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ABSTRACT

Tuberculosis (Th) is a disease ranked among the top ten causes of death worldwide and is
responsible for infecting around 10 million people each year. Tbh is caused by the
Mycobacterium Tuberculosis (M. tb) bacterial pathogen.

The mycobacterium has become resistant towards currently approved drugs which mostly
target the cell wall and this has led to the development of the multidrug resistant (MDR) and
extremely drug resistant (XDR) M. tb strains. The resistant strains are difficult to treat and
require longer treatment duration with the use of combinatory drugs that result in a number of
serious side effects. These limitations have led to the search for novel anti-Tb agents and the
discovery of lassomycin, an antimicrobial peptide (AMP) that utilizes a different mode of
action. The peptide targets the caseinolytic protease of M. tb which is essential for cell survival
and causes uncontrolled protein unfolding which results in cell death. Lassomycin is a 16-
amino acid long basic peptide isolated from a soil bacteria, Lentzea kentuckyensis sp. that been

found to be highly selective and potent towards M. th without affecting mammalian cells.?

The objectives of this project are (i) to modify lassomycin into drug-like derivatives by
incorporating N-methylated amino acids to make the peptide more stable against enzymatic
degradation; (ii) to shorten the synthetic route by replacing the lactam bridge with a disulfide
bridge; (iii) to replace the arginine amino acids in the peptide sequence (difficult to couple)
with lysine amino acids to investigate the role of arginine in the binding of the peptide to the
acidic region of the caseinolytic enzyme; and (iv) to make the peptide more cationic to improve

selectivity for the negatively charged bacterial membrane by adding lysine residues.

Peptides were synthesized via the fmoc solid phase peptide synthesis strategy; purified using a
semi-preparative High Performance Liquid Chromatogram (prep-HPLC) and analyzed using
High Performance Liquid Chromatography Mass Spectrometry (HPLC-MS) and nuclear
magnetic resonance (NMR) spectroscopy.

The bactericidal activity of selected lassomycin derivatives against M. tb was determined using
the Alarmar blue assay and one of the derivatives showed a bactericidal effect at a
concentration of 9.87 pg/ml which is comparable to that of ethambutol. The derivatives were
also found to be selective for pathogens that share a similar protease to that of the M. th such

as Bacillus Subtilis (B. subtilis) and inactive against other pathogens that do not contain the



protease. The 3-dimensional structure of the active derivatives will be determined in the future

using NMR spectroscopy.
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CHAPTER 1

1. Introduction

Mycobacterium tuberculosis (M. tb) is a bacterial pathogen that belongs to the Mycobacterium
tuberculosis complex group (MTC) which causes the tuberculosis (Th) disease in humans and
animals. Other members of the MTC group include Mycobacterium Africanum (M. Africanum),
Mycobacterium bovis (M. bovis), Mycobacterium pinnipedii and Mycobacterium microti.>*
Members of the MTC share a genetic similarity of about 99.9% and this allows them to be able
to infect and cause diseases in different mammals even though they have their own preferred

hosts.®
1.1. Mycobacteria

M. tb is a mycobacterium species that belongs to the Mycobacteriaceae family.®’ Members of
the Mycobacteriaceae family are characterized by a cell wall containing long-chain lipids
attached to carbohydrates through covalent bonding known as glycolipids and mycolic-acid
(long fatty acids).® These lipid substances are found within the cell wall and they resist ordinary
staining methods such as Gram staining resulting in the classification of Mycobacteria to be
neither Gram-positive nor Gram-negative.>® Mycobacteria are divided into fast and slow
growing species. The slow growing mycobacterial species may take longer than a week for
populations to generate and appear on solid media while the fast growing species may take 3-

5 days to appear. M. tb is a slow-growing Mycobacterium.?
1.1.1. Physiology

The mycobacteria have an irregular rod shape and their cell wall is made of inner and outer
sections. The inner section consists of the arabinogalactan and peptidoglycan layers.® The
arabinogalactan layer is a polymer of arabinose and galactose carbohydrates bound with
mycolic acids and the peptidoglycan layer is a polymer of sugars and amino acids.®*? The outer
section of the bacterial cell wall consists of the glycolipids and together with the inner segment
result in a lipid-rich cell wall which enables the mycobacteria to limit drug permeability. A

segment of the mycobacterial cell wall is shown in Figure 1.2° M. tb is classified as an obligate



aerobe as it requires oxygen to grow, however, it can survive in anaerobic environments by

down-regulating its metabolism.*1°
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Figure 1 The Mycobacterium tuberculosis cell wall®
1.2. Tuberculosis

1.2.1. Latent and Active Tuberculosis

M. tb is normally transmitted into a human host via the inhalation of droplets filled with the
Mycobacterium (bacilli) into the lungs.® Upon transmittance, the bacilli are then enclosed by
a wall called ‘tubercles’ made from cells of a strong human immune system that prevents the
bacilli from spreading in the body. When the bacilli is trapped in the “tubercles” it results in

Latent Tb (also known as inactive Th) which has no symptoms.*’

Tuberculosis is caused when the bacilli are activated in the lungs (pulmonary Tb) and it can
spread to other parts of the body such as gastrointestinal, bones and the nervous systems (extra-
pulmonary-Tb).® The immune system of the human body is not equipped to stop the growth
and spread of the Mycobacterium into other parts of the body after infection. M. tb is a tough



and resilient pathogen that can survive in a host for a long time.'®*?? When Tb is left untreated

it can cause death in infected persons.?%?®

People with active Th can spread the disease through coughing or sneezing. Poverty,
overcrowded settings and malnutrition are some of the major factors that increase the risk of
spreading Tb.2* The common symptoms of Tb include coughing, fever, coughing up blood,
breathing that is associated with pain, fatigue and weight loss.'122 People with a low body
weight and those with compromised immune systems such as those infected with chronic
illnesses including HIV, cancer and diabetes have an increased risk of developing Thb.2%23:25-
29 A flow chart illustrating the transmission of the bacilli to the spread and recovery of Tb is

shown in Figure 2.
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Figure 2 Flow chart illustrating the cause, spread and recovery of Th*®

1.2.2. Tuberculosis and Human Immunodeficiency Virus (HIV)

The Human Immunodeficiency Virus (HIV) poses a major challenge against successful Th
treatment and eradication because it weakens the immune system and increases the risk of
infection with the opportunistic Tb disease.?®?® HIV also increases the risk of relapse in
resistant Th.3! HIV infection is thus regarded as the most powerful risk factor that enhances the
progression of latent Tb to active Th.?? Tuberculosis also poses challenges for HIV-positive
patients as it is the major cause of death. In order to contain both diseases in an infected person,
antiretroviral therapy (ART) is used. In previous studies, it was found that ART lowered the
3



Tb infection rate by 80% which decreased the death rate amongst HIV-positive people.l:?>28

Tb is considered to be the oldest infectious disease.
1.2.3 The History and Origins of Tuberculosis

The Mycobacterium genus has been around for more than 150 million years and M. tb was
discovered in 1882, however, it has been around for 70,000 years.? Although the origin of Tb
is not really known, some speculate that M. bovis, which causes Tb in cattle, was the probable
ancestor of the disease and was transmitted to humans during domestication. Others suggest
that M. tb and M. bovis developed around the same time while M. Africanun was the probable

ancestor ,6:32:33

A number of studies have been done to determine how long Tb has been affecting humans.
One such study was done on mummies dating back to 2400 BC in which some skeletal
deformities associated with Th were found.3* Nonetheless, the first written documentation
describing Tb dates back to about 2300 and 3300 years ago in China and India, respectively.*
Despite the limitations in information with regards to the origin of Tb, the first recorded Tb
outbreak was observed around the 1880s where it caused around 900 deaths per 100,000
people.® Th has long been regarded as one of the leading causes of death and to this day, Tb

continues to Kill millions of people yearly worldwide.
1.2.4. Tuberculosis: A Global Challenge

Tb affects everyone directly or indirectly and M. tb can infect anyone indiscriminately. The
effect of Th has become a global concern such that the World Health Organization had declared
Tb a global health emergency around 1993.! Studies show many countries have to work
together in order to successfully combat Th. Participating countries can play a role through
scientific research and by providing data through entities such as the United Nations (UN) and
World Health Organization (WHO). Upgrading certain factors such as income, living
arrangements and the use of effective anti-Tb drugs can lead to decreased incidence (new and
relapse) and death rates.! Due to factors such as economic disadvantages, developing countries
such as South Africa are more affected by Th than high-income countries.?°



1.2.5. Tuberculosis in South Africa

As a developing country, it is not surprising that South Africa (SA) is struggling more than
some countries with Th. It has been classified in the recent 2018 WHO report as one of the
countries with a high Tb burden counted in all 3 categories (Tb, Tb/HIV and MDR-Tb)?. This
trend is also observed on other members of the Southern African Development Community
(SADC) including Zimbabwe, Mozambique, Democratic Republic of Congo, and Angola. SA
is faced with the HIV epidemic® that also contributes to accelerating the Tb problem as HIV

increases the risk of Tb infection.?®

1.2.6. Statistics

1.2.6.1. Global and General statistics:

Th is one of the leading causes of death worldwide®" and almost one third of the world’s
population are carriers of M. th.3> Th incidence cases have always been high and this was
noticed in a study where new cases of Tb had increased from 8.0 million cases in 1997 to 8.3
million cases in 2005. About 10 years later (2016), the Tb incidence cases have increased to
about 10.4 million with around 1.7 million Th-associated deaths.?? In the most recent WHO
report (2018), approximately 1.7 billion people of the estimated global population of 7.7 billion

have been infected with M. th.138
1.2.6.2. South African Tb Statistics:

South Africa has always been one of the countries most affected by the Tb disease and it was
ranked the 9" out of 22 countries that were hardest hit by Tb (WHO, 2005). In a recent WHO
report (2018), SA is now listed as one of the 14 countries that fall in all three high burden Tb
categories (Th, Th/HIV and TB-Multi-drug resistant (MDR)).2° In 2017, SA had an estimated
population of 57 million people of which around 56,000 HIV-positive people died of Th (more
than twice the number of the HIV-negative deaths, 22,000).! Tb incidence cases in SA had
reached the highest at 832 cases in 2009 and decreased to 520 cases per 100,000 people in
2016.% A graph illustrating a decreasing trend of Th incidence cases in SA is shown in Figure
3.



