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Abstract
Acanthamoeba castellanii (AC) is a pathogenic protozoan that causes blinding keratitis in
humans. AC synthesizes C28 ergosterol while humans synthesize C27 cholesterol. The one
carbon difference at C24 in the sterol structures of parasite and host is generated by sterol
methyl transferase (SMT). In an effort to understand the mechanism of action of suicide
inhibitors designed to inhibit sterol methylation that thereby prevents ergosterol
biosynthesis and growth, 26,27-dehydrolanosterol (DHL) and cholesta-5,7,22,24-tetraenol
(T4) were evaluated against cloned AcSMTs.

During the course of the investigation, two AcSMTs were identified through bioinformatic
and chemical analyses of the ergosterol biosynthetic pathway, one of them (24AcSMT)
was shown to covert cycloartenol to 24(28)-methylenecycloartanol while the other one
(28AcSMT) was shown to convert 24(28)-methylenelophenol to 4α-methyl 24βethylstigmasta-7,25(27)-dienol and other minor products. To determine the specificity of
DHL and T4 as suicide inhibitors of 24AcSMT or 28AcSMT, a series of kinetic and
chemical experiments were carried out against the cloned enzymes. Based on GC-MS
analysis of enzyme generated methyl sterol diol formation, DHL inactivated 24AcSMT
while T4 inactivated 28AcSMT. Based on steady-state kinetic analysis, DHL generated Ki
values of 16µM against 24AcSMT and 40µM against 28AcSMT, while T4 generated Ki
values of 18µM and 8µM respectively. Consistent with suicide behavior, DHL showed
time-dependent inactivation properties against 24SMT exhibiting kinact of 0.04min-1 and the
3

H-DHL intermediate-24AcSMT complex co-migrated with wild type 24AcSMT on SDS-

PAGE gel. The results show that DHL and T4 are potential therapeutic leads in the design
of next generation drugs to treat amoeba infections.
v
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Chapter 1

Introduction

Drug discovery efforts over the last century have contributed significantly to the well-being
of human beings. However, several challenges remain to be solved. One of these diseases,
which has been largely neglected for its orphan nature, is Acanthamoeba Keratitis caused
by Acanthamoeba castellanii. Several projects have been carried out in our lab in an
attempt to discover new mechanism-based inactivators or transition state analogues
targeting several Sterol methyltransferases (SMTs) from pathogenic organisms like
Trypanosoma brucei with great success (1). The current project capitalizes on these
encouraging results and relies on the working hypothesis that if the sterol biosynthetic
pathway of A. castellanii is intercepted with suicide inhibitors against 24- and/or 28Acanthamoeba castellanii SMT (24/28AcSMT), toxic intermediates, viz cycloartenol and
24(28)-methylenelophenol, will be accumulated and kill cells at an acceptable IC50 values
in vivo. The specific aim of the study was to establish chemical and kinetic evidence for
the suicide inhibition potential of 26(27)-dehydrolanosterol (DHL), which is a lanosterol
analogue and known suicide inhibitor, and cholesta-5,7,22,24-tetraenol (T4), a natural
substrate which has an electron rich C-22 double bond and hence was considered as a
suitable candidate for suicide inhibition.

1.1 Acanthamoeba castellanii

Acanthamoeba species are widely distributed free-living protozoa. They were discovered
in 1930 as contaminant in yeast culture (2). Since then they have been found in domestic

1
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tap water, soil, sewage, hospitals, chlorinated swimming pools, air-conditioning units,
contact lens cases, human skin, throats, intestines, and nasal cavities, as well as plants and
other mammals (3). Acanthamoeba has two life forms – active trophozoite and a dormant
cyst. Trophozoites, amoeboid in shape, are generally 13 to 23 μm in diameter and have
large quantity of mitochondria. They feed on microbes and reproduce mitotically. The
double-walled cyst form occur under stressful conditions (2). Acanthamoeba can easily be
distinguished from other genera of amoeba morphologically, however differentiating one
species from the other with in that genera is challenging. Currently, they are classified
based on 18S rDNA into 12 groups, T1 - T12. Acanthamoeba castellanii belongs to type
T4 (4). Acanthamoeba castellani trophozoites or cysts can infect the eye directly and cause
Acanthamoeba keratitis, which may lead to corneal ulcers or even blindness (Figure 1.1).
This condition results from poorly disinfected lenses and contaminated hands. According
to CDC, in the developed world 1 to 33 cases per million contact lense wearers encounter
the disease.

