.2.5 The binding characterization of the individual aptamer molecules

After successfully cloning the respective aptamers from the enriched library, the
individual single-stranded DNA aptamer with the uniquely characterized sequence
was utilized to illustrate their binding property for bovine liver OSC. As shown in
Figure 8.9, the individual aptamers still interacted with the purified OSC and resulted
in the obvious retardant radioisotope band on the EMSA gel. Compared with the
previous parent SELEX library, the retardant band was clearer among these unique
aptamer molecules. The composition of unique-sequence DNA molecules might
eliminate the contamination of other weak-binding DNA molecules from the
distribution of the previously enriched parent SELEX library. The representative
EMSA gel is shown in Figure 8.9. On the other hands, the divergent retardant pattern
produced from some individual aptamers revealed the different binding characteristics
of aptamers for the bovine liver OSC protein. Further investigation should be carried

out for better understanding about the¢ interaction between individual aptamers and the

cyclase protein. 1 2 3:45.6°7 8 910
- “
. "
¥

Figure 8.9 Gel mobility shift assay of individual DNA aptamers for the bovine liver
OSC. Among these reactions, Lane-1/Lane-2, Lane-3/Lane-4, Lane-5/Lane-6,
Lane-7/Lane-8, and Lane-9/Lane-10 represent the different sets of EMSA experiment,
from which the purified OSC protein was only included in the odd numbers of
binding reaction, respectively. Accordingly, the clear retardant band is only observed

in the reaction containing cyclase protein.
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Among these single-stranded aptamer molecules, apatmer-125-9-13 exhibited the
apparent interaction with bovine liver OSC from the result of gel mobility shift assay.
Next, in order to quantify the equilibrium dissociation constant of the interaction
between bovine liver OSC and this aptamer molecule (apatmer-125-9-13), the surface
plasmon resonance assay (SPR) was carried out. Notably, the biotinylated position of
the primer pair described herein is distinct from the primer pairs used in the screening
procedure. The end of original biotinylated primer used in the selection is changed to
the native “hydroxyl group”, whereas the end of another primer is exchanged from the
native “hydroxyl group” for the “biotin group”. This reversed biotin modification is
used for immobilizing the sense-stranded of aptamer on the surface of flow cell.
Following the immobilization of denatured biotin-labeled aptamer molecules on the
surface of the flow cell of the semsor chip, serial.dilution of cyclase protein sample
were injected into these flow cells..The free biotin molecules were also immobilized
on the surface of the other flow. .cell The  detected response from the
biotin-immobilized flow cell was used as.the blank subtraction for evaluating the
binding constant. The corresponding K; value was thus generated from the
observation of the concentration-dependent binding response data. Consistently, this
aptamer (125-9-13) also displayed the obvious binding behaviors with cyclase protein
and has the dissociation constant of approximately 2 nM, from the measurement of
surface plasmon resonance (SPR) in a BIACORE instrument. The sensorgram profile
of aptamer-125-9-13 for different concentrations of bovine liver OSC was shown in

Figure 8.10. The measured binding kinetic of this aptamer was also included.
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Figure 8.10 The concentration-dependent OSC-binding response was revealed on the
SPR analysis of aptamer-125-9-13: The measured Kinetic data of this aptamer was

also included in the inset.
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8.3 Conclusion

In this section of thesis, we have used an in vitro selection methodology, SELEX,
to find the single-stranded DNA binder for the bovine liver OSC. The microtiter plates
and EMSA assay were alternatively utilized in our SELEX experiments. After nine
rounds of SELEX cycles, a diverse array of aptamer molecules was respectively
isolated from the original single-stranded library. However, this kind of sequence
divergence has also been observed in other reported research. From the results of gel
mobility shift assay, most of the selected aptamers exhibited the expected interaction
with the target protein. The non-labeled competitive probe was also used to illustrate
the specific binding between target and DNA molecule. One of the aptamer molecules
was further used to characterize it§ binding properties by using the SPR instrument,
and its kinetic values for bowine'liver OSC was also obtained. In the future,
structure-based investigations, mcluding-the-mutagenesis studies or the construction
of the truncated form aptamers will‘be carried 0ut to examine the interaction between
individual aptamers and the bovine liver OSC. These aptamer molecules might
provide clues for developing different applications for oxidosqualene-lanosterol

cyclase in either diagnostics or the pharmaceutical fields in the future.
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Chapter 9

Experimental Section

9.1 Materials

9.1.1 Bacterial strains and molecular cloning/expression vectors

Except stated elsewhere, bacterial growth condition, agar plate preparation,
recombinant DNA purification, DNA sequence determination, and agarose gel
electrophoresis were performed according to standard procedures or the commercial
kit.?* Phagemid pBluescript IISK(+), Escherichia coli XL1-Blue were purchased
from Stratagene. Plasmid vector pRS314 was kindly provided by Dr. Botstein
(Stanford University). The ERG7 gene including the promoter sequence was cloned
into pRS314 vector to create the pRS314ERG7WT plasmid. In addition, in order to
facilitate the expression of extrogeneous cyclase in:yeast, the promoter sequence from
ERG?7 gene was fused in front-of the recombinant CAS/ gene to create the pTKP5
plasmid.'”®  The haploid yeast strain €BY57[pZS11] (ERG7A::LEU2 ade2-101
lys2-801 his3-A200 leu2-Al trp1-A63 ura3-52-[pZS11]) was derived from the diploid
strain CBY1 (MATa/a ERG7A*MLEU2 ade2-101 his3-A200 [ys2-801 trpl-A63
ura3-52).2*

9.1.2 Enzymes, chemicals, equipments, and reagents

(1) Enzymes: All restriction endonucleases and modifying enzymes were
purchased from New England BioLabs Inc. The pfu DNA polymerase was purchased
from Stratagene. All enzymes were used according to the recommended protocol.

(2) Chemicals: The following section lists the chemicals utilized in this thesis.
The manufacturers were included in the square bracket.

Acetic acid [Merck], Acetic anhydride [Sigma], Acetone [Merck], 40%
Acrylamide solution [GE Healthcare], Adenine [Sigma], Adenosine 5’-[y-32P]
triphosphate [GE Healthcare], Agarose-LE [USB], Aluminum chloride [Merck],
Ammonium persulfate (APS) [Gibco BRL], Ampicillin sulfate [Sigma], Anisaldehyde
[Merck], Bacto™ Agar [DIFCO], Biphenyl-3-boronic  acid [Alfa],
Biphenyl-4-boronic acid [Alfa], Benzamidine [Sigma], 4-Bromobenzoyl chloride
[Fluka], Bromophenol blue [USB], Coomassie brilliant R250 [Merck], Cyclohexane
[Merck], Deoxyribonucleotide triphosphate (dNTP) 100mM Solutions [GE
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Healthcare], 1,6-dibromohexane [Fluka],  Dichloromethane [Merck], Dimethyl
sulfoxide [Merck], 4-(4,5-diphenyl-1H-imidazol-2- yl)phenylboronic acid (DPA)
[ACROS], Di-potassium hydrogen phosphate (KPi) [Merck], Dithiothreitol (DTT)
[GE Healthcare], DNA 10kb Ladder [BioBasic Inc.], D-Sorbitol [Sigma], Ethanol
(95% and 99%) [Merck], Ether [Merck], Ethyl acetate [Merck],
Ethylenediamine-tetraacetic  acid (EDTA) [Merck], Ergosterol [Sigma],
3-Fluoroanisole [Aldrich], Fumaric acid [Sigma], Geneticine (G418) [Gibco], Glucose
[Sigma], Glycerol [Merck], Hemin chloride [Merck], Hexane [Merck], Histidine
[Sigma], Hybond ECL nitrocellulose membrane [GE Healthcare], Hydrobromic acid
48% [Riedel-de Haen], Hydrochloric acid 37% [Merck], Lanosterol [Sigma], LB
Broth (Miller) [DIFCO], Lysine [Sigma], Methanol [Merck], Methioine [Sigma],

N-allylmethylamine [Fluka], Naphthalene-1-boronic acid [Alfa],
Naphthalene-2-boronic  acid [Alfa], N-bromosuccinimide (NBS) [Sigmal],
Nitrobenzene [Merck], N,N-dimethylacetamide [Merck],

N,N’-Methylene-bis-acrylamide [GE Healthcare], Oligonucletide Primers [BioBasic
Inc.], Pinacol [ACROS], Phenylmethylsufonyl fluoride (PMSF) [Sigma], Potassium
carbonate [Merck], Potassium chloride ' [Merck], Potassium hydroxide [Merck],
Polyvinylidene difluoride (PVDF) membrane [GE Healthcare], Pyridine [Sigmal],
Pyrogallol [Merck], Sea sand [Merck], Silica' gel [Merck], Silver nitrate [Merck],
Sodium bicarbonate [Merck], =Sodium carbonate [Merck], Sodium dodecylsulfate
(SDS) [Gibco], Sodium sulfaté. [Merck];7SYBR "/ Green I [Roche], Squalene 99%
[ACROS], Tetrahydrofuran (THF) [Merck], Trichloroacetic acid (TCA) [Merck], TLC
plate [Mecrk], Tris-base [USB], Triton X-100 [Sigma], Tryptone [DIFCO],
Tryptophan [Sigma], Tween 80 [Merck], Yeast Extra [DIFCO], Yeast Nitrogen Base
w/o0 amino acid [DIFCO], Uracil [Sigma]

These chromatographic columns were obtained from GE Healthcare:
Q-Sepharose Fast Flow, HiTrap Heparin Columns, and disposable PD-10 Desalting
Columns, whereas the Hydroxyapatite HT Gel was purchased from Bio-Rad.
Chromatography Silica Gel 200~450 mesh was obtained from Fisher. Agarose-binding
Avidin D column was prepared by Vector Labs.