South African Tb incidence cases per 100,000 people from 2007 - 2015
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Figure 3 Tb incidence cases per 100,000 people in South Africa (2004 — 2016)**
**Data from the TB Facts website®

The trend for incident cases for each SA province is illustrated in Figure 4.
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Figure 4 Tb incidence rates per 100,000 people for each province in South Africa (2007 — 2015)**



**Data from the TB Facts website®® (EC = Eastern Cape, FS = Free State, GP = Gauteng Province,
KZN = Kwa-Zulu Natal, LP = Limpopo Province, MP = Mpumalanga, NW = North West, NC =
Northern Cape and WC = Western Cape.

Kwa-Zulu Natal reached the highest incidence rate in the country at 1216 per 100,000 in 2009
and Gauteng had the lowest at 114 per 100,000 in 2010.%° Based on the information presented
in sections 1.2.4 to 1.2.6 above, it is evident that the effect of Th globally and locally has been
studied profusely over the years in order to understand the trends of Th.?4%° Tb is therefore a

serious disease and requires effective strategies to control and manage it.°
1.3. Diagnosis and treatment

1.3.1. Diagnosis

It is important to detect the Mycobacterium and its resistant genetic variants (strains) in the
early stages of infection for effective Th treatment. Diagnosis can be achieved through the use
of accurate, rapid and cost-effective screening tests.** The currently approved diagnostic
techniques include rapid molecular tests, sputum smear microscopy and culture-based
methods.! A positive Th diagnosis is obtained when the presence of Mycobacterium is detected.
In the absence of these techniques, diagnosis is often done by monitoring symptoms associated
with Th such as blood in the sputum and constant coughing with chest pains.%42

The rapid molecular test is a more accurate diagnostic technique that can also detect resistant
Th and it can provide results as early as 2 hours®. Culture-based methods require more
developed laboratory equipment such as the Bactec-320* (Figure 5) and results may take up
to 3 months. Many countries are increasing their use of rapid molecular tests while phasing out
the sputum smear microscopy tests. Xpert MTB/RIF is an example of a rapid molecular test
that is currently used.?® Line probe assays (LPASs) are techniques that can also be used to detect

resistant Th in an infected person.!



Figure 5 The Bactec-320 instrument used for Tb-culture diagnosis*

Challenges are faced with the diagnosis of Tb in children, people living with HIV and pregnant
women. It is difficult to diagnose Thb in children as most of the currently used techniques require
sputum and children below the age of five are unable to cough up phlegm from their lungs.*
Drastic measures are therefore used to diagnose children such as swallowing a nylon string
which will be removed to check for mycobacterial culture.*®4” Tb diagnosis in pregnant women
is difficult due to body changes that are similar to the early symptoms of Tb such as night
sweats and fatigue and therefore diagnosis is done during the third trimester for accurate
results.*® HIV is found to decrease the presence of bacilli in the sputum which results in

inaccurate diagnosis.*®

Appropriate measures can be applied such as the use of effective drugs and healthy living to
treat Th. Protective approaches such as the use of vaccine in non-infected persons can also be

exercised to prevent or reduce the risk of infection.
1.3.2. Vaccination

Vaccination is an approach that is used to prevent infection and is usually not effective on
persons who have been infected.?>%°® A number of effective vaccines are available to prevent
infection against diseases such as those caused by bacteria (e.g. Cholera) and viruses (Chicken
pox and polio). The mode of action of viral and bacterial vaccination is similar. The bacterial
vaccine functions by introducing a non-infectious or attenuated (alive with decreased virulence
effect) bacilli into the body to activate the immune system. The immune system is activated by



producing antibodies against the bacteria to prevent infection in the future. Inactive or
attenuated viruses are introduced into the body for viral vaccination.

The Bacille Calmette- Guérin (BCG) is a Tb vaccine (Figure 6) invented in 1919 by Albert
Calmette and Camille Guérin to prevent infection in humans.?® BCG was created using
attenuated M. bovis bacilli and currently there are many varieties available which include those
with M. tb strains.® The BCG is administered via injection and has minor side-effects such as
formation of ulcers along the site of injection.

10 Doses
BCG VACCINE
(FREEZE-DRIED)

Figure 6 The BCG vaccine and administration®-°2

The use of the BCG in HIV-infected infants has limitations due to the increase in the risk of
developing complications such as the inflammation of lymph nodes known as lymphadenitis
(Figure 7). The lymphadenitis usually ruptures if left untreated and may also result in death.
Lymphadenitis is treated by using antibiotics and can also be removed surgically.*®

Figure 7 An image of an infant that has developed a BCG- induced lymphadenitis in the armpit*®



Tb can be treated using anti-Th drugs since vaccination is not an effective approach for infected

people.
1.3.3. Treatment Using Anti-Tb Drugs

Before the discovery of modern anti-Tb drugs, people relied on ancient remedies such as the
use of sanatoriums where people believed rest and healthy eating could treat Th.®?
Furthermore, people in most African countries relied on medicine made from roots and plants

which were provided by traditional healers to treat Th.®

Streptomycin (Figure 8) was the first successful anti-Th drug discovered in 1945 by Schatz.>
Limitations of streptomycin such as nerve toxicity side-effects and resistance led to the search

for more effective drugs with reduced side-effects.

OH
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Figure 8 Structure of streptomycin®

The currently approved treatment includes the first-line and second-line anti-Th drugs. First-
line drugs are used in new Tb cases and second-line drugs are used when Tb has become
resistant to the first-line drugs. Resistant Th occurs when the Mycobacterium becomes non-

responsive towards treatment.

The first-line anti-Tb drugs include isoniazid (INH), rifampicin (RIF), pyrazinamide (PZA)

and ethambutol (EMB) and are used for a duration of 6 months.>>°® Second-line anti-Tb drugs
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include fluoroquinolones (such as ciprofloxacin and levofloxacin), ethionamide, cycloserine,
capreomycin and para-aminosalicylic acid (PAS). Treatment with second-line drugs usually
takes up to 20 months with a global success rate less than 50%.3! Second-line drugs are
expensive and more toxic than first-line drugs.®” The toxic effects which can be fatal include
cardio-toxicity caused by fluoroquinolones and gastrointestinal toxicity caused by para-

aminosaliyclic acid.

The challenge that the world is currently facing is Tb resistance towards currently approved
drugs as a result of multidrug resistant (MDR-Tb) and extensively-drug resistant (XDR-Tb)
strains.>” MDR-Tb develops when the Mycobacterium becomes resistant to rifampicin or
isoniazid first-line drugs and XDR-Tb develops when the Mycobacterium has become resistant
towards the second-line anti-Tb drugs. Treatment of XDR-Tb remains difficult because there
are only a few available active drugs.?%?23158 The use of effective anti-Tb drugs has prevented
about 45 million deaths between 2000 and 2017 (WHO, 2018). 528

1.3.4. The Mechanism of Action of Anti-Tb Drugs

Most approved anti-Tb drugs employ a similar mode of action which target the cell wall of the

Mycobacterium, illustrated in Figure 9 below.
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Figure 9 The mode of action of currently approved drugs®®
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1.3.4.1. Drugs that target the Mycobacterium cell wall
Isoniazid:

The bacilli in the lungs utilize a catalase-peroxidase enzyme (katG) in order to survive the
hydrogen peroxide produced during respiration. KatG also activates isoniazid (INH, Figure 10)

to produce a number of compounds that interact with different enzymes in the Mycobacterium.

NH,

X

F

N

Figure 10 Structure of isoniazid

The activated INH interacts with nicotinamide adenine dinucleotide (NAD") and nicotinamide
adenine dinucleotide phosphate (NADP*) to form the INH-NAD(P) adducts. These adducts
bind to a number of proteins in the Mycobacterium with high affinity. The INH-NAD adduct
(4-isonicotinoylnicotinamide) inhibits the synthesis of mycolic acid by binding to a reductase
enzyme (InhA) of the M. th.3® Isoniazid is not active against non-replicating bacteria. The
isoniazid side effects can be fatal and include hepatic toxicity and neurotoxicity.>” Tb resistance

against INH occurs due to genetic mutations in the katG and InhA enzymes.
Ethambutol:

Ethambutol (EMB, Figure 11) targets the arabynosyl transferase enzyme responsible for the
synthesis of the arabinogalactan which is the main constituent of the cell wall. The inhibition
of the synthesis of the arabinogalactan by EMB increases cell wall permeability.5”¢° Therefore,
when EMB is used in combination with other drugs it increases their potency. The arabynosyl
transferase is encoded in the ribosome by the emb gene and mutation in the gene results in
resistance against EMB. The major side-effect of EMB is visual loss resulting from a toxic
reaction occurring in the optic nerve.* Other side-effects include dizziness, headache and

itching.>’
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Figure 11 Structure of ethambutol
Pyrazinamide:

Pyrazinamide (PZA, Figure 12) is a pro-drug activated by the pyrazinamidase (PZase) enzyme
atacidic pH in the M. tb cell to form the pyrazinoic acid active compound. When the pyrazoinic
acid is transported to the bacterial cells it decreases pH to highly acidic levels which are
detrimental to some vital enzymes. The pyrazinoic acid inhibits the process that regulates
passage of solutes through membranes.®?> Genetic mutation in the enzyme responsible for
coding PZAse, pncA, may cause reduction in PZAse activity®” which may affect the production
of pyrazinoic acid and thus result in Tb resistance. The addition of PZA to a drug regimen with
isoniazid and rifampicin was found to increase treatment success rates to 95% in six months.®

Side effects of PZA include an upset gastrointestinal tract.
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Figure 12 Structure of pyrazinamide

1.3.4.2. Drugs that target DNA processes in the Mycobacterium cell

Rifampicin:

13



Rifampicin (RIF) is a semisynthetic drug from the rifamycin group which is orally
administered.®® After absorbance in the gastrointestinal tract, RIF (Figure 13) diffuses into
tissue cells until it reaches the Mycobacterium cells. RIF binds to the ribonucleic acid (RNA)
polymerase enzyme. RNA polymerase enzyme is responsible for separating the
deoxyribonucleic acid (DNA) strands during transcription where a segment of DNA is copied
into RNA.