According to CDC, symptoms of Acanthamoeba keratitis vary from one person to the other
but common complaints include eye pain, redness, blurred vision, photosensitivity,
excessive tearing, and sensation of something in the eye. These symptoms are seen in other
eye diseases making diagnosis difficult. Early diagnosis is important for effective
treatment. The infection is usually diagnosed by an eye specialist based on symptoms,
amoeba culturing from the eye, and/or visualizing the amoeba by confocal microscopy.
Recent advances in PCR and confocal microscopy have proven useful in advancing our
diagnostic ability of this pathogen (5). Treatment of this pathogen is difficult since current
antimicrobial therapy is generally empirical and the cyst stage is resistant. Combination
2
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treatment is recommended to eliminate cyst. Topical therapies include a Biguanide
(polyhexamethylene biguanide at 0.02% or chlorhexidine at 0.02%) and a diamidine. This
combo is administered at high frequency initially and then tapered down after 48 hours –
to avoid toxicity. Extended treatment for as long as 6 months is necessary due to
encystment (5). Clearly, there is a need for a safer and manageable therapy.

Figure 1.1 Acanthamoeba castellanii life cycle and morphology. A, Life cycle and
infectivity of Acanthamoeba (Adopted from CDC website). B, Trophozoite (left panel)
and cyst (right panel) form of A. castellanii (2). C, Normal and Acanthamoeba-infected
eye (2).
3
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There are some attempts to discover drugs against Acanthamoeba Keratitis. One group
tested methanolic extracts of several Peucedanum spp. Extracts of the plant were evaluated
for their amoebicidal properties using inverted microscope and showed time- and
concentration-dependent activity (6). Similarly, they tested Teucrium spp and found similar
results (7). In both cases, cysts were found to be resistant. In an attempt to solve the
difficulty of cyst treatment, researchers have investigated anti-amoebic effectiveness of
riboflavin and UV-A and they reported encouraging results (8). However, UV light
treatment may have long term consequences like development of cancer. Another group
tested the efficacy of Radix scutellariae phytochemicals, alone and in combination with
multipurpose disinfecting solutions, and discovered synergistic activity. This highlights the
therapeutic potential of natural products against AK (9). Furthermore, researchers tested
small interfering RNAs (siRNAs) targeting catalytic domains of extracellular serine
proteases and glycogen phosphorylase in Acanthamoeba castellanii. They found
significant attenuation of Acanthamoeba growth rate and survival. Interfering with
protease activity protected human corneal cells from degradation, while inhibiting
glycogen phosphorylation prevented Acanthamoeba encystment (10). Inhibitors targeting
the cyclic AMP phosphodiesterase RegA in Acanthamoeba were also discovered. They
were able to induce encystation and prevent cyst germination. This shows the importance
of cAMP in cyst formation (11). In this project, a novel treatment strategy that targets an
enzyme that has not been previously targeted is presented, in hopes to discover a viable
alternative.

4
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1.2 Sterol Biosynthetic Pathway in A. castellanii

Sterols are primary metabolites essential for survival in all eukaryotic organisms. They are
used as membrane inserts and as hormones in signaling pathways. Chemically, the main
features of sterols are cyclopentanophenanthrene ring, a freely rotating side chain, and a
hydroxyl group at C-3 making the molecule amphipathic. Sterols insert themselves in to
the membrane where bulk of the molecule is embedded in the membrane while the
hydroxyl group faces the cytosol or extracellular fluid. Biosynthetically, sterols are derived
from the isoprenoid pathway with phyla specificity in their precise structural features (12).
This differentiation starts after the formation of squalene. In photosynthetic organisms,
squalene-oxide cyclization yields cycloartenol; lanosterol is the counterpart in
nonphotosynthetic organisms. Cycloartenol and Lanosterol are further processed in a chain
of enzymatic reactions that optimize them to fit into the membrane as inserts or to serve as
precursors for hormone biosynthesis. One of the steps involved in this process is alkylation
at C-24, which is mediated by an enzyme called Sterol methyl transferase (SMT). SMT
may have one, two, or three isoforms depending on the organism.

The pathway in A. castellanii is similar to that of plants where cycloartenol is utilized for
first alkylation using 24AcSMT to form a 24-methylenecycloartenol, which undergoes
series of stages to form 24(28)-methylenelophenol (Figure 1.2). The latter is methylated by
28-AcSMT to Δ24(28) and Δ25(27) products. The major final product is Poriferasterol. Some
aromatic sterols have also been detected when the cells die.