(3) Equipments: The following instruments were used in this thesis: ABI
PRISM® 3100 Genetic Analyzer [Applied Biosystems], Allegra™ 21R Centrifuge
[Beckman Coulter], Avanti® JOE Centrifuge [Beckman Coulter], Colling Circulator
Bath Model B401L [Firstek Scientific], Centrifuges 5415R [Eppendorf], DU 7500
Spectrophotometer [Beckman Coulter], Electrophoresis Power Supply EPS 301 [GE
healthcare], GeneAmp® PCR System 9700 Thermal Cycler [Applied Biosystems],
Hoefer® HE 33 Mini Horizontal Submarine Unit [GE Healthcare], Kodak
Electrophoresis Documentation an Analysis System 120 [Kodak], Orbital Shaking
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Incubator Model-S302R [Firstek Scintific], Pulse Controller [BioRad], Rotary
Vacuum Evaporator N-N Series [EYELA], Steritop™™ 0.22um Filter Unit [Millipore],
32 Karat™ System Gold® HPLC [Beckman Coulter], FL-4500 Fluorescence
Spectrophotometer [Hitachi], Agilent 6890N gas-chromatography equipped with a
DB-5 column [Agilent], Agilent Technologies model 5973 MSD mass spectrometer
[Agilent], Instant Imager [Packard Bioscience]
(4) Reagents:
30% Acrylamide/1% Bisacrylamide solution
Dissolve 5 g N,N’-Methylene-bis-acrylamide into 375 mL 40% Arcrylamide solution.

Adjust the volume into 500 mL with ddHO. Store it at 4°C.

50 X ALTHMU solution

0.2% Adenine, 0.3% Lysine, 0.2% Tryptophan, 0.2% Histidine, 0.2% Methonine, and
0.2% Uracil in ddH,O. Sterilize and store it at 4°C.

50 X ALHMU solution

0.2% Adenine, 0.3% Lysine, 0.2% Histidine, 0.2% Methonine, and 0.2% Uracil in
ddH,O0. Sterilize and store it at 4°C.

ALHMU/Heme/Ergosterol plate

0.67 g Yeast Nitrogen Base and 2'g Bacto' " Agar was dissolved in 100 ml ddH,O,
and sterilized it. Add 2 ml 50 X:ALHMU:solutions, 4 ml 50% Glucose solution, 2 ml
Heme solution, 2 ml Ergosterol supplement solution,-and 100 ul G148 stock solution
into the above sterile medium. The mixture-was-then poured and dispersed in the Petri
dishes before it coagulated. All of steps are under aseptic condition. Store it at 4°C.
Ampicillin stock solution (100mg/mL’)

Dissolve 1 g Ampicillin sulfate in 10 ml ddH,O. Filter it through a 0.22 pm pore size

filter and stock it at -20°C.

10% APS solution

Dissolve 1 g Ammonium persulfate into 10 ml ddH,O.
Blocking buffer

1 X PBS buffer + 5% skim milk.

Development solution

7.5 g Na,COs, 125 pL formaldehyde in 250 ml HO.

6 X DNA loading dye

0.25% Bromophenol blue and 30% glycerol in ddH,O.

20% EA developing solution

Add 20 ml Ethyl acetate in 80 ml Hexane, and mix it.

Ergosterol supplement solution

1 g Ergosterol was dissolved in 250 ml 95% ethanol. Mix it with 250 ml Tween 80
under the aseptic condition. Store it at 4°C under darkness.

G418 stock solution (1 g/mL)

Dissolve 500 mg G418 in 500 pl sterile ddH,O. Store it at 4°C under darkness.
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50% Glucose solution

500 g Glucose was dissolved in 1 L ddH,0, and sterilized it.

80% Glycerol solution

80 ml Glycerol was added in 20 ml ddH,O and sterilized. Store it at 4°C.

Heme solution

0.5 g Hemin chloride was dissolved in 250 ml 0.2 N Potassium hydroxide solution.
Mix it with 250 ml 95% ethanol in aseptic condition. Store it under darkness at 4°C.

Homogenization Buffer I (HB I), pH 7.4

100 mM Tris-base, | mM EDTA-Na, 1 mM DTT, 1 mM Benzamidine, and 40 pg/mL
PMSF solution. Store it at 4°C. Adjuste the pH value to 7.4 before utilization.
Homogenization Buffer I1 (HB II), pH 7.4

20 mM Tris-base, 1 mM EDTA-Na, 1 mM DTT, 1 mM Benzamidine, and 40 pg/mL
PMSF solution. Store it at 4°C. Adjuste the pH value to 7.4 before utilization.
Hydroxyapatite Buffer (HAB) and Heparin Buffer (HB), pH 7.4

5 mM KPi, 1 mM DTT, and 0.5% Triton X-100 solution, pH 7.4. Store it at 4°C.

Ion Exchange Buffer (IEB), pH 7.4

20 mM Tris-base, | mM EDTA-Na, 1 mM DTT, 1 mM Benzamidine, 40 pg/mL
PMSEF, and 0.5% Triton X-100 solution. Store it at 4°C. Adjuste the pH value to 7.4
before utilization.

LB medium

25 g LB Broth was dissolved in I L. ddH20 and sterilized.

LB plate

25 g LB Broth and 20 g Bacto' ™ Agar was dissolved-in 1L ddH,O and sterilized. The
sterile solution was poured and dispersed in Petri dishes before coagulation.

10 X LiOAc

1 M Lithium acetate, adjusted to pH 7.5 with diluted acetic acid.

LiOAc/TE solution

Add 1 ml 10 X LiOAc and 1 ml 10 X TE buffer into an 8 ml ddH,O solution.

PBS solution

Mix 1.37 g Na,HPO,, 0.35 g NaH,PO,, and 8.77 g NaCl into 1 L ddH,O. Adjuste the
pH value to 7.4

5 X Sample buffer

Add 0.5 mL 1M Tris (pH 6.8), 0.8 mL Glycerol, 0.8 mL 20% SDS solution, 0.4 mL
B-Mercaptoethanol, and 0.2 mL 0.05% Bromophenol blue into 10 ml ddH,O.

20% SDS solution

Dissolve 10 g Sodium dodecylsulfate(SDS) into 50 ml ddH,O.

SDS Running Buffer

Dissolve 14.4 g Glycine, 3 g Tris, and 1 g SDS into 1 L ddH,O.

SDS-PAGE staining solution

1 g Coomassie brilliant blue R-250, 400 mL Methanol, and 100 mL Acetic acid were
mixed. Adjust the volume into 1L with ddH,O.

SDS-PAGE destaining solution I

400 mL Methanol and 100 mL Acetic acid were mixed. Adjust the final volume into 1
L with ddH,O.
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SDS-PAGE destaining solution II
50 mL Methanol and 70 mL Acetic acid were mixed. Adjust the final volume into 1 L
with ddH,O.

SD medium

0.17% Yeast Nitrogen Base w/o amino acid was dissolved in ddH,O and sterilized.

5 X Sequencing buffer

Dissolve 4.85 g Tris-base and 0.203 g MgCl, into 100 ml ddH,0, and adjust it to
pH9.0

1 M Sorbitol solution

182.2 g D-sorbitol was dissolved in 500 ml ddH,O and sterilized. Store it at 4°C.

10 X SYBR Green solution

10,000 X SYBR" Green I was diluted to 10 X with DMSO. Store it under darkness.

50 X TAE buffer

Add 242 g Tris-base, 57.1 ml Acetic acid, and 0.5 M EDTA into 800 ml ddH,O.
Adjust the total volume into 1 L and pH value into pH 8.5. Store it at room
temperature. Dilute the concentration to 1 X with ddH,O. Adjust the pH value to
7.5~7.8 before utlization.

10 X TE buffer

0.1 M of Tris-HCl and 0.01 M EDTA, pH7.5

TLC staining solution

40 ml concentrated H,SO,4 was slowly-added into-200 ml ethanol, followed by a
addtion of 12 ml Acetic acid and 16 'ml"Anisaldehyde.The solution was finally added
with another 600 mL Enthanol with ‘careful and slight agitation.

Transfer buffer

Add 3 g Tris, 14.4 g Glycine, 200 ml Methanol in to 500 ml ddH,O. Adjust final

volume into 1 L with ddH,O.