Figure 13 The structure of rifampicin

When RIF binds to the RNA polymerase it inhibits DNA-transcription which prevents the
Mycobacterium from synthesizing messenger RNA (mRNA) and proteins resulting in cell
death.5®%° Messenger RNA is responsible for transferring genetic information from DNA to
the ribosome, where proteins are synthesized. Gene mutations in the RNA-polymerase result
in Tb resistance. The side-effects of RIF include loss of appetite and fever. RIF has lower

hepatic toxicity than isoniazid.

1.4.3.3. Drugs that target folate biosynthesis

Para-aminosalicylic acid:
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The Mycobacterium uses folate to synthesize nucleic acids required to make DNA and when
Para-aminosalicylic (PAS, Figure 14) is used, the Mycobacterium is unable to distinguish it
from the vital salicylic acid required for cell nourishment. PAS inhibits the folate biosynthesis
resulting in cell death. PAS is prone to bacterial resistance, however, the risk of resistance is
reduced when used in combination with streptomycin. The use of streptomycin has been
stopped due to hepatic toxicity.?? The common side-effect of PAS is gastrointestinal tract

disturbance.

OH

H,N OH
Figure 14 Structure of para-aminosalicylic acid®

The problem with currently approved drugs is their susceptibility to resistance resulting in the
drugs being used as combinatory regimens in order to minimize resistance and improve
potency. Most of the currently approved drugs are not active against the non-replicating
persister cells of the Mycobacterium. Persister cells are drug-tolerant and lack resistant genes,
thereby enabling them to survive Tb treatments.? They were discovered in 1944 by Joseph
Bigger when he noticed that some cells of a Staphylococcus aureus (S. aureus) culture survived
treatment with penicillin and yet they were not resistant.?® The fraction of persisters in a

population affects the growth rate of the bacteria inversely.3!

Failure to contain the Tb disease due to limitations such as the development of drug resistant
Tb and life-threatening side-effects has led to the search of new novel anti-Tb agents. This has
resulted in the discovery of drugs that target the protease of the Mycobacterium to cause cell

death. The basic function of proteases is the cleavage of substrates into shorter peptides.
1.4. Caseinolytic Protease complex (Clp)

The protease found in M. tb is known as the caseinolytic protease (ClpP) and plays a crucial

role in cell viability.%® Clp is important in maintaining the bacterial cell during infection by

managing the stress pertaining cell survival inside a host (such as phagocytosis) as well as

protein quality control. Phagocytosis occurs when M. tb cells are ingested by host macrophages
15



which leads to the Mycobacterium adopting a dormant state (non-replicating) facilitated by Clp
protease to survive.>-%* Other bacteria that share a similar protease include Bacillus subtilis (B.

subtilis) and Listeria monocytogenes (L. monocytogenes).

ClpP is made of two heptameric rings of ClpP1 and CIpP2 subunits stacked together to form a
tetradecamer that creates a channel housing serine catalytic sites. The catalytic sites are made
up of a triad of serine (Ser), histidine (His) and aspartic acid (Asp) residues which are accessed
via the axial openings. The Ser residue is responsible for substrate cleavage and the aspartic
acid stabilizes the complex.®>?6 A compressed state (Figure 15) is formed when the Ser and

His residues are further apart resulting in no substrate degradation.

Axial Pore

l N - Terminal Gate

ClpP
Tetredecamer

Proteolytic Sites

Compressed State

Figure 15 A model representing a compressed state of the Clp protease®®

To activate proteolysis, an adenosine triphosphate enzyme (ATPase) binds to the ClpP to form
the proteolytic complex (Clp) with the extended conformation. ATPase stores and provides the
energy needed for substrate degradation. The caseinolytic enzyme (ClpC1) is an ATPase that
belong to the AAA+ super family of chaperons in M. tb. ClpC1 binds to the N-terminal region
of the ClpP through hydrophobic pockets. The Ser and His residues in the extended state are
closer and activated for substrate degradation (Figure 16).
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active catalytic triad

Figure 16 Structure of the caseinolytic protease with the serine catalytic site®

The ClIpC1 unfolds the folded, damaged and misfolded protein substrates that are tagged with
a degradation signal. Furthermore, the CIpC1 translocates the unfolded substrates to the ClpP
catalytic sites for degradation in an ATPase dependent-fashion where they are cleaved into
smaller peptides (Figure 17).26636566 C|pP that is not bound to CIpC1 is unable to degrade

protein substrates, however it can degrade peptides.?56365
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Figure 17 The proteolysis of protein resulting from the interaction of ClpC1 and the caseinolytic

protease®

The Clp plays an important role in the survival of the Mycobacterium such that it has been
targeted as a means for new anti-Th agents that use a different mode of action. These agents
include anti-microbial peptides (AMPS) such as the acyldepsipeptides (ADEPS).
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1.4.1. Compounds that Target the Caseinolytic Protease Complex (ClpP)

1.4.1.2. Caseinolytic protease activators

The increase in drug-resistant Th cases has led to the search and discovery of new anti-Th
agents that target the caseinolytic protease such as acyldepsipeptides (ADEPs, (Figure 18).
ADEPs are compounds that are produced by a soil bacterium known as Streptomyces
hawaiiensis NRRL15010.%> ADEPs bind to the active site of CIpP by mimicking the ClpC1
which activates the protease for proteolysis. The resulting unregulated and non-selective
proteolysis causes cell death.%>®” ADEPs are also active against the ClpP present in Escherichia
coli (E. coli), B. subtilis and Neisseria meningitides bacterial pathogens. ADEPSs are also active

against persister cells and have a very low risk of the development of Tb resistance.®

Me-Pro

\‘/& Ser
(0]
0O N H 0 \J

~ X

| N .
| JX? Pro ;

ADEP1 ("factor A")

Phe

N-Me-Ala

o
o
m
m

0~ _NH O J\
N
i H
N HN N
N Tl/\/\/\
O  ADEP4

Figure 18 The structure of the acyldepsipeptides, ADEP1 and the more potent ADEP4 from the
modification of the natural ADEP1%

ADEPs are extremely potent towards the Tb mycobacterium; however, they are associated with
some limitations such as poor water solubility, rapid enzymatic degradation and chemical
instability. Modifications to improve ADEPs led to the development of the ADEP4 derivative
(Figure 18) which is more potent than ADEP1. The increase in the activity of ADEP4 is mostly
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due to increased structural rigidity. ADEPs remain chemically unstable despite numerous

efforts to improve their activity through structural modifications.

The limitations of ADEPs led to the discovery of other compounds that target and activate the
ClpP known as Activators of Self-Compartmentalizing Proteases (ACPs) and sclerotiamide.
However, the ACPs and sclerotiamide were found to be less effective than the ADEPs and this

led to the discovery of natural peptides that target the caseinolytic enzyme (ClpC1) selectively.
1.4.1.2. Compounds that target the caseinolytic enzyme

Lassomycin (Figure 20), Cyclomarin A (CymA) and, ecumicin (Figure 19) are peptides that
were discovered through natural screening tests as potential anti-Tb agents and they share
similar structural and chemical properties. They are cyclic lasso peptides that contain a
macrolactam ring and are usually threaded. They target the acidic region of the ClpC1 with
high affinity; however, they bind at slightly different sites. Lassomycin is more basic than
ecumicin and CymA and binds to a highly acidic site of CIpC1. All three peptides were found
to be active against growing, dormant and resistant M. tb cells and are not active against

mammalian cells.

CymA causes cell death by activating uncontrolled protein degradation while lassomycin and
ecumicin cause cell death by inhibiting it.8 Ecumicin and lassomycin both increase the ATPase
activity (unfolding) while decoupling the ClpC1 resulting in the accumulation of substrates that
cause cell death due to toxicity. CymA was also found to be a potent anti-inflammatory agent

with cytotoxicity against cancer cells.

Ecumicin, CymA and lassomycin have the potential to make effective anti-Th drugs due to
their selectivity against the CIpC1. However structural modifications are needed to improve
their pharmacodynamics properties. The limitations of ecumicin include poor solubility and

poor intestinal absorption and CymaA is susceptible to enzymatic degradation.®®
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Figure 19 A simplified structure of the lassomycin peptide
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Figure 20 The structures of (a) Cyclomarin A and (b) Ecumicin which are both found to target
the ClpC1 of the M. th®
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1.4.2. Lassomycin

Lassomycin is a 16- amino acid long cyclic peptide that was discovered and isolated from a
soil bacterium, Lentzea kentuckyensis sp.? The peptide, which is synthesized in the ribosome,
contains a macrolactam bond between the N-terminus (Glyl) and the carboxyl side chain of
the aspartic acid (Asp8), illustrated in Figure 19 above. Lassomycin has poor penetration to
mammalian cells which may contribute to its low cytotoxicity against mammalian cells and it
also does not cause red blood cells to rupture.??! The activity of lassomycin is comparable to

that of rifampicin which is currently the most effective anti-Tb drug.

Lassomycin was reported to be active against a variety of M. tb strains including the MDR and
XDR-Tb strains with a minimum inhibitory concentration (MIC) range of 0.8 — 3 pg/ml.?
Lassomycin is also active against Mycobacterium avium and Mycobacterium smegmatis.

1.4.2.1. Mode of action

X-ray studies showed that lassomycin binds to the highly acidic region of ClpC1 with the
highly basic arginine (Arg) residues.? Docking studies showed that CIpC1 binds to the
lassomycin using a glutamine residue at position 17 (GIn17) in the sequence through hydrogen
bonding. Both the lassomycin and protein substrates bind to the CIpC1 at different sites as the
ClpC1 is able to unfold the substrates in the presence of lassomycin (Figure 21).