5
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Figure 1.2 Sterol biosynthetic pathway in A. castellanii (Unpublished work submitted to
Nature Communications).
1.3 Sterol methyltransferase

Sterol methyl transferases are alkylation enzymes which are present in protozoans and
plants but absent in animals. These enzymes have highly conserved regions which bind
sterol (Region 1), the cofactor S-adenosyl-L-methionine (SAM) (Region 2), and ATP (the
walker sequence) (13, 14). SMTs are homotetrameric proteins with molecular weight of
~160±10 kDa across kingdoms, except animals (15). Mechanistically, SMT follows the
mechanism proposed by Dr. Nes - the steric-electric plug model (Figure 1.3) (14, 16).
Critical components of the sterol for catalysis are the C-3 β-hydroxyl group, a planar
nucleus, a C-20 R-configuration and a nucleophilic double bond at C-24. The latter is the
electron rich area that performs nucleophilic attack on the electrophilic methyl group of
SAM yielding a C-25 carbocation. The manner in which this unstable carbocation is
quenched is a source of side-chain diversity. If it is quenched by a hydride shift from C6
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27, it forms C25(27)-methylene product; however, if C-25 hydrogen is involved in the
quenching process, which is the case most of the time, a C24(28)-methylene product ensues
(14). This phenomenon has been confirmed in reactions catalyzed by Acanthamoeba
castellanii SMT (AcSMT), as part of this project and others, based on GC-MS analysis of
deuterated products ratio relative to non-deuterated products and 1H-NMR analysis of
purified products.

With the sequencing of the A. castellanii genome, target identification and drug discovery
efforts have been facilitated. Recent works in our lab indicate that there are two AcSMTs
– 24AcSMT and 28AcSMT – involved in the sterol biosynthesis of A. castellanii.

Figure 1.3 Steric-electric plug model (16).

1.4 Rational Drug Design against AcSMT

Rational drug design capitalizes on acceptability and reaction mechanisms of substrates at
the active site of the candidate enzyme. A natural or synthetic substrate that has
7
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electrophilic intermediate(s) that can be quenched by nucleophiles at the enzyme’s active
site form the basis for suicide inhibition of the target enzyme. Since AcSMT is absent in
humans it is an attractive target for drug therapy. Hence, by virtue of their propensity for
mechanism-based inactivation, 26,27-Dehaydrolanosterol (DHL) and Cholesta-5,7,22,24tetraenol (T4) were tested for their suicide inhibition ability against cloned AcSMTs in this
project. By inhibiting SMT, accumulation of toxic or non-functional sterol intermediates
or downregulation of signaling sterols can occur leading to death and this strategy has
therapeutic potential against pathogens which rely on SMT for their metabolic needs (1,
17, 18).

8
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Chapter 2

Experimental Methods

2.1 Chemicals and Solvents

Most chemicals and solvents used in this project were from Fisher, Sigma-Aldrich, VWR
or Promega. IPTG (isopropylβ-D-1-thiogalactopyranoside) was purchased from Boston
Bioproducts. S-Adenosyl Methionine (AdoMet) was purchased from Sigma. Radioactive
[methyl-³H] AdoMet was from Perkin-Elmer. Deuterated S-adenosylmethionine was from
New England BioLabs. Bradford protein assay kits were from Bio-Rad laboratories. QSepharose Fast Flow was from GE Healthcare Life Sciences. Cholesta-5,7,22,24-tetraenol
(T4) is a natural product produced by the mutant Erg6 yeast cells (gift from Dr.Leo Parks
to Dr W David Nes). 26,27-dehydrolanosterol (DHL) was obtained from Dr Nes collection.

2.2 Analytical conditions

GC was used to quantify substrates using cholesterol (1mg/ml) as standard. The parameters
of the GC were: injection temp 250°C, oven temp 245°C, and detector temp of 300°C. The
column is packed with 3% SE30 80/100. Helium was used as carrier gas. Sterols were
detected by a flame ionization detector (FID) with an HP3395 integrator. Once quantified,
substrates were analyzed by GC-MS for purity and identity.

HPLC (Dionex Ultimate 3000) was used to purify T4 from Erg6 sterols and to purify
enzymatic assay product for H-NMR analysis. Luna column 10μ, C18(2) 100A with a

9
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dimensions of 250x10.00mm was used for this purpose. Flow rate was set at 2ml/min and
temperature at 20°C. HPLC-grade methanol was used for elution.

GC-MS (HP 6890 series GC system coupled with 5973 Mass Selective Detector system)
was used to analyze products from overnight incubations. The method used has the
following parameters: scanning mass range from 50 – 500 amu, inlet temperature 250 °C,
oven temperature from 170 °C to 280 °C, Helium flow rate of 13.3 ml/min, and run time
31.5 min. For Selected Ion Monitoring (SIM), m+ = 380/394 and m+ = 412 were monitored
starting at 14.5 min and 18.5min respectively.