1.5 M Tris solution (pH 8.8)

Dissolve 91 g Tris into 500 ml ddH,0. Adjuste the pH value to 8.8.
1 M Tris solution (pH 6.8)

Dissolve 61 g Tris into 500 ml ddH,0. Adjuste the pH value to 6.8.
Washing buffer (1 X PBST)

100 ml 10 X PBS, 900 ml ddH,0, and 1 ml Tween-20.
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9.2 General experimental procedures
Chapter 3

9.2.3.1 Construction of alanine-scanning and site directed/saturated mutagenic
plasmids.

For the construction of different alanine-scanning or site-directed/saturated
mutagenic plasmids, pRS314ERG7WT plasmid was used as the template for PCR
reaction. Mutated plasmids were constructed by using the QuikChang Site-Directed
Mutagenesis kit (Strategene Inc., La Jolla, CA) according to the manufacturer’s
protocols. After PCR amplification with designed primers, recombinant plasmids were
subjected for Dpn 1 digestion to remove the parent plasmid, and transformed it into
the XL1-Blue cells for DNA purification. The exact substitutions at corresponding
position were determined by using an ABI PRISM 3100 auto-sequencer.
9.2.3.2 Preparation of competent yeast cell (CBYS7 and TKW14)

Pick the yeast TKW14 stock from refrigerator into a 3 ml SD medium containing
60 pl 50 X ALTHMU solution, 120 ul:50%-Glucose solution, 60 pl Heme solution
and 60 pl Ergosterol supplement solution,,and-theh. incubate it at 30°C for three days
until turbidity. Transfer the yeast cells into'a [00.ml SD medium containing the same
nutrition additive condition, anid incubate it at 30°C: for another 12-18 hours. After
ODgo of yeasts arrived at 1.0~1.5, the yeastcells were collected by centrifugation at
3,000 rpm, 10 min at 4°C. Add 35 mL aseptic ddH,O to suspend the cell pellet, and
centrifuge it again at 3,000 rpm, 10 min at 4°C. Repeat above step twice. Add 25 ml
IM D-sorbitol solution to suspend the cell pellet, and wash it by centrifugation.
Finally, add n x 50 pL (n represent the number of the transformed plasmids) 1 M
D-sorbitol into the cell pellet, and suspend it gentlemanly on ice for 5 min. Before
eletroporation, 50 ul competent cells were added into each of 1.5 ml microtube with 5
ul recombinant plasmids, respectively. The preparation protocol for the yeast CBY57
strain is almost the same, except the yeast cultural growth medium are changed into
ALHU solution and Glucose solution.
9.2.3.3 Cyclase activity assay by using plasmid shuffle method in CBYS57 strain

The pRS314-derived ERG7 mutated plasmids were electroporated into a yeast
cyclase-deficient haploid strain CBY57[pZS11]. The pRS314 and pRS314ERG7WT
plasmids, TRPI centrometric plasmids with no insert and the wild-type S. cerevisiae
ERG7 gene, were used as the negative and positive control, respectively. The yeast
transformants were plated on SD+Ade+Lys+His+1 M Sorbitol medium plates for
three days to determine the presence of both pZS11 and pRS314-derived plasmids.
Individual colonies were picked and grown in a 10 ml Ade+Lys+His+Ura liquid
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culture. Aliquots of 100 ul of each culture were simultaneously plated on the
SD+Ade+Lys+His+Ura and SD+Ade+Lys+Hist+Ura+1 mg/ml 5’-Fluroorotic acid
medium plates, and grown them for another three days to elucidate the
complementation effect. Colonies that grew on the non-5’-FOA plates, but not on
5’-FOA plates were separately picked and grown in SD+Ade+Lys+His+Ura liquid
medium for mutated cyclase characterization. The presence of both pZS11 and
pRS314-derived plasmids were verified by using yeast plasmid minipreps and
restriction endonuclease analysis.

9.2.3.4 Cyclase activity assay by using Ergosterol complementation in TKW14

The mutated plasmids were transformed into TKW 14 strain, a yeast heml/erg7
double deficient strain, by using the electroporation. Aliquots of 120 pL culture were
plated onto SD+Ade+Lys+His+Met+Ura+Hemin+Erg+G418 plates, and replated it on
the same plates except without addition of Ergosterol, for selection of the cyclase
complement ability. The pRS314 and pRS314ERG7WT plasmids were also
transformed as negative and positive control, respectively. Different TKW14C2
[PERG7™°] transformants were then separately grown in SD+Ade+Lys
+His+Met+Ura+Hemin+Erg medium at 30°C:with shaking (220 rpm) for seven to ten
days for the products characterization.
9.2.3.5 Lipids extraction and column chromatography.

The yeast transformants with different cyclase mutated plasmids were grown in
the 500 ml SD liquid medium: contamingAde+Lys+His+Met+Ura+Hemin+Erg at
30°C with 220 rpm for several days. Yeast cells were harvested by centrifugation at
6,000 rpm for 10 min. The washed cell pellets were then suspended in a solution
containing 50 ml Ethanol, 50 ml 30% KOH, and 0.1 g Pyrogallol.*®> This reaction was
refluxed at 110°C for 3 h. The hydrolysate was extracted three times with total 500 ml
Petroleum ether. The organic phase was collected and concentrated by using a rotary
evaporator. The nonsaponifiable lipids were then dissolved in CH,Cl,, spotted on the
TLC plates, and developed with 4:1 Hexane/Ethyl acetate solution. TLC plates were
subjected to the staining buffer and heated until the products pattern appeared. In
order to fractionate the different products pattern in these mutants, large scale of
cultural mediums were harvested, washed, and saponified by refluxing as previously.
The nonsaponifiable lipids (NSLs) were extracted and fractionated by using silica gel
column chromatography with 19:1 Hexane/Ethyl acetate solution. The separated
fraction was then concentrated and analyzed on the TLC plate. The same Ry value
spots were collected and separated in either native form or the acetylated form on
silica gel or on the HPLC. The resultant products were analyzed by using GC, GC-MS,
or different NMR spectra.

207



9.3.3.6 Acetylation modification and the alkaline hydrolysis reaction.

The acetylation modification of the triterpene alcohol products was performed
according to the previous literature.”*® The dry triterpene alcohols were first dissolved
in 2 ml pyridine. Then the excess amount of 10 mM Acetic anhydride was added. The
solution was stirred overnight at room temperature. The acetylation reaction was
monitored by TLC analysis. After 16 h, 5 ml of water was added to stop the reaction,
and three times extraction with 10 ml CH,Cl, were carried out. The total organic
phase was collected, dried over with Sodium sulfate, and then evaporated by using a
rotary evaporator. The acetylated products were then applied for Silica
chromatography, and analyzed by using GC-MS and NMR spectra. The acetylated
derivatives could also be hydrolyzed to yield the native nonsaponifiable lipid.'"** The
acetylated derivatives were refluxed in the 5% KOH/Methanol solution for 3 h. After
extraction with Petroleum ether, the evaporated crude extracts were separated and
analyzed, as previously described.
9.3.3.7 GC and GC-MS column chromatography

GC analyses were performed with Hewlett-Packard model 5890 series II or
Agilent 6890N chromatograph equipped withsa DB-5 column (30 m x 0.25 mm 1.D.;
0.25 pm film; Oven gradient was’set up.at.50°C for 2 min, then heating with 20°C
/min until 300°C, and held at 300°C for:20 min; Injector: 300°C; Interface: 250°C;
1/40 split ratio; Carrier gas: Helium with 13 psi column head pressure). GC/MS was
performed on a Agilent 6890N- chromatograph equipped with a DB-5MS column
(30m x 0.25 mm 1.D.; 0.25 um film;:Injector:.250°C; GC-MS transfer line: 280°C),
coupled to an Agilent Technologies model 5973 MSD mass spectrometer (EI" energy
at 70eV, Ion source temperature: 230°C, and Scan range: 50-500). The other program
parameters are the same with GC condition.
9.3.3.8 The novel gene disruption strain TKW14 construction

Haploid yeast strain TKW14 (MATa or MATa ERG7A::LEU2 ade2-101 lys2-801
his3-A200 leu2-Al trpl-A63 ura3-52 HEMIA::kan™), a heml/erg7 double knockout
strain, was derived from the haploid strain CBY57[pZS11]. A 1.6 kb DNA fragment
containing the hybrid HEM1/kanMX6 gene was obtained from PCR amplification
with pFA6-KanMX6 plasmid as template. The amplicon from pFA6-KanMX6
plasmid encoded a G418-resistant gene.””” **® Two designed primers, HemI-F and
HemlI-R, not only process the 18 nucleotide sequences identical to G418-resistant
gene but also have the flanking 60-70 nucleotide sequences, which is homologous to
the upstream region of the start codon and the downstream region of the stop codon
from the HEM1 gene, respectively. Thus the homologous remobilization reaction was
carried out in the yeast cell by using the lithium acetate transformation protocol.”
First, CBY57[pZS11] cells were inoculated in a 3 mL YPD+Adenine medium, and
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grew it at 30°C over night. The overnight cultural medium was transferred into a 25
mL fresh YPD+Ade medium and re-incubated at 30 °C with shaking until value of
ODgoo to 1.0. After centrifugation, the cells were washed with a 4 mL LioAc/TE
solution. After twice washing steps, the cell pellet was suspended in a 1 mL
LiOACc/TE solution. 100 pL of the concentrated cells were mixed with 3 pL salmon
sperm DNA (10 mg/mL, boiled it for 1 min and then immediately put it on ice) and 3
ug transformed DNA. Next, 400 uL of 50% PEGs3350/LiIOAc/TE was added into the
mixture. This cell suspension was mixed gently, incubated at 30°C with shaking for
30 min, heat shocked at 42°C for 20 min, and finally held on ice for 5 min. The
transformants were plated onto SD+Ade+Lys+His+Met+themin+750 mg/L G418
plates and grown at 30°C for three to five days. The resulting transformants were then
re-grown overnight in a 3 mL SD+Ade+Lys+HistMet+hemin+750 mg/L G418
medium. Aliquots of 100 puL each culture were then plated on
SD+Ade+Lys+His+Met+hemin+ G418+5’-FOA+Erg and
SD+Ade+Lys+His+Met+hemin+G418+5-FOA plates for another three to five days to
confirm the complementation effect, respectively. Correct targeting of the PCR-made
KanMX6 module into the genomic locus wassverified by using the PCR reaction with
two specific primers (Hemel-N,'and Hemel-C)..The PCR amplicon and an Ncol
fractionized fragment with expected size: were observed from the Agarose gel,
indicating the accurate homologous recombination. The four primers utilized in the

disruption experiment are listed in the following:

Oligonucleotide Primers Sequence

Hemel-F 5’-ATGCAACGCTCCATTTTTGCGAGGTTCGGTAACTCCTCTGCCGC
TGTTTCCACACTGAATCGTACGCTGCAGGTCGAC-3’

Hemel-R 5’-TTACTGCTTGATACCACTAGAAACCTCTAGTTGTTTAACGATGGG
GTCTCTAACATTAGGGTTCAAGATCGATGAATTCGAGCTCG-3’

Hemel- N 5’-ATTTTTGCGAGGTTCGG-3’

Hemel- C 5’-ACCACTAGAAACCTCTAG-3’
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Chapter 4

9.2.4.1 Construction of chimeric enzyme library between oxidosqualene-
lanosterol cyclase and oxidosqualene-cycloartenol synthase

To set up the domain swapping study, we constructed 10 chimeric clones that
were divided in two parts. In the first parts (Chimera-1~-4), plasmid
pRS314ERG7WT containing the wild-type ERG7 gene and pTKPS5 containing the
wild-type CASI gene were individually digested with the restriction enzymes Notl and
Pstl. The smaller digested fragment of pRS314ERG7WT was ligated into the larger
fragment of pTKPS5 digested fragment to produce the Chimera-1, which included
ERG7 gene in the N-terminus and CAS/ gene in the C-terminus; The smaller digested
fragment of pRS314ERG7WT was ligated into the digested native pRS314 plasmid to
produce the Chimera-2, which only included the truncated N-terminal ERG7 gene.
Similarly, the Chimera-3 boring the N-terminal CAS/ gene coupled with C-terminal
ERG7 gene, or the Chimera-4 including the truncated N-terminal CAS! were also
constructed.

The Chimeras-5~ -10 was constructed .by using two stage PCR reactions,
respectively. Primary PCR step consisted of two'separating PCR reactions for two
truncated regions. Each PCR reactions were:performed with a hybrid primer, based on
two different cyclases sequencé in the joint region, and an outer primer, respectively.
Another PCR reaction was also performedibyusing the complementary hybrid primer
and another opposite direction outer primer. These two PCR reactions are carried out
with different plasmids as templates, respectively. The primary PCR products were
purified. The equal amount of primary PCR product were mixed and used as the
template for the secondary PCR reaction with previous two outer primers. The
amplified chimeric DNA fragments from secondary PCR were digested with Not
I/Xhol, and ligated into the same enzymes digested pRS314 plasmid to obtain the
Chimera-5 ~ -10 plasmids. The hybrid primer pairs used in the construction of

chimeric enzyme library are listed in the following table.
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Table 9.2.4.1 Primers sequence in the chimerical library construction.

Oligonucleotide Primers Sequence

Chimeric-5

0390C416-C1 5’-CAAATGGTGTGCAAACCTGGGATACAGGTTTTGCTATTCA-3’
0390C416-C2 5’-TGAATAGCAAAACCTGTATCCCAGGTTTGCACACCATTTG-3’
Cimeric-6

C4160390-C1 5’-ATAACGGAAGCCAGCTATGGGATTGTGCGTTTGCCATTCA-3’
C4160390-C2 5’-TGAATGGCAAACGCACAATCCCATAGCTGGCTTCCGTTAT-3’
Chimeric7

0169C191-C1 5’-TACGTTTATTGGGTCTACCCAACGATGGAGATGGAGATAT-3’
0169C191-C2 5’-ATATCTCCATCTCCATCGTTGGGTAGACCCAATAAACGTA-3’
Chimeric8

C1910169-C1 5’-TAAGGTTGCTTGGAGAAGGACCCAAGGACCACCCGGTTTG-3’
C1910169-C2 5’-CAAACCGGGTGGTCCTTGGGTCCTTCTCCAAGCAACCTTA-3’
Chimeric9

C5460524-C1 5’-CTTGGTTAGAGCTAATCAACCCTGCTGAAGTTTTTGGTAA-3’
C5460524-C2 5’-TTACCAAAAACTTCAGCAGGGTTGATTAGCTCTAACCAAG-3’
Chimeric10

0524C546-C1 5’-CAATGGAAACCTTGAATCCTGCAGAAACCTTTGGCGATAT-3’
0524C546-C2 5’-ATATCGCCAAAGGTTTCTGCAGGATTCAAGGTTTCCATTG-3’
Chapter 5

9.2.5.1 General Materials

Sequence information of human OSC or S. cerevisiae Erg7 were extracted from
the NCBI database (H. sapiens OSC: p48449™, S. cerevisiae Erg7: p38604°%).The
crystal structure of human OSC was obtained form the Protein Data Bank (PDB entry
1W6K; structure of human OSC in complex with lanosterol'®™). Ligand and the
detergent molecules in the IW6K structure were removed before homology model
building. Mutated residue was obtained by altering the wild-type gene. Different
ligand molecules for the molecular docking experiment were generated by using

Chem3D ultra software.

9.2.5.2 Sequence alignment, secondary structure prediction, and molecular
modeling.
Multiple sequence alignments was generated by using the program CLUSTAL W
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in the websites (http://www.ebi.ac.uk/clustalw/).””" The result of alignment was

verified by considering the location of the previously reported highly conserved
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residues. The secondary structure elements predictions were carried out via
bidirectional recurrent neural networks (SSpro, and PHDsec program).”*" '** The
homology modeling structures were performed by using the Insight II module
software (Accelrys software package interface). The plausible conformation of the
ERG7 protein was generated based on the sequence alignment with the reference
proteins, human OSC structure in PDB format file 1W6K. The ERG7 protein was
firstly aligned with human OSC and then used to search the matching segments from
the amino acid sequences and the conformational similarities. The resulting structure
was built according to the default values of parameters. This homology modeling
structure was then refined by energy minimization module in the SYBYL 7.0
program (Tripos application software interface). The hydrogen atom was first added
on the protein, as well as on the ligand molecule. The charge of the atoms was
calculated according to the default value of “Geister Huckel charge”, except for the
atom of the various cationic intermediates, which was separately modified as formal
charge at +1.00. The minimization algorithm was selected as “Powell”, and the
termination method normally was set up to "Gradient" with a 0.05 kcal/mol. The total
numbers of minimization steps depend on the energy convergence.
9.2.5.3 Ligand docking within the ERG7 homology modeling

The genetic algorithm (GA) for protein-ligand docking software “Gold” was
chosen for calculating the docKing modes of different cationic intermediates into the
binding site of the newly built ERG7 homology modeling structure.””* First, the
ERG7 modeled structure file and the ligand molecule files were load into the “Gold”,
respectively. Second, the “Gold active site residue” was defined at “atom
number-3684”, which corresponds to the Cys-457 in the ERG7 protein. This atom is
theoretically close to the center of the active site. The “active site cavity” was then
defined as a diameter of 10 A. After submitting the ligands into the Gold software,
four to ten docking modes with slightly different orientation were generated in a
“Gold output files”. The final model was chosen according to the detailed verification
and comparison with the lanosterol molecule in the human OSC crystalized structure.
After the determination of the docking mode, the ligand molecule was then added into
the homology model file by using the “WebLab ViewerPro” Software (Molecular
Simulations Inc). The coordination section of docked ligand was altered according to
the HETATM records in the PDB format. The connecting bond and series number in
the ligand were also carefully verified. The integrated file with the protein-ligand
mixture was then uploaded into the “SYBYL” program, and saved as a “mol 2” file.
Finally, the energy minimization with “SYBYL” was carried out as previously
described, including the hydrogen atom addition, charge alteration, and energy

minimization calculation.
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9.2.5.4 Quantum mechanical calculations protocol

The following three software packages were used for the quantum mechanical
calculations, including Chemical Office Ultra 8.0, GaussView 3.0 and Gaussian 03.
Chemical Office and GaussView calculations were carried out in the local computer,
whereas the Gaussian 03 was executed via the PC cluster in the National Center for
High-Performance Computing in Taiwan (NCHC, Taiwan). The preliminary chemical
structure was built with Chemical Office and the respective Gaussian input files were
also created by using Chemical 3D. The GaussView was then used to check the
stereochemistry or the geometry of these compounds. Geometry optimization and
single-point energies minimum was then calculated by using Gaussian 03 at the RHF
approach (quantum mechanical method). The calculation bases used for optimization
are from ht/3-21g, b3lyp/3-21g, to b3lyp/6-31g. In each basis setting, the calculation
was completed until the stationary point was found, and the force items were
converged. The positive value of individual vibration frequencies were got with the
final basis setting: b3lyp/6-31g* geom=check guess=read scf(maxcycle=999)
freq(noraman) opt(maxcycle=100). These value represented the optimized structure
are under the single-point energies minimum:.The relative energy of these chemical

molecules to oxidosqualene state was measured under their energy minimum states.