Proteins substrates

ClpCl

\

\ Lassomycin
ClpP

Figure 21 Mode of action of lassomycin where it decouples the CIpC1 from the ClpP inhibiting

proteolysis %
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The exact cause of death of the M. th cell is not known, however, there are two reasons that

could result in cell death and are explained below.25°

(i) Cell death could result from toxicity due to accumulation of protein substrate when
lassomycin binds and decouples CIpC1 from the ClpP, rendering the protease non-functional
(Figure 21).

(i) Cell death could also result from the uncontrolled and non-selective unfolding of proteins
due to the increased unfolding activity by 10-fold.

Currently, the actual conformation of lassomycin when bound to the ClpC1 ATPase is not

known, however, it can be determined using X-ray studies.?
1.4.2.2. Lassomycin active structure

Structure elucidation with nuclear magnetic resonance (NMR) and mass spectrometry
predicted lassomycin to be non-threaded with the C-terminal end packed tightly against the N-
terminal ring instead of passing through the ring.2 However, the synthesized lassomycin
reported by Lear et al was found to be inactive against the Mycobacterium with an unthreaded
structure (Figure 22).%° The lassomycin structure reported by Harris et al was also found to be
unthreaded with low activity.?! The structure of the natural lassomycin was then concluded to
be threaded based on NMR studies done on synthesized lassomycin and that the synthesized
peptides (with low activity) could not be threaded due to the nature of their synthesis.®

Figure 22 (a) A threaded lassomycin structure (b) A non-threaded three-dimensional lassomycin

structure.??
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The threaded lassomycin peptide is formed when the C-terminal tail passes through the cyclic
ring and is held in place by sterically demanding residues above and below the ring, resulting

in a distinctive topology comparable to a lariat knot.

Lassomycin shows great promise, thus we have decided to synthesize derivatives that use a
simpler synthetic route, incorporate N-methylated amino acids to improve peptide stability and

incorporate cationic amino acids to improve bacterial cell penetration and binding.
1.5. Aims and objectives

1.5.1. Aim

The aim of the project is to design and synthesize novel peptidomimetic inhibitors of the
Mycobacterium tuberculosis caseinolytic protease.

1.5.2. Objectives
The objectives of the project include:

e To synthesize lassomycin derivatives with improved bioavailability and decreased
toxicity

e To synthesize peptides with N-methylated amino acids to prevent enzymatic
degradation.

e To investigate the effect of enlarging the cyclic ring of lassomycin on the activity

e To investigate the importance of the lactam bond by replacing it with a new disulfide
bridge

e To study the binding mechanism of lassomycin by replacing the arginine amino acid
groups with the less basic lysine groups
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CHAPTER 2

THE DESIGN AND SYNTHESIS OF LASSOMYCIN-AMIDE
DERIVATIVES TARGETING THE MYCOBACTERIUM
CASEINOLYTIC PROTEASE

2.1. General information:

2.1.1 C-terminal amidation and addition of a disulfide bridge

The ester C- terminal ending of lassomycin was substituted with an amide for all derivatives
synthesized to increase biological activity and improve secondary structure. Amidation also
increases resistance towards the attack and breakdown by exopeptidases that target and cleave
peptides from the endings.”®"? The lactam bond on the natural peptide was replaced with a
disulfide ring afforded by incorporating 2 cysteine (Cys) residues. Figure 23 below illustrates

the modifications.
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Figure 23 The structures of the lassomycin natural peptide and one of its derivatives, Pep_1 NNA,

highlighting the differences as a result of structure modification.

2.1.2. The analogues synthesized

The peptide derivatives are divided into 2 groups which include those that contain the -NNA
and —NN ending in their name such as Pep_1 NNA and Pep_1 NN, respectively, illustrated in

Figure 24. The two groups of derivatives consist of similar residues in their peptide tail
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sequence, but the —NN were mistakenly synthesized to contain a sequence that is a reverse of
the natural peptide sequence in the cyclic ring and asparagine (Asn) was used in the position
of aspartic acid (Asp). After the mistake was noted, we still proceeded and tested the derivatives
and to our amazement one of —NN group was highly active and therefore throughout we have
synthesized both the -NN and —NNA derivatives.
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Figure 24 Structures of lassomycin, the Pep_1 NN and Pep_1 NNA derivatives

2.1.3. Synthesis and method modification

All the derivatives were synthesized via Fluorenylmethyloxycarbonyl (Fmoc-) solid phase
peptide synthesis (SPPS) strategy using a Rink Amide 4-methylbenzhydrylamine (MBHA)
resin to afford the derivatives an amide C- terminal ending. The rink amide resin is acid-labile
and can be cleaved from a peptide using a strong concentration of an acid solution such as 94%

Trifluoroacetic acid (TFA) solution.

In the SPPS, the peptide is attached to an insoluble resin bead and remains when the waste
dissolved in solvent is filtered off; however, the peptides in solution phase are suspended
together with the waste and by-products. Therefore, the SPPS is chosen to improve yields.

Method 1:
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Peptides synthesized: Pep_2 NN, Pep_2 NNA, Pep_1 NN and Pep_1 NNA

The peptides were synthesized automatically using a peptide synthesizer (Figure 25).

N
e 3 ﬁ\ =

-

Figure 25 Picture of the automated peptide synthesizer.

2.1.3.1. Rink amide swelling and Fmoc- removal

The Fmoc- protected Rink Amide MBHA resin was swelled in dimethylformamide (DMF) to
expose the active sites as the peptide synthesis occurs on the inside of the beads.” The
piperidine solution was used to irreversibly cleave the base-labile Fmoc- group and expose the
free amino group (NH). The mechanism is shown in Scheme 1. Washing with DMF is done

in between steps to remove contaminants.
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Scheme 1 Irreversible Fmoc cleavage using 20% piperidine solution™

All the amino acids used were Fmoc-protected on the amino site as unprotected amino acids
have poor solubility leading to slow reaction rates. Protected amino acids minimize the risk of

contamination.”
2.1.3.2. Amino Acid Activation

The amino acids were activated into active esters using 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate hexafluorophosphate (HBTU/Dipea) (Scheme 2)
and coupled to the N-terminus of the peptide chain for 40 min.
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Scheme 2 The activation of an Fmoc protected amino acid using HBTU as a coupling reagent to

form easily replaced active esters’®

Dipea was chosen because of its bulky nature to deprotonate the amino acids and HBTU was
chosen over 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium  hexafluoro-
phosphate (HATU) as it is less expensive.

2.1.3.3 Cyclization using iodine

After all the amino acids were coupled, a disulfide bridge was formed between two cysteine
(Cys) residues in each derivative using a solution of iodine in DMF/water (4:1). lodine
simultaneously cleaves the cysteine triphenylmethyl (Trt) protecting group and also oxidizes
Cys to form a cyclic ring. The iodine also acts as a scavenger for the Trt carbocation. The
cyclization reaction time was 40 min. A dilute iodine solution was used to ensure that the
disulfide bridges formed are intra-molecular (taking place within a molecule) and not

intermolecular (taking place between molecules).
2.1.3.4. The TFA-cleavage of the permanent protecting groups

Peptides were cleaved from the resin linker and permanent protecting groups by acidolysis with

94% trifluoroacetic acid (TFA) with 1% triisopropylsilane (TIS), 2.5% 1,2-ethanedithiol
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(EDT) and 2.5% water. The peptide was precipitated using diethyl ether and the solution was
decanted after centrifuging. The process was repeated four times. TIS, water and EDT function
as scavengers for the cleaved protecting groups as they can irreversibly attack the peptide
backbone and alkylate it resulting in the formation of impurities and low yields. The peptide
cleavage time from the resin was 3 hours. Scheme 3 summarizes the synthetic route used to
synthesize the peptide derivative represented by Pep 2 NN. Pep_ 2 NNA, Pep_1 NN and
Pep_1 NNA also used a similar route. The structures of the derivatives are explained in detail

from section 2.1.

_— Fmoc-lle-OH, j]}\ Fmoc
* Piperidine DIPEA,HETU NH
I .
NH .—NH;. e ._Nf e
RT, 20 min DMF H [ ’
Resin RT, 45 min T"
Piperidine
~Fmoc RT, 20 min
O 5
|
Nf'ﬂ“x ,f'NH Fmoc-Asn-OH,
[ N [ DIPEA, HBTU ‘ﬂ
S e o ,,-NH')
DMF ._Nf ~
| RT, 45 min H T
‘MT#'
Piperidine
RT, 20 min
0 R,
”\ 10eq lodine, DMF,
o, /’NH H-O
. N T : .—I—N—R-R-G-V—L—Q—tI}N-G-L-R-R—L-F-A—C
~ RT, 40 min . \

94% TFA1%TIS,
2.5%H,0, 2.5% EDT

I-MN-R-R-G-V-L-0-C-N-G-L-R-R-L-F-A-C
RT, 3hrs | Ill.

Rz = N-R-R-G-V-L-Q-C-N-G-L-R-R-L-F-A-C

Scheme 3 The synthetic method for the synthesis of derivatives using the automated peptide

synthesizer, the peptide chain represents Pep_2_NN
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2.1.3.5. Determination of the resin loading capacity

Loading capacity was determined after coupling the first amino acid of the sequence by
analyzing the piperidine-dibenzofulvene by-product (Scheme 1) wusing the UV
spectrophotometer. The average loading capacity of the derivatives was approximately 0.4

mmol/g.

All the peptide derivatives were synthesized at room temperature.

2.1.3.6. Results and discussion

The peptides were analyzed using high performance liquid chromatography coupled to mass
spectrometry (HPLC-MS). All the derivatives (Pep_2 NN, Pep_ 2 NNA, Pep_1 NN and
Pep_1 NNA) were not successfully synthesized. The choice of coupling reagent may have led
to the poor results. HBTU is inferior to other coupling reagents such HATU.