2.3 Substrate production, purification and quantification

Cholesta-5,7,22,24-tetraenol (T4) is a natural product produced by the mutant Erg6 yeast
cells (gift from Dr.Leo Parks to Dr W David Nes). The cells were grown for 3-5 days and
saponified for an hour in a reflux condenser. The suspension was then extracted thrice with
equal volumes of hexane and concentrated in a Rota vapor. The compound was purified by
HPLC using a 10μm, 250mmx10mm Luna column and 100% methanol as mobile phase at
20°C column temperature and 2ml/min flow rate. GC-MS was used to ascertain presence
of T4 (m+=380).

2.4 Expression of Recombinant AcSMT and quantification

24-SMT from A. castellanii was cloned in collaboration with Dr. Minu Chadhauri of
Meharry Medical College. The gene was cloned into a pGS-21a plasmid and expressed in
BL21 E. coli. The gene contained an ampicillin resistant gene as a selection marker. Cells
were streaked on a Luria Bertani (LB) medium agar plate (composed of 10 mg/mL
10
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Tryptone, 5 mg/mL Yeast extract, 10 mg/mL NaCl, 15mg/mL of agar, and 50mg/L of
ampicillin). An inoculated plate was incubated at 35°C overnight. From this, a colony was
aseptically transferred to a sterile 100mL liquid LB media with 50mg/L of ampicillin and
grown overnight at 35oC in a shaker at 220 rpm. A 10mL aliquot from the starter culture
was then transferred to a 1L Fern Bachs containing liquid LB media with 50mg/L
ampicillin and allowed to grow until an optical density (OD) reading of 0.6-0.8, after which
400μM of Isopropyl-β-D-1-thiogalactopyranoside (IPTG) was added to induce expression.
Cells were then harvested by centrifugation at 10,000G for 10 min in a Beckman Coulter
Avanti J-26 XPI Centrifuge set at 7,500 rpm and 4°C. Pellets were stored at -20°C until
further use. The pellets were resuspended in a phosphate buffer (1g in 5ml) and lysed in a
homogenizer at 10-15kpsi. Lysate was stored at -20°C until further use. Protein
concentration was quantified by Bradford at 595nm using BSA as a standard. A protein
concentration of 2mg/ml (1.2mg per tube) was fixed as standard for subsequent assays
unless otherwise noted.

2.5 Standard enzyme assay protocols

Overnight incubation

100μM of sterol suspended in 12μL of 5% v/v Tween 80, blown down under nitrogen and
incubated overnight with 150μM SAM or Deuterated-SAM and 1.2mg of total protein from
E. coli lysate overexpressing AcSMT in a 600μL reaction mix at 35°C and 7.5 pH. Then
the reaction was stopped with 600μL of 10% methanolic potassium hydroxide (KOH) and
saponified product released by heating at 85°C for 20min. After sterols were extracted
twice by hexane, product distribution was analyzed by GC-MS. For Tetraenol product
11
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distribution double protein and SAM amount was used. Diol formation is indicative of
covalent binding to the enzyme. A diol has 18 units higher molecular mass relative to the
product, which will be 412 for T4 and 456 for DHL. Deuterated-SAM was employed as a
means of differentiating 24(28) methylene product from 25(27), the former is two units
higher than the normal product while the latter is 3 units higher. Moreover, Chloroformmethanol (2:1) was used to extract nonsaponified reaction mixture as a means of
confirming suicide inhibition, because the inhibitor is released by saponification in the
form of a diol.

Product isolation and characterization

A 50-tube bulk incubation of T4 overnight yielded enough amount of product for HPLC.
After saponification and extraction, the product was analyzed on GC-MS and 50%
conversion was noted. It was purified on HPLC using Luna column under the above
mentioned conditions. It was then blow dried under nitrogen to remove methanol and
dissolved and dried using a sequence of organic solvents (Acetone, Hexane, Methanol, and
Deuterated-chloroform) to remove water. Finally, it was dissolved in Deuteratedchloroform for 1H-NMR analysis.
Standard Assay Conditions – Kinetic studies (Km, Vmax)

Varying concentrations of sterol from 5 to 150μM were incubated with 1.2mg of total
protein and 150 μM or 0.6 μCi/tube of [methyl-3H-SAM] in a 600μL reaction mix, made
up to volume with phosphate buffer pH 7.5, at 35°C for 45 min.(19) The reaction was
stopped with 600μL of 10% methanolic KOH and the mixture heated at 85°C for 20min.