Chapter 6

9.2.6.1 Microsomal membrane preparation.and purification of oxidosqualene-
lanosterol cyclase from bovine liver

Homogenization and all subsequent purification procedures were performed at
4°C. Fresh bovine liver (300 g) were first blended with 600 mL HB I buffer at 4°C
and then centrifuged for 30 min at 10,000 rpm to remove the cellular debris. The
supernatant was subsequently centrifuged at 40,000 rpm for 1 h. The resulting
microsomes were resuspended in HB I buffer (200 mL) and recentrifuged for 1 hr at
40,000 rpm. Washed microsomes were then suspended in 100 mL HB II buffer,
supplemented with 0.5% Triton X-100, and gently stirred for 1 h. Crude enzyme
extract was separated from the microsomal membrane fraction by centrifugation at
40,000 rpm for 1 h. The crude enzyme extract was first applied on a Q-Sepharose Fast
Flow column (about 80 mL resin) which has been equilibrated with IEB buffer. The
resin was washed with 320 mL [EB buffer and then eluted with 2 column volumes of
IEB buffer containing 20, 50, 70, and 100 mM KCI. The functionally active fractions
were pooled, dialyzed against HAB buffer, and concentrated using YM30 filter
membrane. The cyclase-containing sample was then loaded on the hydroxyapatite
column (50 mL) equilibrated with the HAB buffer. The column was washed with 400
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mL HAB buffer. Since OSC does not adsorb on the gel, fractions of preceding 10 mL
of flowthrough were collected and assayed for cyclase activity. The functionally
active fractions were next applied on HiTrap heparin columns (4 x 5 mL) equilibrated
with HB buffer, and then eluted with 3.5 volumes of stepped 50 mM, 100 mM, and 1
M KCI. Cylase enzyme was eluted and collected. Portions (200 uL) of each fraction
were assayed for OSC activity. Protein concentrations were determined by the BCA
assay kit (PIERCE) with bovine serum albumin as the standard.
9.2.6.2 Oxidosqualene-lanosterol cyclase activity assay and polyacrylamide gel
electrophoresis

Enzymatic activity was determined by a standard procedure established in our
laboratory. The reaction mixture contains 5 mM phosphate buffer (pH 7.4), 0.5%
Triton X-100, and 50 uM [R,S] 2,3-oxidosqualene in a final volume of 200 puL
cyclase-containing protein fraction. The reaction was incubated at 37°C for 2 h with
gently shaking. After the termination of reaction with addition of equal volume of
15% ethanolic KOH, the sample was extracted twice with 400 uL. CH,Cl,. The pooled
organic layers were evaporated to dryness and redissolved in 50 uL. CH,Cl,. The
product extract was then applied onto,aiSilica.gel Thin-layer chromatography (TLC)
plate (Merck No. 5714-3), developed .with .Hexane/Ethyl acetate (4:1, v/v), and
visualized with sprayed amisaldehyde  reagent: with the heat incubation.

Polyacrylamide gel electrophoresis was carried out to determine the purity of the
cyclase-containing protein and- the: probablymolecular weight according to the
proposed method of Laemmli. All'of the denatured samples were subjected to a 10%
Polyacrylamide-SDS gel. After electrophoresis was performed in fixed 120 voltages,
the Coomassie brilliant blue R250 staining solution or the silver nitrate staining
solution were used to visualize the gel, respectively. Coomassie brilliant blue R250
staining solution was used to stain the gel for 1 h. For destaining process, the gel was
firstly left in Destaining buffer I for 1 h and then put in Destaining buffer II until the
protein band was obviously visualized. In the siliver staining, the gel was put in the
50% methanol with gently shaking for 10 min. After another washing in the 5%
methanol, the gel was left into the 40 uM DTT solution for 10 min. After three
washing with water to remove all residual solution, the gel was soaked in the 0.1%
silver nitrate solution for 10 min. This silver nitrate solution should be carefully
removed by three short washings with water. Then 1/3 amount of development
solution was added to wash the gel until solution color turn to yellow. Pour off the
solution and add another 2/3 development solution in the gel-containing box for
gently shaking. After protein band become visualized, stop the staining with 1%
Acetic acid. The non-denatured polyacrylamide gel electrophoresis (Native PAGE)
was performed on 7.5% polyacrylamide gel with 100 volts at 4°C. The sample buffer
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and the gels do not contain any SDS and mercaptoethanol, and the running condition
should be remained at 4°C to avoid the protein denature.

9.2.6.3 Peptide sequencing by tandem mass spectrometry

(This portion was cooperated with Prof. Yu-Ju Chen and Hsin-Kai Liao from Institute
of Chemistry, Academia Sinica, Taipei, Taiwan)

The OSC-containing fractions were collected, concentrated, desalted by using a
Centriprep concentrator and then applied to the SDS—PAGE. After the electrophoresis
separation, the gel was stained with Coomassie blue R250. The corresponding OSC
band was excised and applied for in-gel digestion with trypsin in 25 mM, pH 8.0
NH,HCOj5 solution.”®’ Small aliquot of the generated peptide mixture was analyzed
by a nanoflow capillary liquid chromatography tandem mass spectrometry (Ultimate,
LC Packings, Amsterdam, Netherlands). The column of nanoscale capillary liquid
chromatography is a reversed-phase C18 column (15 cm x 75 mm [.D., 3 mm) with a
flow rate of 200 nL/min. These tryptic peptides were separated by a 30 min gradient
of 5-50% solvent B (solvent A is 2% acetonitrile/0.1% formic acid, whereas solvent B
1s 98% acetonitrile/0.08% formic acid). The eluted peptides were then introduced into
a Q-TOF mass spectrometer (QSTAR Pulsar; Applied Biosystems, Foster City, CA,
USA). Tandem mass spectra  were... automatically collected under the
Information-Dependent Acquisition (IDA) during the 60 min LC/MS/MS run. Peptide
product ion spectra generated by LC/MS/MS were sedrched against the SWISS-PROT
protein databases using the Mascot sequence database search engine.'” The MS
BLAST was also carried out for“searching the consensus aligned protein sequence
from database by wusing previously ~produced peptide fragment by mass
spectrometry.'”*
9.2.6.4 Molecular cloning of bovine liver oxidosqualene-lanosterol cyclase.

Frozen bovine liver was grinded and subjected to the cDNA preparation using
the Poly(A) Pure™ Kit with slight modification (QIAGEN, Hilden, Germany). In
brief, mRNA (0.4 ng) was reverse-transcribed to produce the cDNA mixture by using
the M-MLV RTase (Invitrogen, Carlsbad, CA, USA) with 10 mM each dNTP and 0.5
ug oligo (dT);z-13 primer in a total volume of 20 pL. This mixture was incubated at
65°C for 5 min before centrifugation at 14,000 rpm for 1 min. The supernatant was
added with 4 uL 5X first strand buffer, 2 uL 0.IM DTT, and 1 uL RNaseOUT™
ribonuclease inhibitor. This solution was incubated at 37°C for 2 min. Subsequently,
200 units M-MLV RTase was added in the solution mixture and reincubated at 37°C
for 1 h before termination reaction by heating at 70°C for 15 min. The resulting
cDNA library was directly used as the template for the following PCR reactions.

Three degenerated oligonucleotide primers (CHC-cDNA-PEP1, CHC-cDNA-
PEP2, CHC-cDNA-PEP3) corresponding to internal polypeptide sequences which
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were obtained from previous tandem mass spectrometry were synthesized. (Peptidel:
1GVGPDDPD'”; Peptide2: ** SAEEGPLVQSLR**’;Peptide3: *®’KTEYTAFGGD*”)
The nucleotide sequences of these three primers are listed as follow:
CHC-cDNA-PEP1:5’-GGNGTNGGNCCNGAYGAYCCTGAY-3’;CHC-cDNA-PEP2

:5’-AGTGCCGARGARGGNCCNCTGGTYCARAGYCTCCGC-3’;CHC-cDNA-PE

P3:5’-YTTNGTYTCRTANGTNGCRAANCCNCCRTC-3". PCR reaction was first
carried out with CHC-cDNA-PEP1 and CHC-cDNA-PEP3 primers by using 7Tag
DNA polymerase (BioBasic Inc., Toronto, Canada) with 15 mM MgCl,, 10 mM each
dNTPs, 1 ng each primer, 1.5 pL Glycerol, 2 uL cDNA template, 5 uL 10 X Tagq
buffer, and DEPC water in the final volume of 50 uL. Nested PCR was also carried
out with CHC-cDNA-PEP2 and CHC-cDNA-PEP3 primers by using the first PCR
product solution as the template. The amplified 0.9 kb DNA fragments were purified
and sequenced by using an ABI PRISM 3100 auto-sequencer. Computer assisting
analysis of DNA sequences were also performed at the NCBI website with BLAST
programs against GeneBank databases. Subsequently, the RACE method was applied
for 5°- or 3’-end amplifications. For the 3’-end amplification, one specific primer
(CHC-cDNA-Seql) was designed in the'sense direction, based on the obtained core
fragment sequence. Two anchoti primers. (CHC-¢cDNA-XC1: based on the highly
conserved C-terminal sequences from homologous mammalian lanosterol synthases;
and CHC-OSC-RACE: the adaptor primer coupled; with poly(dA),; primer) were
designed and synthesized in the antisénse direction, respectively. The nucleotide
sequences of these two primers. are listed as follows: CHC-cDNA-Seql:
5’-GGCTCACAGATCTGGGA-3’;CHC-cDNA-XC1:5’-CCGCTCGAGTCANNNGT
GGCCAGCAAGGGYNNNATCAGG-3";0SC-RACE:5’-GACTCGAGTCGACATC