The use of the automated synthesizer has advantages such as the ability to couple all the 18
amino acids of the peptide consistently without stopping. Mechanical errors such as skipping
amino acids and stopping synthesis in the middle of a reaction also contributed to the poor
results obtained. The synthetic method was modified by changing some conditions to obtain

better yields.

2.1.3.6.1. Modifications of the synthetic method

The derivatives were synthesized manually to monitor the reactions and the conditions were
also modified. For each modified method (methods 2 — 6) presented below only the conditions

changed will be stated.

Method 2

The coupling reaction time was increased to 3 hours to allow the in-coming amino acid

sufficient time to interact and couple to the peptide chain. The synthesis was not successful.

Method 3

The coupling reaction time was decreased to 2.5 h and the HBTU/Dipea set was substituted

with HATU/Dipea. The synthesis was not successful.
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Method 4

The reaction time was decreased to 1.5 h and HATU/Dipea was used. The synthesis was not

successful.
Methods 5

The coupling reaction time was reduced to 30 minutes and the amino acids were double coupled
(adding the activated amino acid twice, before removing Fmoc), HATU/Dipea was used as a
coupling reagent, the results improved significantly and the peptides were successfully

synthesized.
Method 6

Method 5 was used and 1-hydroxy-1H-benzotriazole (HOBt ) was used an additive. The results

were also improved. The additives catalyze the reaction by decreasing coupling reaction times.
2.1.3.7. Conclusion

The peptide derivatives were successfully synthesized at lower reactions times (30 minutes)
with double coupling. The longer reactions times may have resulted in some side reactions,
probably formed by-products, resulting in poor results. Derivatives synthesized when HOBt
was used as an additive showed better results. Replacing HBTU with HATU also resulted in
better outcomes. A general method was thus obtained from method 5 and was used to

synthesize other derivatives. Scheme 4 shows the summarized synthetic method.
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Final method for synthesis:
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Scheme 4 The final improved synthetic route (methods 5 - 6) used to synthesize the lassomycin

amide derivatives

2.1.3.8. HATU and HBTU mechanism

HATU and HBTU use the same mechanism to activate amino acids; however, the presence of

the pyridine ring on HATU makes it more reactive. HATU increases reaction rates and reduces

epimerization which result in a low contamination risk and an increased aminoacylation
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efficiency. HATU s therefore superior to HBTU. The activation mechanism of HATU is

shown in Scheme 5.
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Scheme 5 The mechanism of HATU
2.1.3.9. HOBt

The use of HOBt as an additive has advantages such as minimizing the occurrence of side
reactions, which leads to less peptide contamination, better results and improved yields by

increasing reaction rates.
2.1.4. Purification using semi-preparatory HPLC

All the derivatives synthesized were purified using a semi-preparative HPLC instrument via
reversed phase chromatography. The samples were eluted using a flow rate of 15 ml/min and
collected using a fraction collector. An acetonitrile/water mobile phase solvent system was

used. Each solvent had 0.1% formic acid (v/v) used as an ion pairing agent.
2.1.5. Analysis of results

The peptides were analyzed using Liquid Chromatography Mass Spectrometry (LC-MS) and

eluted with a gradient from 5 — 95 % ACN in 10 min with a flow rate of 0.3 ml/min. A two-

buffer system was employed, Buffer A consisted of 0.1 % formic acid/H-O (v/v) and buffer B

consisted of 0.1 % formic acid/acetonitrile (v/v). A Phenomenex Kinetex XB-C18 column (5
33



pm, 100 A, 250 mm x 21.2 mm) was used to separate the compounds with a flow rate of 15

ml/min.

2.2. Lassomycin-amide derivatives

2.2.1. Insertion of the disulfide bridge

Lassomycin is a basic peptide that contains a macro-lactam bridge which was replaced with a
disulfide bridge using cysteine amino acids. The lactam is replaced to increase the ring size
and therefore the role of the ring size on the activity of lassomycin against M. tb can be
investigated. The formation of a disulfide bridge via oxidation using a dilute iodine solution
has fewer synthetic steps when compared with the macro-lactamization. The reduced number
of steps results in a reduction in risk of contamination and reaction time. In a previous study,
the lactamization step required a total reaction time of 20 hours and the yield of the final

product was poor at 14%.2

Two cysteine amino acids were inserted into the lassomycin sequence and a disulfide bond was
formed between the cysteine residues by shaking the peptides in a solution of iodine in
DMF/water (1:4) for 6 hours. The iodine solution was diluted in order to form intra-molecular
disulfide bonds as a concentrated solution results in inter-molecular bonds. A cationic complex
ion (ii in Scheme 6) is formed via an electron transfer reaction to make a bond between sulfur
and iodine. Cyclization is achieved when an iodine-bound Cys reacts with another Cys upon

Trt cleavage (iii). Excess iodine is reduced and removed using ascorbic acid.”’

R-5-1

Tr® — E'-'.’ R-SS-R+1
R-S-Trt ——— R-S®.Trt ~—~——# R-S-I
g ! e 1@
i i iii ™ RSSR+TH®
R-S-Tri

Scheme 6 A mechanism of the cyclization of Trt-protected Cys to form a disulfide bridge®

The sequences of the synthesized Pep_1 NN and Pep_1 NNA lassomycin-amide derivatives

are compared to that of natural lassomycin in Table 1 and Figure 26.
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Table 1 comparing the properties of Pep_1 NN and Pep_1 NNA derivatives to lassomycin

Compound Sequence Comment

Lassomycin INRRGVLQDAFLRRLG Natural peptide, ester C- terminal end

Pep_1 NN INRRGVLQCNGLRRLFAC | Disulfide bond addition, reversed sequence,

amide C-terminal end

Pep_1 NNA | INRRGVLQCDAFLRRLGC | Disulfide bond addition, amide C- terminal end
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Figure 26 The structures of lassomycin and its derivatives

2.2.2. Peptide synthesis
The peptides were synthesized as described in Scheme 4 using methods 5 and 6.
2.2.3. Results and discussion

Pep_1 NN and Pep_1 NNA derivatives both contain 4 arginine (Arg) residues in their
respective sequences. The Arg groups are known to be “difficult” amino acids because of the
challenges they pose during synthesis such as formation of incomplete sequences. The Arg
used has bulky side-chains and bulky 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl

(pbf) protecting groups which may result in incomplete aminoacylation due to steric hindrance.
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In addition to Arg, the derivatives also contained asparagine (Asn) and glutamine (GIn)
residues which were both protected with the bulky Trt known to cause steric hindrance. HOBt

was therefore used to aid the reaction in order to improve coupling efficiency.

2.2.3.1. Challenges during TFA-cleavage

During the cleavage step using TFA, both Pep_1 NN and Pep_1 NNA derivatives formed
salts observed as white precipitates on the resin. This is caused by the interaction between the
guanidinyl side chains of Arg with the concentrated TFA. The guanidinyl side chains are basic
with a pKa of ~ 12.5 and behave like organic bases and react with a deprotonated anionic
TFA. Due to the formation of salt, the peptides were left in the TFA solution overnight to
ensure sufficient reaction time was provided to achieve complete deprotection. When a small
portion of uncyclized Pep_1 NNA was cleaved in a relatively small volume of the TFA
solution (using an Eppendorf), it dissolved better in the TFA solution. A crude white powder
was obtained for Pep_1 NN and Pep_1 NNA after the cleavage step. The powder obtained for
both derivatives was soluble in water because the derivatives are basic and have a charge of +4
due to the presence of the Arg groups.

2.2.3.2. LC-MS Analysis

Pep_1 NN and Pep_1 NNA were both successfully synthesized and cyclized despite the salt
formation during cyclization (Table 2). A small amount of Pep_1 NNA (7%) remained
uncyclized. Even though Pep_1 NN has a reversed sequence to the parent lassomycin, it
showed better results. The molecular structures of Pep_1 NN and Pep_1 NNA are illustrated

below in Figure 27 and Figure 28.

Table 2 The yield and purity of Pep_1 NN and Pep_1 NNA derivatives

Derivative % Purity | Mass (mg) % Yield | Calculated Found Mass
Mass
Pep_1 NN > 95 12.3 15 2086.1346 1044.0720
[M+2H]*
Pep_1 NNA |92 119.6 28 2087.1186 1044.5733
[M+2H]*

36



The Cysteine amino acids were successfully inserted in the lassomycin peptide.
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Figure 27 The hand-notation and molecular structures of Pep_1 NNA
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2.3. Substitution of Arginine with Lysine

2.3.1. Challenges with Arginine

The addition of Arg residues is found to increase the charge of peptides which increases the
probability of binding or penetrating the negatively charged membrane of the bacterial cell.
The challenges associated with coupling Arg during peptide synthesis include steric hindrance
caused by the bulky side-chain (pbf) that result in incomplete coupling. Steric hindrance also

results in using longer reaction times to ensure completion of reaction.”

The lysine (Lys) amino acids are slightly less basic and are used to replace the Arg while still
maintaining the basicity of the peptide. Substitution with Lys also decreases the overall
molecular mass which may improve bioavailability (absorption) in the human body.
Furthermore, Lys increases the probability of rupture within the bacterial cell which causes
slow leakage from the cell. This is likely due to the interactions with the anionic proteins found
in the bacterial membrane.” The substitution of Arg with Lys was mainly done to investigate
the importance of Arg in the binding of lassomycin to the caseinolytic enzyme. The difference
between the synthesized Pep_2 NNA and Pep_2 NN derivatives are highlighted in Table 3
and Figure 29 below. The residues in the sequences are highlighted to show changes from the

natural peptide.