12
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Radioactively labelled products were then extracted twice with hexane, dried overnight in
a hood, suspended in scintillation fluid and counted in a scintillation counter.

2.6 In vitro enzyme inhibition assay (IC50)

IC50 study - T4 vs 24 and 28AcSMT
Serial dilution of inhibitor (250 to 0μM) was prepared. 100 μM of natural substrate and
12μL Tween 80 were added to each tube. 150 μM of SAM, 1.2 mg total protein, and buffer
at pH 7.5 were added to make up the volume to 600μL. Products were analyzed on GCMS. Percent product formed were analyzed for each data point and then normalized to the
one without inhibitor.

IC50 study - DHL vs 24 and 28AcSMT
Serial dilution of inhibitor (250 to 0μM) was prepared. 100 μM of natural substrate and
12μL Tween 80 were added to each tube. 150 μM of [methyl-3H]-SAM, 1.2 mg total
protein, and buffer at pH 7.5 were added to make up the volume to 600μL. The reaction
mix was incubated and analyzed as mentioned above under radioactive assay protocol.

2.7 Time dependent inactivation studies

DHL vs 24AcSMT

Time-dependent inactivation experiment for DHL was conducted as previously described
with slight modification (20). Briefly, the reaction mix was composed of DHL (0, 5, 10,
and 20 μM), 2.4mg of total protein from 100,000g supernatant, 100 μM SAM, and

13
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phosphate buffer with 5% glycerol. Total volume was 1500 μL. This mixture was then
incubated for 0, 5, 10, and 20 minutes after which 200 μL of each sample was taken on
Eppendorf tubes and placed directly in Dry ice–Ethanol bath. After thawing, sample was
transferred to 500 μL Amicon ultracentrifugation filters, brought to 500 μL with buffer and
filtered in a centrifuge at 4500g for 7 minutes three times each in a cold room. This removes
unreacted DHL leaving behind the covalently bound fraction, which is representative of
DHL’s inactivation potential. Each sample was then transferred to a test tube containing
100 μM cycloartenol and assayed for cycloartenol conversion using the radioactive assay
protocol. Data were analyzed relative to the zero point where there is no inactivation.

T4 vs 28AcSMT

Several tubes representing two incubation times (3 hours and 6 hours) were prepared
containing T4 (0 and 50μM) suspended in Tween 80. To this, 1.2mg of total protein and
150 μM of SAM were added and the volume was made up to 600 μL with buffer pH 7.5.
The tubes were incubated for the indicated time points (3 and 6 hours) after which samples
were placed in Dry ice–Ethanol bath and stored at -20°C. When the first part of the
experiment was over, 100 μM of cholesta-5,7,24-trienol (T3) was added to each tube along
with fresh 150 μM SAM and incubated overnight. Residual enzyme activity was analyzed
using GC-MS as usual. T3 conversion was normalized against no inhibitor and bar graphed.

2.8 SDS-PAGE of AcSMT labelled with radioactive product
T4 and DHL at a concentration of 150 μM were suspended in 12 μL of Tween 80 and
blown down under nitrogen. To this 50 μL of phosphate buffer pH 7.5, 200 μM of [methyl-

14
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3

H]-SAM, and 2.5mg of total protein contained in a 100,000g supernatant of 24AcSMT

were added and the mixture was incubate in a shaker water bath set at 35°C for 45min. A
negative control was also ran. 150 μL of each sample was taken and mixed with 50 μL of
sample loading buffer and heated at 95°C for 10 minutes. After cooling, 10 μL of each
sample was loaded onto a precast gel (two lanes per sample) and ran at 150millivolts. When
done, the frame was carefully removed and the two lanes in the gel for each sample were
excised in to five parts corresponding to visible bands on the ladder (from 20 to 70 kDa),
diced into 1mm3 cubes and placed on scintillation vials. 1ml of 50% hydrogen peroxide
was added to each vial and left overnight at 60°C for digestion. After that scintillation fluid
was added and radioactivity counted on a scintillation counter.