GATTTTTTTTTTTTTTTTT-3’. For the C-terminal RACE reaction, first PCR
reaction was carried out with CHC-cDNA-PEP2 and OSC-RACE primers using
bovine liver cDNA library as the template. Nested PCR reaction was subsequently
carried out with CHC-cDNA-Seql and CHC-cDNA-XC1 primers as previously
described. For the 5°-RACE amplification, reverse transcription of bovine liver
mRNA using CHC-cDNA-PEP3 as a primer was prepared. The resultant cDNA
mixture was then used for the first PCR reaction with CHC-cDNA-EN1 and
CHC-cDNA-PEP3 primers, and for the second PCR reaction with CHC-cDNA-EN1
and CHC-cDNA-Seq?2 primers by using the first PCR product as the template. The
nucleotide  sequences of these primers are listed as  follows:
CHC-cDNA-EN1:5’-TCTAGAATTCCATATGACNGAGGGCACGTGTCTGCG-3’;

CHC-cDNA-Seq2: 5’-GCCGCAGGCTGGTGCTG-3’. Accordingly, the PCR
amplicons of N- and C-terminal DNA fragments with
CHC-cDNA-EN1/CHC-cDNA-Seq2 and CHC-cDNA-pepl/CHC-cDNA-XC1 primer
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producted 1,698 and 936 bp fragments containing 441 bp overlapping sequence,
respectively. In addition, the promoter sequence from the yeast ERG7 gene should be
fused in front of the bovine liver OSC gene to facilitate the expression of bovine liver
OSC in the yeast S. cerevisiae. The Not 1/Pst 1 fractionized fragment of the
pTKERG7SK14 which contains S. cerevisiae Erg7 promoter and partial ERG7 gene
was first ligated into the yeast-E. coli shuttle vector pRS314 to construct plasmid
pCHC-RSC2. The amplified N-terminal DNA fragment was then digested with Ndel
and Ncol restriction endonucleases and subcloned into a pCHC-RSC2 plasmid, which
was digested previously with the same enzymes to produce pCHC-cDNA-N. Finally,
the Ncol/Xhol restricted fragment from the amplified C-terminal cDNA fragment was
excised and ligated into Ncol-Xhol digested pCHC-cDNA-N, to generate completed
pRS314BLOSC plasmid. The insert region of the bovine liver OSC coding sequence
was sequenced and verified by using an ABI PRISM 3100 auto-sequencer.

9.2.6.5 Genetic complementation of recombinant bovine liver OSC in a yeast erg7
deficient strain.

Plasmid pRS314BLOSC plasmid DNA was introduced into CBY57[pZS11] by
electroporation as previously described! The. yeast transformant, CBYS57([pZS11]
[pPRS314BLOSC]), was plated and'grown.on.SD+Ade+Lys+His+1M Sorbitol medium
to select the presence of both pZS11 and pRS314BLOSC plasmids. Several colonies
of CBYS57([pZS11][pRS314BLOSC]) were picked and grown overnight in
SD+Ade+Lys+His+Ura medium at 30°C. 7 -Aliquots (50 puL) from each culture were
plated on  SD+AdetLyst+HistUra and * SD+Ade+Lyst+His+Ura+1mg/mL
5’-fluoroorotic acid (5’-FOA) medium and grown for another three days at 30°C to
elucidate the complementation effects. Colonies that grew on 5’-FOA-containing
plates were grown separately in SD+Ade+Lys+His+Ura medium and subjected to
yeast minipreps. The presence of pRS314BLOSC plasmid, but not pZS11, was
verified using restriction endonuclease digestion and DNA sequencing.
9.2.6.6 Nucleotide Sequence Accession Number and DNA Sequence Analysis

Nucleotide sequence analysis and protein sequence comparisons were performed
with GCG and Clustal W program. Database searching was also performed using the
BLAST network services at the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov).
9.2.6.7 Photoaffinity labeling of Ro48-8071 in bovine liver OSC and mass
spectrometry determined

Laboratory synthesized Ro48-8071 was dissolved in DMSO for generating the
10 mM stock solution. A desired concentration about threefold molar excess of
Ro48-8071 was used in the photoaffinity experiment. After the organic solvent
evaporating, 200 pL bovine livers OSC (0.8 mg/mL) in HB buffer was added into the
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2 mL micro-centrifuge tubes containing Ro48-8071. Without Ro48-8071 addition
cyclase-containing solution was used as the positive control for enzyme inactivation
assay. Enzyme-inhibitor mixture was then incubated at 30°C for 2 h in the shaker
incubator. After pre-incubation, the micro-centrifuge tubes were transferred into the
quartz cuvate for exposure under UV light (365 nm at 1,200 pJ/cm?) for 30 min at 25
°C. The small amount of solution (50 uL) from each of the photoaffinity labeled
enzyme-Ro48-8071 mixture, or from the wild-type OSC stock solution was added
with the synthetic substrate, oxidosqualene, to check the enzyme activity. Samples of
each incubation mixture were subjected for the Speed-vac concentrator to enhance the
sample concentration for trypsin digestion. The same amounts (about 64 pug) of each
samples (wild-type OSC and OSC/R048-8071 complex) were subjected to the 12%
SDS polyacrylamide gel electrophoresis (PAGE) and visualized by coomassie brilliant
blue R250 staining. The protein bands were then picked up for the in-gel digestion
coupled with the LC/MS/MS analysis.
9.2.6.8 Monoclonal antibody preparation and Western blotting analysis

The anti-OSC polyclonal antibody (mAb) was prepared according to the
established procedure in our laboratory 'by injecting BALB/c mice with an
immunogenic bovine liver OSG* oligopeptides.'” '®* After immunoreactive titer
determination with ELISA assay, the myeloma cell line (FO cell) was fused with the
spleen cells of the immunized- mouse for' preparation of the monoclonal antibody.
After the completion of preparation, the'ELISArassay was further used to measure the
immunoreaction by limiting dilutions. The entailed procedure for antiboday
preparation was listed in our previous literature.'” ' Moreover, for the western
blotting analysis, after gel electrophoresis the resultant SDS-PAGE and a
nitrocellulose (NC) membrane were soaked immediately in the transfer buffer. The
protein transferring process from SDS-PAGE into the NC membrane was carried out
with a blotting apparatus at 90 Volt for 1 h at 4°C. The nitrocellulose membrane was
then blocked with blocking buffer for 1 h at RT. Subsequently, the membrane was
washed three times with 1 X PBS buffer briefly and incubated with the our primary
anti-OSC monoclonal antibody (mAb) at 1:500 dilutions in 1 X PBS buffer for 1 h at
RT with gentle shaking. After five times of 10 min washing with 1 X PBST buffer, the
membrane was incubated with the goat anti-mouse IgG conjugated HRP at 1:5,000
dilutions in 1 X PBS buffer for another 1 h at RT with gentle shaking. Finally, the
membrane was washed with 1X PBST buffer for 5 times. The immunoreactive bands
were visualized in a autoradiography film (Kodak Digital Sciences) with the ECL

chemiluminescence’s reagent (GE Healthcare).
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Chapter 7

9.2.7.1 Chemical synthesis of substrates or Ro48-8071 inhibitor

The (R,S)-2,3-oxidosqualne was synthesized according to the well established
protocol in our laboratory. In brief, 10 ml squalene (20.94 mmole) was added in a
solution consisted of 160 mL THF and 40 mL of water at 0°C. After the turbid
suspended solid was appeared, another 50 mL THF dissolved with 3.75 g NBS was
added slowly. The mixture was allowed to stir at 4°C for 3 h. Two times of 500 mL
Hexane extractions were carried out. The combined organic layer was dried and
concentrated by evaporation. The residue was subjected to silica gel chromatography
with 0% ~ 10% Ethyl acetate/hexane to collect the bromohydrin, a colorless oil
product. The bromohydrin was then dissolved in 100 mL Methanol and be added with
345 mg potassium carbonate. The resulting mixture was stirred at room temperature
for 15 h. After Methanol was removed by evaporation, water and Hexane were added
to the residue. The aqueous layer was separated and extracted twice with Hexane. The
combined organic phase was dried by evaporation to give final
(R,S)-2,3-oxidosqualne as colorless oil.

Ro48-8071 1is an inhibitor,of OSC_that has low-density lipoprotein (LDL)
cholesterol lowering activity similar to the:3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) inhibitor Simvastatin.” The® chemical: synthesis of Ro48-8071 was
according to the published protocol fromithe/F. Hoffmann-La Roche Ltd in
Switzerland.'”® The simplified synthesized routine of Ro48-8071 was described in
Scheme 9.2.7.1.
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Scheme 9.2.7.1.The synthesis route of Ro48-8071'
(a) Nitrobenzene/AlICl;, (b) HBr/CH3;COOH, (c) 1,6-dibromohexane/ K,CO; in
acetone, (d) N-allylmethylamine in N,N-dimethylacetamide, (¢) fumaric acid in

ethanol.
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9.2.7.2 Chemical synthesis of boronic pinacol ester derivatives.