Table 3 comparing the properties of Pep_2_NN and Pep_2_ NNA derivatives to lassomycin

Compound Sequence Comment

Lassomycin INRRGVLQDAFLRRLG Natural peptide, ester C- terminal end

Pep_2_NN INKKGVLQCNGLKKLFAC | Disulfide bond addition,

Reversed sequence, amide C-terminal end, Arg (R)
Substituted with Lys (K)

Pep_2 NNA | INKKGVLQCDAFLKKLGC | Disulfide bond addition, amide C- terminal end,
Arg (R) Substituted with Lys (K)
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ending

2.3.2. Synthesis of Pep_2 NN and Pep_2 NNA:

The synthesis of Pep_ 2 NN and Pep_ 2 NNA was similar to that of Pep_1 NN and
Pep_1_NNA. Arink amide resin was used to synthesize Pep_2_ NN (100 mg) and Pep_2_NNA
(100 mg). A loading capacity of 0.4 mmol/g was obtained for Pep_2 NNA. HOBt was not used
during the coupling step for both derivatives. Pep_2 NNA was cyclized using iodine for 6
hours and Pep_2_NN was cyclized for 4 hours. Cleavage of the peptides from the resin linker

and permanent protective groups was achieved using a cocktail of 94% TFA for 4 - 6 hours.
2.3.2.1. Peptide difficulty:

The coupling efficiency decreases with increasing chain length and both Pep_2 NN and
Pep_2_ NNA are 18- amino acid long chains which were anticipated to be “difficult” peptides
to synthesize. The derivatives were also confirmed to be difficult peptides by the Protein
Technologies, Inc. (PTI) peptide difficulty predictor. Difficult peptides generally result in poor
results due to the length and nature of their sequences. The predicted Pep_2 NNA sequence is

given in Table 4 below.

Table 4 Predicting the difficulty of the sequence as predicted by the PTI peptide predictor

Aminoacid (I |[N | K |K |G|V |L |Q|C|D|A|F|L |K|K|L |G |C

Color code

The color codes in Table 4 above represent the difficulty of each amino acid during the
synthesis of Pep_2_NNA. The amino acids with the red (R) code are the most difficult to couple

and those with green (G) are the least difficult to couple. Isoleucine (lle) is coupled to the linker
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of the resin and is used to determine the loading capacity, however, it is predicted to have
difficulty coupling to the resin which my result in decreased yields. The peptide difficulty
predictions were done to study the behavior of the amino acids during synthesis in order to
improve yields. Short peptides of Pep_2_NNA were synthesized and analyzed to monitor the

synthesis.

2.3.2.2. Pep_2_NN short peptides:

Short Pep_2_ NNA peptides were synthesized and analyzed using LC-MS. The short peptides

were successfully synthesized and the results are summarized in Table 5.

Table 5 The LC-MS results for Pep_2 NNA short peptides

Sequence Calculated mass | Found mass | Molecular ion Retention

peptide time/ min

sequence

INKKG 557.3649 558.3708 [M + H] 3.71
C24H47N9Os

INKKGV 656.4333 657.4403 [M + H] 3.94
C29Hs6N1007

INKKGVL 769.5174 770.5238 [M+H] 5.77
C35Hs7N110s

INKKGVLQ 897.5760 898.5835 [M+H] 5.78
Ca0H75N13010

INKKGVLQC 1000.5852 501.2972 [M + HJ* 6.62
Ca3HgoN14011S

The synthesized short peptides were, however, contaminated with deletion sequence impurities
and are summarized in Table 6. Deletion impurities are observed when at least one amino acid
is missing in the sequence. Other impurities associated with peptide synthesis include

mismatched sequences and incomplete sequences resulting from sequence termination.
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Table 6 The LC-MS results of the impurities associated with synthesized Pep_2 NNA short

peptides
Expected short Calculated Found Mass | Suggested Sequence | Retention
peptide sequences | Mass (of short | (of impurity) | of impurities time/ min
peptide) corresponding to
found mass

INKKGV 656.4333 529.3433 INKGV 5.79
[M+H]"

INKKGVL 769.5174 642.4259 INKGVL 6.64
[M+H]"

INKKGVLQ 897.5760 406.7705 INKGVLQ 7.03
[M + 2Na]?*

INKKGVLQC 1000.5852 898.5785 INKKGVLQ 6.50
[M+H]"
406.7687 INKGVLQ 7.02
[M + 2Na]?*

2.3.2.3 Lysine and cysteine deletion impurities

The impurities observed on the short peptides were the Lys and Cys deletion sequences,
summarized in Table 6. The Lys and Cys amino acids are coupled to the N-terminal asparagine
(Asp) and glutamine (GIn) respectively. The side-chains of Asn and GIn are both protected
with a Trt group. The presence of the bulky Trt protecting group causes steric hindrance and
results in incomplete aminoacylations.88! The Trt protection group is also associated with low
reactivity and incomplete Fmoc removal thus resulting in truncated and deletion sequences.
The impurities were co-eluted with the short peptides. The deletion observed for the peptides

may not have resulted due to aggregation as the peptides synthesized were not hydrophobic.®2
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It was also noticed that the amount of contamination increased with the growing chain. Longer

peptide chains require longer reaction times which result in side-reactions.

The short peptides were all soluble in water due to the presence of the Lys amino acids as they
are known to improve the solubility of peptides. This phenomenon was noticed when the
INKKGV peptide was observed to be more polar than its INKGV impurity which is missing a
Lys residue. Solubility of peptidomimetic compounds in water is very important as it increases
the chances of oral absorption.*®

The success of the synthesis of the short peptide led us to proceed with the synthesis of full

chain derivatives.
2.3.4. Pep_2 NN and Pep_2_NNA lassomycin derivative

Pep_2 NNA (Figure 30) and Pep_2 NN (Figure 31) were cleaved using TFA and crude

products were obtained as white powders that were soluble in water.

During the purification of Pep_2 NNA using HPLC, 2 peaks that contained the desired mass
were separated and eluted at different retention times. The column used for separation was non-
chiral and therefore the fractions collected were conformational isomers. Shorter coupling-
reaction times (30 min) and a good coupling reagent (HATU) were used to ensure that the
derivatives synthesized were protected against racemization.®® The isomers were named
Pep_2 NNA confl (RT =7.3min)and Pep_2 NNA conf2 (RT = 7.7 min) and both contained
a mixture of cyclized and uncyclized peptides. A small fraction of Pep_2 NNA_confl (28%)
and Pep_2 NNA_conf2 (40%) was cyclized and the majority remained uncyclized Pep_2 NN
was cyclized and purified (> 95%) successfully. The chromatogram of Pep_2_NN had less
contamination than the chromatograms obtained for both Pep_2 NNA isomers. The results are

summarized in Table 7.below.

Table 7 The purity of Pep_2_NN and Pep_2_NNA isomers
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Compound Calculated mass Observed mass | Retention Purity (%)
[Molecular lon] | time/ min
Pep_2 NNA_ [ 1975.0947 495.0276 8.99 28
confl CssH150N24023S2 [M + 4H]*
Cyclized
1977.0904 660.0388 7.38 72
CssH152N24023S> [M + 3H]*
Uncyclized
Pep_2 NNA_ | 1975.0947 659.7071 9.04 40
conf2 CasH150N24023S2 [M + 3H]*
Cyclized
1977.0904 989.5577 7.53 & 8.57 60
CgsH152N24023S [M + 2H]?*
Uncyclized
Pep_2 NN 1974.1100 988.0602 7.86 > 95
CegH152N26021S2 [M + 2H]*
Cyclized

Pep_2 NN also had better yields (13.8 mg, 18.20%) than Pep_2 NNA (5% for
Pep_2 NNA _confl and 8.6% for Pep_2 NNA_conf2). The yields were determined using the
loading capacity of the derivatives and are summarized in Table 8 below. The lower yields may
have been caused by peptide impurities as a result of “difficult” synthesis. The lower yields

can also be attributed to loss of peptide during purification.

Table 8 comparison of the yields of the synthesized derivatives
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Purified compound Mass obtained/ mg % Yield

Pep_2 NN 13.8 18.28
Pep_2 NNA_confl 3.9 5.16
Pep_2_NNA_conf2 6.5 8.61

Pep_2 NN and Pep_2 NNA isomers were tested and found to be potent against M. tb. The
Pep_2 NNA isomers were active despite the presence of uncyclized peptides. The activities of

the derivatives are explained in detail in Chapter 4.

2.3.5. Conclusion:

The uncyclized structures of Pep_2 NNA and Pep_2 NN were successfully synthesized.
Pep_2_ NN was successfully cyclized with iodine; however, a small fraction of Pep_2_NNA
isomers was cyclized. Since a similar synthetic route was applied for both derivatives, the
incomplete cyclization of Pep_2 NNA isomers may have been as a result of structural
conformation (arrangement of residues). The Arg amino acids were also successfully replaced
with Lys. The peptide was predicted to be a difficult peptide, as a result, deletions and truncated

chain impurities were observed.
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Figure 30 The molecular and hand notation structures of Pep_2 NNA.
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2.4 Cationic Lassomycin-Amide Peptide Derivatives

Cationic peptides contain a number of basic amino acids including lysine and arginine and are
found to interact with and penetrate the bacterial cell wall more easily. The arginine cationic
peptides are more potent than those of lysine. Addition of Lys groups to peptide sequences
improve their bacterial cell wall penetration and increases their ability to cause cell rupture

once inside the cell.

The cationic derivatives synthesized were chosen to be lysine cationic peptides due to the
difficulties associated with arginine during synthesis. The derivatives synthesized are
Pep_Lys NN, Pep_Lys NNA, Pep_1 NN_Lys and Pep_1 NNA _Lys. The structures of the
derivatives are shown in Figure 32 and the differences are highlighted in Table 9 below. The
synthesis of the derivatives was achieved using the method mentioned previously except that

of the cyclization of Pep_1 Lys NN and Pep_1 Lys NNA which was done overnight.