2.9 Partial AcSMT purification scheme

24AcSMT was partially purified using anion exchange columns (Q-Sepharose and MonoQ) on AKTA Pure protein purification system. QA Buffer composed of 20-mM Tris HCl
buffer pH 7.5, 2-mM MgCl2, 2-mM 2-mercaptoethanol, 400μM ATP, and 5% (v/v)
glycerol was prepared. This was divided in to two portions and 1M NaCl was added to the
other half to make QB buffer – elution buffer. Briefly, 100,000g supernatant was loaded
on to a manually loaded Q-Sepharose column and eluted with a salt gradient. Active
fractions were filtered multiple times with QA buffer to remove salt and loaded on to a
mono-Q column, which is stronger anion exchanger than Q-Sepharose. Fractions were
assayed using 150μM radioactive SAM, 100µM cycloartenol, and 450μL of each fraction
per tube. A 280nm detector was used.

15
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Chapter 3

Results and Discussions

3.1 T4 was purified from Erg6

T4 was obtained from Erg6 mutant yeast and purified as described above. HPLC
purification of crude extract yielded several peaks, the first of which is T4 eluting between
24 and 28 minutes (Figure 3.1 A). GC-MS analysis revealed 98% purity (Figure 3.1 B).

Figure 3.1 HPLC and GC-MS chromatograms of T4 substrate. A, HPLC chromatogram
of Erg6 hexane extract ran HPLC. The peak that runs between 24 and 28 min is T4. B,
GC-MS chromatogram of purified T4 showing 98% purity.
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3.2 24AcSMT and 28AcSMT are catalytically different

Following expression in E. coli, cell lysates were assayed against natural substrates
(cycloartenol for 24AcSMT and 24(28)-methylenelophenol for 28AcSMT) every time
before other experiments were conducted and usually more than 60% conversion was
achieved and considered acceptable.

Sequences of both genes were identified from the National Center for Biotechnology
Information database and blasted against several other SMTs from other organisms (Figure
3.2). As expected, significant degree of sequence homology was observed between
24AcSMT and 28AcSMT with distinct regions of highly conserved residues. Region I is
where sterol substrates like cycloartenol bind and Region II is for the cofactor SAM.
Differences in the other regions may account for their difference in their catalytic abilities
described below.

Figure 3.2 BLAST analysis of AcSMTs with other SMTs (Unpublished work submitted
to Nature Communications)
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In an attempt to establish catalytic properties of both enzyme isoforms, cholesta-5,7,24trienol (T3) which is not a suicide inhibitor, was incubated with both enzymes with SAM
and Deuterated-SAM (D-SAM). D-SAM enables the incorporation of deuterium loaded
methylene or methyl groups at C24 making C-D bonds a bit harder to break (as opposed to
C-H bonds) and slowing down catalysis so that existence and proportion of certain products
is affected. This is a powerful tool commonly referred as isotope effect or channeling.
Results from this study indicate differential catalytic properties of both enzyme isoforms
(Figure 3.3). 24AcSMT was able to completely transform substrate to a monol product
(having one hydroxyl group) with both SAM and D-SAM, insinuating that the active site
binds tightly with the substrate showing no flexibility. On the other hand, 28AcSMT
formed 3 second-alkylation monol products when incubated with SAM – P2 and P4 are
easily identified and P3 forms a tiny shoulder before P4. When D-SAM was used, the first
alkylation product's (P1 in panel D figure 3.3) peak was observed and constitutes more
than 50% of all products. Among the second alkylation products P2 was reduced slightly,
while P4 was diminished significantly. Taken together, it can be concluded that 28AcSMT
has more flexibility than 24AcSMT in terms of substrate specificity since it was able to do
both first and second alkylation. Differential catalytic features were also confirmed by
Michaelis-Menten kinetics (Appendix 3). For instance, 24AcSMT exhibited 2.5 times
higher Vmax than 28AcSMT for T4, which agrees with overnight incubation studies,
because in the latter a portion of the enzyme is inactivated – albeit tiny portion – leading
to reduced Vmax value (Appendix 3 panel C versus D).
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Figure 3.3 Cholesta-5,7,24-trienol (T3) product distribution by 24AcSMT and 28AcSMT
with SAM (panels A and C) and D-SAM (panels B and D).
3.3 T4 and DHL form diol(s)
Diol (product having two hydroxyl groups) formation is indicative of covalent binding – a
key feature of suicide inhibitors. When T4 and DHL undergo catalysis a relatively stable
cation intermediate is formed giving chance for a neighboring acidic amino acid to quench
it and forming an ester linkage in doing so. Following overnight incubation the reaction
mix is treated with methanolic KOH, which is a saponifying agent, breaking down ester
bond into carboxylate and alcohol groups. The alcohol group remains in the sterol side
chain forming the basis for chemical signature. A substrate may form one or more diols
depending on location of the positive charge and of the quenching acidic residues on the
active site of an enzyme.
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In agreement with the above-mentioned differential catalysis, both enzymes have
differential treatments of T4 and DHL (Figures 3.4 and 3.5) in terms of diol formation
ability and monol:diol ratio. GC-MS analysis of overnight incubations showed that T4
formed one monol and one diol products (m+= 394 and m+= 412 respectively) against
24AcSMT and two monol and one diol products (two with m+= 394 and one with m+= 412)
against 28AcSMT. Moreover, 100% conversion of substrate to product was noted for T4
against 24AcSMT, but only 30% for 28AcSMT on overnight incubation studies. Since the
diol formation relative to monol formation was significantly low for 24AcSMT, subsequent
discussions are going to focus on the suicide inhibition potential of T4 against 28AcSMT
only. DHL formed one monol and two diol products (m+= 438 and m+= 456 respectively)
with 24AcSMT and none with 28AcSMT. To ensure diols were formed by enzyme
catalysis and nothing else, Deuterated-SAM was used which proved to be the case – T4
and DHL forms a deuterated diol(s) with m+= 415 and m+= 459 respectively (Figures 3.4
and 3.5 insets). Moreover, chloroform:methanol extraction of non-saponified enzyme
failed to furnish diols, strongly suggesting the diol is covalently linked compound released
only by saponification of ester bond. In addition to this, extracted products were derivatized
using N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA), which specifically targets
hydroxyl groups, as a final confirmation of diol formation and derivatized diols were
detected at m+= 484 and m+= 600 for T4 and DHL respectively. Taken together, these data
suggest that DHL and T4 are two suicide inhibitors complementing each other’s activity
on AcSMTs.
Mechanistically, T4’s putative diol formation mechanism is depicted below (Figure 3.4).
Briefly, the electron-rich C-24 is attacked by methyl group from SAM and forms a
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carbocation at C-25, which is transferred to C-24 by hydride shift. The double bond at C22 then undergoes rearrangement to C-23 to quench the cation and forms a carbocation at
C-22 in doing so. This carbocation is then quenched by acidic residue (probably Aspartate
or Glutamate) at the active site engendering inhibitor-enzyme adduct. This adduct is then
released as a diol by saponification, using methanolic KOH at 85°C, since it is an ester
linkage. Basically, the same mechanism is also presented for DHL below (Figure 3.5).