Aromatic boronic acids, including naphthalene-1-boronic acid, naphthalene-2-
boronic acid, biphenyl-3-boronic acid, biphenyl-4-boronic acid were converted into
their boronic pinacol ester derivatives via the condensation reaction with the pinacol
diol."? 10 mmol respective aromatic boronic acid chemicals and 12 mmol pinacol
were dissolved in 50 mL anhydrous THF. The reaction mixture was refluxed for 12h
at 70°C under nitrogen. Molecular sieves were used to remove water. Evaporating the
solvent under vacuum, the residue was separated on a silica gel by using 10% Ethyl
acetate/Hexane solution to collect the final pinacol ester derivatives. These four
boronic pinacol ester compounds, including naphthalene-1-boronic pinacol ester
(NA-1), naphthalene-2-boronic pinacol ester (NA-2), biphenyl-3-boronic pinacol ester
(BP-3), biphenyl-4-boronic pinacol ester (BP-4) were then used for modification of
Ro048-8071 molecule via the Suzuki coupling reaction.
9.2.7.3 Chemical synthesis of 4-(4,5-diphenyl-1H-imidazol-2-yl)phenylboronic
acid (DPA)

Phenylboronic acid derivate, 4-(4,5-diphenyl-1H-imidazol-2-yl)phenylboronic
acid (DPA) was synthesized according toramethod described in previous literature.'®
To a mixture of benzil (1.0 mmol) and.ammonitm acetate (8.0 mmol) in 5 ml of
acetic acid was added with 4-formylphenylborenic acid (1.0 mmol) and refluxed for
24 h. After the solution was cooled, the résulting crystals were filtered off, washed
with water, and dried. The NMR characterizations of this compound were identical to
the authentic standard spectrum.
9.2.7.4 Synthesis of novel Ro48-8071 based fluorescence probes via Suzuki
coupling reaction

The Suzuki coupling reaction, a palladium-catalyzed cross-coupling reaction of
aryl halides with aryl boronic acids, was carried out for connection of DPA with
R048-8071.'°  Firstly, the equal amount (1 mmol) of Ro48-8071 and DPA were
dissolved in 50 mL toluene. To this solution were added with Pd(PPhs)4 (0.003 mmol),
K,COs3 (25 mL, 2 M), and Ethanol (25 mL), and then be purged with N,. After heating
at 100°C for overnight, the solution was filtered, extracted with Ethyl acetate, and
concentrated to dryness by rotary evaporator. The resulting crude was purified by
silica chromatography using CH,Cl,-Methanol (90:10) to give Ro48-8071
fluorescence derivative. Four boronic pinacol ester compounds, including NA-1,
NA-2, BP-3, and BP-4 were also used to modify the Ro48-8071 molecule via the
similar protocol.
9.2.7.5 Spectroscopic studies of novel Ro48-8071-based fluorescence probes

The absorption spectra of novel Ro48-8071-based fluorescence probes in

enthanol, water, and DMSO were taken on a UV-vis spectrophometer (DU 7500,
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Beckman). The molar absorption coefficient was examined at maximum absorption
wavelength. The Fluorescence emission spectrums were also recorded on a
HitachiF-4500 spectrophotomer from 365 nm to 800 nm.
9.2.7.6 The inhibition activity of the newly Ro48-8071-based fluorescent probes.
Different concentrations of Ro48-8071-based fluorescent probes from 100 mM
to 1 nM were incubated with 0.05 mg bovine liver OSC at 37°C for 20 min,
respectively. After pre-incubation reaction, the enzymatic substrate, OS, was added
into the enzyme mixture solution and incubated for another 1.5 h at 37°C. The OSC
activity assay was carried out according to the previous mentioned protocol in section
9.2.6.2.

Chapter 8

9.2.8.1 Generation of a degenerate single strand DNA library

72-mer DNA templates was prepared by using solid-phase phosphoramidite
synthetic chemistry (Bio Basic Inc), containing 36 random nucleotide sequences
flanked by two defined terminal nucleotiderregions which are allowed for the PCR
amplification reaction. The fulltsequence. of ‘this polynucleotide is listed in the
following:5’-biotin-GGATCCGAGCTCCACGTG-(N)3,-GCTAGCGTCGACCGTAC
G-3’. The synthetic DNA was first purified by PAGE and amplified by PCR reaction
with the defined primers to - generate Ta-population of polynucleotide library.
Accordingly, one of the primer pair.was modified with biotin, whose sequence is
shown below: 5’-biotin-GGATCCGAGCTCCACGTG. In parallel, the other primer is
complementary to the 3’-end of fixed terminus with sequence as follow:
5’-CGTACGGTCGACGCTAGC. The resultant biotinylated double-stranded DNA
amplicon was subjected to an Avidin-agarose column (Vector Labs) which was
equilibrated with buffer-A (10mM Tris-HCI pH7.5, 50mM NaCl, and 1mM EDTA).
After incubation for 30 min at 25°C, the unbound double-stranded DNA was removed
with five times of column volume of buffer-A. The matrix-bound double-stranded
DNA was then denatured with 500 pl of 0.2 N NaOH solutions for 15 min at 37°C.
The resultant free single-stranded DNA was collected and precipitated with ethanol.
After purification via centrifugation, the single-stranded DNA library was then
dissolved in the selection buffer (10mM HEPES pH 7.4, 75mM NaCl, 5SmM MgCl,,
and ImM CaCl,) and stored at -20°C before selection.
9.2.8.2 In vitro selection by using immobilized protein on a microtitter plates

Polystyrene microtiter plates are known to bind a wide range of proteins through
hydrophobic interaction. Theoretically, the generated single-stranded DNA library

could be “panned” against the target protein which was immobilized on the surface of
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a microtiter plate, and the captured DNA species could be eluted and amplified.
Different concentrations of purified oxidosqualene cyclase were loaded into
individual wells of a microtiter plate (Nunc Co, Denmark) and incubated overnight at
room temperature (“OSC only”). At the same time, an aliquot of HB buffer (5 mM
Kpi buffer, pH 7.4) were added into the other wells to make a negative control (“BSA
only”). After overnight incubation, the non-derivatized surface were blocked by 3%
(w/v) BSA solution (100 pl) and incubated at 37°C for another 3 h. After three times
of washing with PBST solution (1 X PBS solution plus 0.1% (v/v) Tween-20), the
derivatized plates are carefully drained and stored at 4°C. The single-stranded DNA
library dissolved in the binding buffer was denatured at 95°C for 5 min and then
chilled on ice for another 5 min. After the performance of negative “panning”
selection with “BSA only” wells for 1 h, the single-stranded DNA library was then
transferred from “BSA only” wells into the “OSC only” wells. The mixtures were
incubated for another 2 h at room temperature, and then be washed via three times
with selection buffer to discard the unbound DNA. After the selection, the guanidine
thiocyanate solution (200 ul) was added into the “OSC only” wells, and the plate was
heated at 80°C for 15 min on a heatblock.sFinally, the mixture was removed and
precipitated. The PCR reaction was carried.out.to amply the resultant DNA library for
the next round of in vitro selection. The:guanidine thiocyanate solution contains 20
mM Tris-acetate pH 8.3, 4 M guandine thiocyanate, and ImM DTT.
9.2.8.3 In vitro Selection by using immobilized protein on filters

UltraBind membrane (Pall) possesses the functional aldehyde groups for the
covalent bond formation with amino groups of proteins. The binding efficiency and
stability of membrane are theoretically stronger than that of microtiter plates. The
high specificity with amino group also led UltraBind membrane suitable for the in
vitro selection process. After cutting the membrane into pieces with suitable diameter,
the immersion of these membranes with the protein solution for 2 h at 37°C was
carried out. After drying of the membrane, 1% nonfat milk was added for blocking.
Subsequently, the membranes were rinsed thrice with PBST buffer. The denatured
single-stranded DNA were first added into the reaction tube with membranes, which
were coated with sole blocking buffer, for 2 h at 37°C (Negative selection). The
solution was then transferred into the reaction tube with membrane coated with OSC
for another 2 h. After washing with binding buffer for three times, the membranes
were transferred into the PCR reaction to generate the novel library for next round of

in vitro selection.
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9.2.8.4 Electrophoretic mobility shift assay for the analysis of DNA-protein
interactions

The binding ability of single-stranded DNA to OSC was determined by using gel
mobility shift assay (EMSA). The radiolabeling reaction of DNA with adenosine
5°-[y-*P] triphosphate was carried out by using T4 polynucleotide kinase at 37°C for
1 h. These radiolabeled DNA probes were denatured at 95°C for 5 min, and then
chilled in the ice before use. At first, different concentrations of DNA probes were
incubated with the constant concentration of OSC in total volume of 40 pl reaction at
37°C for 30 min. Then 8 pl 5 X DNA loading dye was added into the reaction mixture.
These mixtures were separated with 5% non-denaturing polyacrylamide gel
electrophoresis at 4°C for 1 h at 110 V. After completion of the electrophoresis, lift the
gel with the Whatman(@ paper and cover it with the plastic wrap. The autoradiograph
was detected by using an Image Scanner (Packard Inc). Mobility shift assay of
different concentrations of OSC with the constant concentration of DNA probe were
also performed in the same way.
9.2.8.5 Molecular cloning and DNA sequencing analysis

The autoradiographic band of the:DNAretardation corresponding to the DNA-
protein complex were excised with the razor bladé; and the DNA extraction from the
polyacrylamide gel were performed according.to the procedure described in the
Molecular Cloning.*** The amplified dsDNA from the excised band were cloned into
pCR2.1-TOPO vector (Invitrogen In¢), and sequenced by using ABI automated DNA
sequencer 3100. The software ClustalW program was used to analyze the sequence
alignment of these resultant DNAs. Moreover, the online mfold program was utilized
to predict the secondary structure of respective aptamer molecule.
9.2.8.6 Binding analysis of individual aptamer with Biacore