56, SPa,
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'\_ Arg
|'
I"E[w ~, — L. e - — . ) k_L;;' . P o - -
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- P
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EE/I :I Lys
{YE' G_-ya
7«

E Y e ,ﬂ"‘* \

Pep Lys NNA
P_Ly% Pep_Lys NN

Figure 32 The structures of Pep_1 NNA Lys, Pep 1 NN_Lys, Pep_Lys NNA and Pep_Lys NN

cationic derivatives
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Table 9 highlighting the difference in the sequences of the cationic derivatives synthesized

Compound Sequence Comment
Lassomycin INRRGVLQDAFLRRLG Natural peptide
Pep_Lys NN INKKGKKQCNGKKKLFAC | Reversed sequence; Arg (R), Leu (L) and

Val (V) replaced with Lys (K)

Pep_Lys_NNA INKKGKKQCDAFLKKLGC Arg (R), Leu (L) and Val (V) replaced
with Lys (K)

(V) are replaced with Lys (K)

Pep_1 Lys NN INRRGKKQCNGKRRKFAC Reversed sequence; only Leu (L) and Val

Pep_1 Lys NNA | INRRGKKQCDAFKRRKGC Only Leu (L) and Val (V) replaced with
Lys (K)

2.4.1. Results and discussion

The linear peptides were cyclized using iodine. The purified Pep_Lys NN was successfully
cyclized and the mass obtained was 29.5 mg (38% yield) with 90% purity. Pep_Lys NNA was
not successfully cyclized and a mass of 54.1 mg (69.1%) uncyclized sample was obtained after
purification. Pep_1 NN _Lys (7.9 mg) was obtained as a mixture of cyclized (56%) and

uncyclized (43%) peptide. The results are summarized in Table 10 below.

The —-NN groups (Pep_Lys NN and Pep_1 Lys NN) seemed to cyclize better than the -NNA
group. This trend was also noticed for the previously discussed derivatives. Pep_1 NN_Lys
and Pep_1 NNA_Lys formed a salt with TFA during cleavage which was observed as a white
precipitate on the resin. The amount of salt formed was more for Pep_1 Lys NNA than
Pep 1 Lys NN. Pep 1 NN_Lys and Pep_1 NNA Lys formed the TFA-salts faster than
Pep_1 NN and Pep_1 NNA (which were discussed in Section 2.2) and this may be due to the
increased basicity. Pep_1 NNA_Lys was not purified. Pep_1 NN_Lys and Pep_1 NNA_Lys

derivatives were contaminated with similar impurities.
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Table 10 LMS results for cationic peptides

Compound Calculated mass Observed mass Retention | Purity (%)
time (min)
[Molecular ion]

Pep_Lys NN 2048.1693 1025.0980, 3.49 90
Cs9H158N30021S2 [M + 2H]2+
Cyclized

Pep_Lys NNA | 2049.1533 684.0569, 3.92 xx
CeoH157N29022S2 [M + 3H]3+
Cyclized
2051.1689 1026.5924 3.40 x*
Cs9H159N29022S2 [M + 2H]2+
Uncyclized

Pep_1 NN_Lys | 2159.1905 730.4135, 4.70 56
CsoH158N38021S2 [3M + Methanol]*
Cyclized
2161.2062 1081.6120, 3.60 43
CagH160N33021S> [M + 2H]?
Uncyclized

** Problems were encounted with UV data

2.4.1.1. Impurities associated with the derivatives

Pep_Lys NN and Pep_Lys NNA had similar truncated peptide impurities (INKKGVLQ and
INKKGVLQC) which co-eluted with the peptides.

INRRGVLQC impurity that was also co-eluted with the peptide. The incomplete sequences
51
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may be due to the presence of the bulky Trt protecting group. However, with these cationic
derivatives, the incomplete sequences do not grow with the growing peptide, they remain
incomplete as terminated sequences. The presence of the charged Lys residues may have also
resulted in the incomplete sequences due to aggregation.

Pep_Lys NN was tested against a number of pathogens (discussed more in Chapter. 4) and
was found to be selectively active against B. subtilis, a pathogen sharing a similar protease to
M. th.

2.4.2. Conclusion

The synthesis of the cationic derivatives highlighted a trend in the behavior of the peptide
derivatives, with the —NIN groups giving better results than the -NNA groups. The substitution
of non-polar residues with Lys to make cationic peptides was successful for all derivatives,
however, the cyclization of the derivatives was problematic. The Trt protecting group was
found to result in a number of terminated sequences. The Arg-based derivatives (Pep_1 NN,
Pep_1 NNA, Pep 1 NN_Lys and Pep_1 NNA_Lys) seem to be more challenging to
synthesize especially during cleavage with strong TFA solutions. The molecular structures of

Pep_1 NN_Lysand Pep_1 NNA_Lys are shown in Figure 33 and Figure 34, respectively.
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CHAPTER 3

THE SYNTHESIS OF N-METHYLATED FMOC-
PROTECTED LEUCINE, VALINE AND ALANINE; AND
THEIR INCORPORATION INTO THE PEP_2_NN AND

PEP_2_NNA DERIVATIVES

Currently, there is no available information about the stability of lassomycin under
physiological conditions, however, peptides (e.g. Cyclomarin A%) are generally known to be
prone to enzymatic degradation due to the nature of their structures. Lassomycin was therefore
modified by N-methylating selected amide bonds. This was done to improve stability and
hydrophobicity, thereby increasing bioavailability. The length of the peptide and the number
of N-methylated amino acids present in the chain inversely affect the purity of the final peptide
product. This phenomenon was observed and better demonstrated during a study done by F.
Albericio and colleagues (2005).8* The long 18- amino acid Pep 2 NN chain and the
incorporation of 5 N-methylated amino acids may result in the presence of peptide impurities,
thus decreasing the purity.

3.1 Synthesis of N-methylated amino acids

Commercial N-methylated Fmoc protected amino acids are expensive and were therefore
synthesized in-house. The Freidinger synthetic route was chosen from a wide range of available
a-N-methylation methods as it results in racemization-free reaction and any Fmoc- protected

amino can be used.8®

The first part of the synthesis converts the Fmoc- amino acids to 5-oxazolidinone precursors
which are used to make the final a-N-methyl amino acid products. All the N-methylated amino

acids were synthesized using the same route unless otherwise stated.
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3.1.1. Synthesis of 5-oxazolidinones

5-Oxazolidinones are 5- membered heterocyclic rings that are synthesized by reacting Fmoc
amino acids with paraformaldehyde and are catalyzed by p-touluenesulfonic acid. The reaction
is heated under reflux in toluene as solvent. The p-toluenesulfonic acid activates the
paraformaldehyde to become more electrophilic so it can better react with the Fmoc- amino
acid to form an oxazolidinone. Scheme 7 illustrates the synthetic route utilized to make the 5-
oxazolidinones. The products were successfully synthesized and purified using
recrystallization. The valine (Val), leucine (Leu) and alanine (Ala) 5-oxazolidinones were

obtained as crystalline substances and were used to synthesize N-methylated amino acids.

o
o HO—S=— o _ H
o
+ —_— |
H H n
H H
Paraformaldehyde p-toluenesulfonic acid
H
@ H H@ ’3 | )
R oyl HO o o
®
Fmoc |) \r
PN )
H COOH H H H " .
Fmoc amino acid I|=moc

-H,0 ‘\
H

Oxazolidinone |

R
Fmoc\N ® T
DN
o X

Scheme 7 Synthesis of the 5-oxazolidinones from Fmoc protected amino acids. R is the side chain

of the amino acid
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3.1.2. Synthesis of N-methylated amino acids from 5-oxazolidinones

The 5-oxazolidinones were reduced with triethyl silane (TES) in an acid-catalyzed reaction to
open the ring and form the N-methylated amino acids. A CO bond is not easily broken and
therefore aluminum trichloride (AICI3) was used as a Lewis acid to activate the oxygen of the
CO bond. Scheme 8 illustrates the synthetic route utilized to make the N-methylated products.
The final products were washed with a hydrochloric acid solution (1M) to remove non-acidic
contaminants and acidify the methylamino acid product. The final products were purified by

recrystallization using acetonitrile.

o)
0 o
AICI R
R /v 3 R o
N ® © > 0 —AICl,
0: — 5 0—AICI, Ne ®
/N\/ N\/ Fmoc ?\H
Fmoc Fmoc
HSiEt; / H®
R R
o
B T
Fmoc\ /'\ ®
N COOH 1 M HClwash / H N
Fmoc— O o
SAICl

N-methylated amino acid

Scheme 8 The synthesis of N-methylated Fmoc- protected amino acids from the 5- oxazolidinone

precursors

3.1.3. Results

The N-methylated amino acid products were pre-concentrated in vacuo after purification and a
gel-like substance which crystallized upon cooling was obtained. The N-methylated Leu (N-
Me-Leu) and N-methylated Ala (N-Me-Val) products were obtained as slightly yellow crystals

while the Val product was a white amorphous mixture. Analysis was done using HPLC-MS
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and Nuclear Magnetic Resonance Spectroscopy (NMR). The N-methylation of amino acids
was successful, with purity > 95% for all amino acids. The melting points of N-Me-Leu and N-
Me_Ala were similar to those commercially purchased from Sigma-Aldrich. The melting point
of N-Me-Val was slightly greater which may be due to the presence of minor impurities. N-
Me-Leu was obtained in good yield (4.63 g, 84%) and N-Me-Ala yield was lower (1.53 g,
31%). Table 11 below summarizes the results obtained. The general structure for the amino
acids is shown in Figure 35 where R represents the organic side chain group unique to each

amino acid.

R

Fmoc\ /'\

N COOH

Figure 35 General structure of amino acids where R represents the organic side chain unique to

each amino acid

Table 11 summarized data for N-methylated valine, alanine and leucine amino acids

N- methylated | R group % Yield | % Purity | Theoretical M.P | Actual M.P
amino acid (°C) (°C)
N-Me-Ala -CHs 31 > 05 140 145
N-Me-Leu -CH3CH(CH3). | 84 > 95 113 -116 114
N-Me-Val -CH(CH3)2 70 > 95 140 -145 > 150

The synthesized N-methylamino acids were analyzed by NMR spectroscopy and the signals
corresponding to the N-methylated amino were observed in the proton and carbon NMR
spectra. Selected NMR data is summarized in Table 12. The general structure for the amino
acids is shown in Figure 36 where R represents an organic side chain group unigue to each

amino acid.
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Figure 36 General structure of amino acids where R represents the organic side chain unique to

each amino acid

Table 12 Selected NMR data for N-methylated amino acids.