Figure 3.4 Reaction mechanism (upper panel) and GC-MS chromatogram (lower panel)
of T4 against 28AcSMT. T4 forms two monol (P1 and P2) (m+=394) and one diol (P3)
(m+=456) products as confirmed by Deuterated-SAM (insets).
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Figure 3.5 Reaction mechanism and Chromatogram of DHL against 24 AcSMT. DHL
forms one monol (P1) (m+=438) and two diols (P2 and P3) (m+=456) products against
24AcSMT as confirmed by Deuterated-SAM (insets).
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3.4 1H-NMR analysis of T4’s product

T4 was incubated in bulk with 28AcSMT as described above and the product/substrate
mixture was extracted, cleaned on HPLC, and 1H-NMR performed (Figure 3.6). Substrate
double bond 24(25) and product double bond 24(28) were differentiated on the NMR
spectra – the peaks at 4.82 and 4.85ppm respectively (Figure 3.6 C).

Figure 3.6 T4 product isolation and characterization. A, GC-MS of bulk incubation
extract showing 1:1 mixture of T4 and its product co-eluting. B, HPLC ran of the same
sample showing product forming a shoulder at 25.5 min. C, 1H-NMR of the same sample
showing two peaks (substrate and product) at 4.82 and 4.85 ppm (inset).
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3.5 Time-dependent inactivation

One of the hallmarks of mechanism-based inhibitors is their ability to exhibit time and
concentration dependent- inactivation of the targeted enzyme as measured by residual
activity after varying periods of incubation at different concentration. To this end, T4
exhibited mild inactivation activity against 28AcSMT. T4 was able to reduce the activity
of 28AcSMT by 25% over 3-6 hours of incubation (Figure 3.7 lower panel). The method
used for T4 was GC-MS based since the previously published radioactive method proved
difficult. This is mainly due to high interference from monol products formed in higher
proportion than diol, making subsequent assays – following filtration – difficult. However,
for DHL previously established protocol was used with success and it was able to inactivate
24AcSMT with kinact = 0.04 min-1 and t1/2=17min (Figure 3.7 upper panel). In absolute
terms, DHL reduced residual enzyme activity by more than 400%, showing its superiority
over T4 in terms of mechanism-based inactivation potential.
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Figure 3.7 Time-dependent inactivation of 24AcSMT by DHL (upper panel) and
28AcSMT by T4 (lower panel). Data points are from duplicate trials with less than 10%
variability.
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3.6 SDS-PAGE revealed covalent binding of DHL to 24AcSMT