The respective clone with the unique aptamer was first used for PCR reaction
with two terminal primers. Notably, the biotinylated position of the primer pair
described herein is distinct from the primer pairs used in the screening procedure. The
original biotinylated primer used in the selection is changed for the native “hydroxyl
group”, whereas the end of another primer is changed from the native “hydroxyl
group” for the “biotin group”. This reversed biotin modification is used for
immobilizing the sense-stranded of aptamer on the surface of flow cell. After PCR
amplification of desired aptamer clone, the PCR amplicon was denatured under
heating for 5 min, and then be chilled on the ice for another 5 min. Before
immobilization, the streptavidin-coated sensor chip SA (Biacore) was first
conditioned with three times washing of the consecutive 1-minute injections of 1 M
NaCl in 50 mM NaOH. The 100 ul denatured DNA molecules was then immobilized
on the surface of one flow cell at a flow rate of 5 pul/min with the HBS buffer (GE
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healthcare). The excess unbound biotinylated DNA as well as the possibly producing
double-stranded DNA was washed by using three times of washing with 1 M NacCl in
50 mM NaOH buffer. In parallel, the other flow cell was coated with free biotin
molecule, used as the background control. After finishing the immobilization, the
streptavidin-coated sensor chip SA was conditioned again. Subsequently, the different
concentration of OSC protein was load into the flow cells with the flow rate of 10
ul/ml. After injection, bound proteins were washed with the 100 pl regeneration
buffer (1 M NaCl in 50 mM NaOH). The injections and regenerations were repeated
until obtainment of the desired sensorgrams profiles for analysis with BioEvolution
software (Biacore, GE healthcare).
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Appendix Appendix 3.1

Appendix 3.1 Monocyclic triterpene achilleol A characterization.
1. The GC relative retention time (relative to ergosterol) is —2.14.
2. MS m/z =426 [M], 357, 339, 286, 271, 203, 175, 149, 135, 121, 109, 95, 81, 69,

68, 55, 41.
3. The GC-MS and NMR data were consistent with those published in the
literature1.'%
sioAD EE ]
91112602 Scan EI+ |
100 Ll - TIC
957847 ‘ 1.06e7
| Area
|
|
% !
|
[
| | :
| ‘ ‘
1547 ‘ ‘
28?43 I |
APV )*."J'L T T 'JT'\:}_' T T T = 7 == Time
L1200 1400 1600 1800 ~20.00 22.00 2400  26.00 2800  30.00
510A-D - ""
91112602 369 (19.091) Scan El+
100- 6 81 8.06e5
135

B 1 e

215 29
Licge = TT % "
50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 S00 525 55

232



The 'H-NMR spectrum of achilleol A
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The “C-NMR (DEPT) spectrum of the achilleol A. The inset indicates the partial

spectrum.
® Subspectrum A, CH; and CH up, CH;
down.

® Subspectrum B, CH up.
® The conventional °C spectrum is at the

bottom of the figure.
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The HMBC spectrum of achilleol A. The inset on next page indicates the partially

amplified spectrum.
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The HMQC spectrum of achilleol A. The inset indicates the partially amplified
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Appendix 3.2

Appendix 3.2 The GC-MS spectrum of lanosterol-positioned product in Tyr510Ala

mutant
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Lanosteryl acetate The GC relative retentionstime of lanosterol (measured relative to
ergosterol) is +1.64. MS for lanosteryl acetate, m/z=468 [M]', 453, 393, 339, 301, 281,
255, 241, 229, 189, 159, 109, 95, 81, 69(100), 55.
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Parkeyl acetate The GC relative retention time of parkeol (measured relative to
ergosterol) is +2.34. MS for parkeyl acetate, m/z = 468[M] , 453, 393, 355, 295, 207,

173,159, 133, 109, 95, 81, 69 (100), 55.
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Appendix 3.3

Appendix 3.3 Lanosteryl acetate and parkeyl acetate NMR characterization

The "H-NMR spectrums of lanosteryl acetate and parkeyl acetate
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The *C-NMR spectrum of the lanosteryl acetate and parkeyl acetate. The inset
indicates the partial *C-NMR spectrum.
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BC-NMR (150.68MHz, 30mM solution in CDCls, 25°C)

0 15.74 (C-18), 16.51 (C-29), 17.62 (C-27), 18.11 (C-6), 18.62 (C-21), 19.16 (C-19),
20.97 (C-11), 21.32 (CH3CO-), 24.17 (C-2), 24.23 (C-30), 24.92 (C-23), 25.74 (C-26),
26.37 (C-7), 27.90 (C-28), 28.18 (C-16), 30.81 (C-15), 30.96 (C-12), 35.26 (C-1),
36.25 (C-20), 36.34 (C-22), 36.89 (C-10), 37.80 (C-4), 44.47 (C-13), 49.80 (C-14),
50.38 (C-17), 50.50 (C-5), 80.96 (C-3), 125.24 (C-24), 130.87 (C-25), 134.24 (C-9),
134.49 (C-8), 171.02 (CH3CO-). Chemical shift (+ 0.02 ppm) were referenced to the
CDCl; signal at ¢ 77.0 ppm
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DEPT spectrum of the lanosteryl acetate and parkeyl acetate.
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Appendix 3.4

Appendix 3.4 Monocyclic triterpenes achilleol A and camelliol C characterization.

1. The GC relative retention time (measured relative to ergosterol ) of achilleol A
is —2.14. MS m/z = 426 [M] ', 357, 339, 286, 271, 203, 175, 149, 135, 121, 109,
95, 81, 69, 68, 55, 41

2. The GC relative retention time (measured relative to ergosterol) of camelliol C
is —1.9. MS m/z = 426 [M]", 408, 383, 357, 339, 315, 286, 274, 259, 231, 203, 121,
93, 81, 69 68, 55, 41 (100)
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4. camelliol C
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5. NMR assignments of camelliol C

The "H-NMR spectrum of achilleolA and camelliol C. The insets indicate the partial
amplified spectrum.
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'H-NMR of representative spectra (600 MHz, 5SmM solution in CDCls, 25°C) &
0.807 (s,3H,C-24), 0.943 (s,3H, C-23), 1.348 (M, 1H), 1.560-1.613 (M, 13H), 1.658
(s,3H,C-30), 1.694 (s, 3H, C-25), 1.760 (m, 1H), 1.952-2.078 (m, 1H), 2.300 (M, 1HO,
3.433-3.456 (dd, J=8.2 and 5.5Hz,1H), 5.061-5.125 (m, 4H), 5.216 (m,1H). Chemical
shift were referenced to Si(CHj3)4 and are generally accurate to +0.001 ppm.
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The *C-NMR spectrum of the achilleol A and camelliol C.
The inset spectrum indicates the partial *C-NMR (DEPT) spectrum
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BC-NMR (150.68MHz, 30 mM solution in CDCI3,25C)

0 16.03(C-26), 16.07(2C, C-27 & C-28), 16.10 (C-24), 17.67 (C-29), 22.57 (C-25),
25.31 (C-23), 25.70 (C-30), 26.66 (C-16), 26.75 (C-20), 27.14 (C-6), 28.29 (2C, C-11
& C-12), 31.75 (C-2), 38.08 (C-4), 39.76 (2C, C-15 & C-19), 41.99 (C-7), 48.83
(C-5), 75.04 (C-3), 118.26 (C-1), 124.21 (C-13), 124.24 (C-17), 124.38 (C-21),
124.69 (C-9), 131.27 (C-22), 134.92 (C-14), 135.18 (C-8), 135.44 (C-18), 137.08
(C-10).
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Appendix 5

Appendix 5 Relative energy of respective product in protersterol pathway

Energy compared to OS
compound
(kcal/mol)
Oxidosqualene 0
achilleol A -16.1208
camelliol C -15.1568
9R,10S5)-polypoda-8(26),13
(9R,10S)-polypoda-8(26), 16,1249
E,17E,21-tetraen-3f-ol
isomalabarica-13(14),17,21-
) -21.7355
trien-3f3-ol
(13aH)-1somalabarica-
. -17.8477
147,17,21-trien-33-ol
(13aH)-1somalabarica-
. -20.7868
14E,17,21-trien-3-ol
(13aH)-isomalabarica-
-16.347

14(26),17,21-trien-33-ol

247




protosta-20(21),24-dien-

-21.792
3 B-ol
HO
protosta-17(20),24-dien-
-28.9162
3 B-ol
HO
protosta-20(22),24-dien-
-22.3912
3 B-ol
HO
protosta-16(17),24-dien-
-27.9756
3B-ol
protosta-13(17),24-dien-
-33.5624
3B-ol
protosta-12(13),24-dien-
-30.7924
3B -ol
tosta-14(15),24-dien-3
protosta-14(15), ien-3 98,3661
-ol
protosta-7(8),24-dien-3 f3 -ol -30.6062
lanosterol -41.7754
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parkeol -41.2894

Relative energy of respective cationic intermediates in protosterol pathway

Energy compared to
compound .
C-2 cation (kcal/mol)
Protonated OS 8.48
Without Pre-chair-chair- Pre-chair-boat-
prefolding chair chair
Linear C-2 cation
0 -17.107 -16.772

Monocyclic C-10 cation 95.156
Bicyclic C-8 cation 36912
6-6-5 Tricyclic C-14 cation 227501
6-6-6 Tricyclic C-13 cation 29730
Protosteryl C-20 cation -24.194
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Protosteryl C-17 cation -35.761
Protosteryl C-13 cation 34.472
Protosteryl C-14 cation -36.561
Lanosteryl C-8 cation -38.339
Lanosteryl C-9 cation -42.106

Relative energy of respective cationic intermediates in dammarenyl pathway

Energy compared to
compound .
C-2 cation (kcal/mol)
Protonated OS 8.48
Linear C-2 cation 0
Monocyclic C-10 cation 95.156
Bicyclic C-8 cation 34.475
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6-6-5 Tricyclic C-14 cation -35.512
6-6-6 Tricyclic C-13 cation _42.549
Dammarenyl C-20 cation -42.452
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