DHL was incubated with both enzymes for 45 minutes using the radioactive assay protocol
as described above. After that, the reaction mix was prepared for SDS-PAGE analysis as
described above. Since the enzyme was denatured with SDS and released any non
covalently bound product in the process, any radioactivity on SDS-PAGE fragments is
attributed to covalent binding. DHL exhibited remarkable dpm counts at the band
corresponding to 37 kDa on the ladder when incubated with 24AcSMT (Figure 3.8).
Molecular weight of 24AcSMT is about 39kDa. T4 showed just two to three fold higher
readings than background, which is weak; the same holds true for DHL against 28AcSMT.

Figure 3.8 SDS-PAGE gel fragments of 24AcSMT incubated with radioactive DHL.
High radioactivity reading was recorded at the location where the enzyme migrates. Data
points are from duplicate trials with 10% variability.

26

Texas Tech University, Medhanie Elias Kidane, May 2017

3.7 IC50 studies

In vitro inhibitory enzymatic activities of both inhibitors were assessed against natural
substrates. For DHL, the radioactive protocol was used, however, for T4 only GC-MS
based non-radioactive assays could be conducted due to high product interference on
radioactive readings; there is substantial product conversion with T4 (30 to 100%). T4
exhibited similar IC50 values for both enzyme isoforms – 55μM for 24AcSMT and 38μM
for 28AcSMT. In separate in vivo studies performed in our lab furnished three order
magnitude lower IC50 values on A. castellani cells. This discrepancy is probably due to the
difference in enzyme amount, i.e. overexpressed enzyme vs natural abundance. DHL has
IC50 value of around 50μM against 24AcSMT. DHL generated Ki values of 16µM against
24SMT and 40µM against 28SMT, while T4 generated Ki values of 18µM against 24SMT
and 8µM against 28SMT calculated from IC50 values using established formula (Table
3.1) (21).

Table 3.1 In vitro IC50 and Ki values of DHL and T4.

Inhibitor

Enzyme isoform

IC50 (μM)

Ki (µM)

DHL

24AcSMT

50±10

16

28AcSMT

200±18

40

24AcSMT

55±7

18

28AcSMT

38±4

8

T4
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3.8 24AcSMT purification

24AcSMT was partially purified as described above for proteomics studies to identify the
amino acid residue responsible for covalent binding of DHL. The enzyme was mostly
eluted at 40% salt concentration on Q-sepharose column with a 65% recovery of activity
(Table 3.2). Active fractions were pooled and filtered and loaded on to mono-Q. The
enzyme came out at 30% salt concentration with 30% recovery of activity. Active fractions
were pooled, filtered and concentrated. SDS-PAGE was run and shows enrichment around
40 KDa which is very close to the molecular weight of AcSMT (Figure 3.9).

Table 3.2 24AcSMT recovery of activity during purification.

Total

protein Activity recovered (%)

(mg)

relative to fraction loaded

24AcSMT (100,000g)

167

100

Post Q (Q-Sepharose) –

50.6

65

15.75

30

fractions 5&6
Post

Q

(Mono-Q)

–

fractions 10 – 13
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Figure 3.9 SDS-PAGE of 24AcSMT purification scheme showing enrichment. Lanes 1-4,
from left to right represent ladder, 100,000g of cell lysate, active post Q-Sepharose
fraction, and active post mono-Q fractions.
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Chapter 4

Conclusion

This work provides the chemical and kinetic evidence for the suicide inhibition activities
of DHL and T4 against 24AcSMT and 28AcSMT respectively. In another study conducted
inn our lab both inhibitors exhibited nanomolar or lower micromolar inhibition activities
on Acanthamoeba castellanii cells. Thus, animal studies are warranted. Moreover, I would
recommend using the radioactive labelling method, as it is a very strong evidence of
covalent binding, as a preliminary screening tool to check whether a given substrate has
suicide inhibition potential in future endeavors.
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APPENDICES
Appendix 1: Structures of substrates and inhibitors
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Appendix 2: GC-MS chromatograms of substrates and products
1. Cycloartenol

2. 24(28)-methylenelophenol
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3. Cholesta-5,7,24-trienol (T3)

4. 26(27)-Dehydrolanosterol (DHL)
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5. Cholesta-5,7,22,24-tetraenol (T4)
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Appendix 3: Michaelis-Menten kinetic curves of substrates and inhibitors
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