N- methylated R group *N-CHs (ppm) *N-CHs (ppm)
amino acid 'H NMR 13C NMR
N-Me-Ala -CHs 2.91 (3H, s, N-CHa) 30.50 (C, s, N-CH3)
N-Me-Leu -CH3CH(CHz3)2 2.86 (3H, s, N-CHj3) 30.33 (C, s, N-CHg)
N-Me-Val -CH(CHa)2 2.90 (3H, s, N-CHa) 27.43 (C, s, N-CH3)

The N-methylated amino acids were incorporated into Pep_2 NN and Pep_2 NNA sequences
to synthesize the N-methylated derivatives. Pep_2 NN and Pep_2 NNA were selected because

they gave better synthetic and activity outcomes.
3.2 Synthesis of N-methylated Peptide derivatives

3.2.1. Synthesis:

The N-methylated peptides were synthesized using a synthetic route similar to that used for the
previously discussed peptides. Ethyl (hydroxyimino)cyanoacetate (Oxyma Pure) and HOBt
were used as additives when coupling the N-methylated amino acids and adjacent amino acids.

The reaction time for coupling N-methylated amino acids was 1 hour using double coupling.

3.2.2. Results

The N-methylated Pep_2 NN and Pep_2 NNA derivatives were successfully synthesized. The
peptides were purified using semi-prep HPLC and analyzed with HPLC-MS. The N-methylated
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Pep_2 NN and Pep_2 NNA were both successfully synthesized and cyclized (Table 13),

however they were not successfully separated and purified.

Table 13 The HPLC-MS data results for N-methylated Pep_2_ NN and N-methylated Pep_2_NNA

Compound Calculated Mass Observed Mass Retention
[Molecular ion] Time (min)

N-methylated 2044.1889 1023.1012, 10.11
Pep_2_NN Co3H161N25022S2 M + 2H]2+

Cyclized
N-methylated 2003.1060 1002.5714, 9.97
Pep_2_NNA CooH154N24023S2 [M + 2|_|]2+

Cyclized

3.2.2.1. N-methylated Pep_2_NN

N-methylated Pep_2 NN was successfully cyclized; however, it was co-eluted with some
impurities during purification. It is not uncommon for some peptidic impurities to be co-eluted
with the parent peptide and this has been observed for most of the previously discussed

peptides.

Due to the poor separation of N-methylated Pep_2_ NN from impurities, the peptide was not
successfully purified and the yield was not determined. Poor separation may have resulted from
using a short purification time (9 min with an elution gradient of 30 — 95% ACN). In future,
separation and purification could be improved by changing the column used to a Jupiter column
as well as increasing the purification run-time. Jupiter peptide columns are equipped to handle
larger compounds, their pore size is around 300 A, however, they are more expensive.

N-methyl-rich peptides are mostly associated with deletion problems that may result from

coupling N-methylated amino acids consecutive to each other. Most of the impurities observed
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for N-methylated Pep_2 NN were incomplete sequences terminated after the addition of an N-
methylated amino acid at the N-terminus. The terminated impurities included INKKGV(Me),
INKKGV(Me)L(Me)QCNGL(Me) and INKKGV(Me)L(Me). Termination at the N-
methylated amino acids may have resulted from the N-methyl groups blocking access to the
carboxyl group of the incoming amino acid and thus resulting in incomplete aminoacylation.
Fmoc deprotection of N-methylated amino acids may have been slow and incomplete, resulting
in incomplete sequences. For future purposes, the deprotection solution or method may be
modified by adding the non-nucleophilic 1,8-Diazabicyclo[5.4.0]Jundec-7-ene (DBU) to ensure
complete Fmoc deprotection and improve yields. DBU is more sterically hindered than
piperidine and in lower concentrations it has been found to result in fewer impurities and this

may be attributed to its bulky nature.®®

Other impurities included INKKGV(Me)L(Me)Q and INKKGVLQCN terminated sequences
which may have resulted due to steric hindrance caused by the presence of the bulky Trt
protecting groups. The trityl protecting group may result in slow or incomplete removal of the
Fmoc group which may then result in incomplete aminoacylation with an incoming amino acid
as a result of minimized access. Despite the presence of the above-mentioned impurities, the

peptide was synthesized and successfully cyclized (Table 13).
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CHAPTER 4

4.1. Toxicity and Biological Testing

Lassomycin and its derivatives have been synthesized before and the bactericidal
concentrations used to kill the Mycobacterium were higher than the concentration of the natural
lassomycin (0.8 — 3 pug/ml).2 The lassomycin and lassomycin-amide derivative synthesized by
Lear (2016)% were inactive and those synthesized by Harris (2017)?* were active at higher
concentrations of 32 pug/ml. The results comparing the bactericidal activities of lassomycin and
previously synthesized derivatives are summarized in Table 14 below.

Table 14 Comparing the activities obtained with regards to lassomycin and some of its derivatives,
to date

Compound/ % Purity % yield Conditions/ MIC/ (ng/ml) | Source
Analogue factors
Natural 100 nr* Natural 0.8-3 Gavrish et
isolated screening al.?
peptide Active
Natural nr nr Commercially > 53 P. Harris et
isolated sourced al.?
. Not active
peptide
Synthesized nr nr Chemical > 100 S. Lear et
lassomycin synthesis al.%
Not active
Synthesized nr 14 Chemical 32 P. Harris et
lassomycin synthesis al.?
Active
Lassomycin nr nr Chemical > 100 S. Lear et
amide synthesis al.%
Not active
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Compound/ % Purity % yield Conditions/ MIC/ (ug/ml) | Source
Analogue factors
Lassomycin > 05 31 Chemical 32 P. Harris et
amide synthesis al.?
Active
Lassomycin > 95 45 Chemical 64 P. Harris et
acid synthesis al.?
Not active

nr* = not reported

The biological activities of Pep_2 NN, Pep_2 NNA and Pep_Lys NN were tested against the

Mycobacterium and the results are discussed below..

4.1.1. Pep_2 NN, Pep_2 NNA confl and Pep_2 NNA_ conf2

Cytotoxicity studies of Pep_2_ NN showed that toxicity increased with concentration and the

data is summarized in Table 15. In a previous study by Gavrish et al., lassomycin showed low

cytotoxity against human liver cells (HepG2 cells) at a half-maximal inhibitory concentration

of 350 pg/ml., The toxicity screening for Pep_2 NN was done at Mintek-Advance Material

Division as a dose-response study against Human T cells (MT4 cells) and the results are

summarized in Table 13. The experimental procedure calculations were done at Mintek-

Advance Material Division and a report of the study is shown in Figure 57 in the Appendix

section.

Table 15 The relationship between the concentration of Pep_2 NN and toxicity

Entry Concentration/ (png/ml) Toxicity (%)
1 100 58.54
2 50 55.93
3 25 45.57
4 12.5 35.50
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Entry Concentration/ (ug/ml) Toxicity (%)
3) 6.25 36.22
6 3.125 18.63
7 1.56 34.45

Pep_2 NN and Pep_2 NNA (Pep_2_NNA_confl and Pep_2 NNA_conf2) derivatives were
tested against M. tb during an incubation period of two weeks. The activity of the derivatives
was determined after a week of interacting with the Mycobacterium cell and also after 2 weeks.
The results obtained after 7 days (first lag) showed that Pep_2 NN (9.87 ug/ml) had better
activity than Pep_2 NNA_confl (39.5 pug/ml) and Pep_2_NN_conf2 (79.0 pg/ml).

The activity of Pep_2 NN was comparable to that of ethambutol which was used as a control.
The incorporation of Asn in place of Asp in Pep_2 NN may have enhanced cell permeability
as the amide functional groups have been reported to increase membrane permeability.8’
Furthermore the difference in the arrangement of amino residues within the cyclic ring of
Pep_2 NN could have caused the knotting effect. The major cause of the knotting effect is the
arrangement of the sterically demanding amino acid residues holding the C-terminal tail above

and below the ring (Figure 21).

Compounds with lower MIC require low concentration to successfully kill the
Mycobacterium. The Pep_2 NNA isomers behaved differently and Pep_2 NNA_conf2 had
better activity during the first lag. Pep_2 NN and Pep_2 NNA_conf2 lost activity in the
second week of bacterial incubation while that of Pep_2 NNA_confl decreased. The results

are represented in Table 16 below.

Table 16 The biological activity results of Pep_2 NN and the Pep_2 NNA conformers. RIF
(rifampicin), INH (isoniazid) and EMB (ethambutol) were used as control.

Entry | Compound MICogo (ug/ml) | MICog (ug/ml)
7 days 14 days

1 Pep_2 NNA confl 79.0 316

2 Pep_2 NNA _conf2 39.5 > 632
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Entry | Compound MICoo (ug/ml) | MICgg (ug/ml)
7 days 14 days

3 Pep_2 NN 9.87 > 632

4 RIF 0.008

5 INH 0.054

6 EMB 12.5

The peptide derivatives had no restrictions in entering and killing the Mycobacterium during
the first lag. Arginine was found to play an important role in binding to the ClpC1, however it
was successfully replaced by lysine (Pep_2_NN and Pep_2_NNA isomers) as the derivatives
were active against the Mycobacterium. These derivatives are also more active than the

derivatives previously synthesized (Table 14).

The loss of activity of Pep_2 NN and Pep_2 NNA_conf2 during the second week may be
attributed to the Mycobacterium getting stronger as it adapts to the environment. Interestingly,
Pep_2 NNA confl remained active (while Pep_2 NNA conf2 lost activity) during the
second week and this may be due to the structural shape of the isomers as they both have the
same molecular mass. Pep_2_NNA_conf 1 was only 28% cyclized (72% was uncyclized) while
Pep_2 NNA conf2 and Pep_2 NN were 40% and > 95% cyclized, respectively. The presence
of the uncyclized peptide may have played a role in keeping Pep_2 NNA confl active.
Pep_2 NN and Pep_2 NNA_conf2 behave similarly when compared to Pep_2 NNA_confl
and therefore may have the same interaction with the protease and possibly due to a similar

structural shape.

Pep_2 NN and Pep_2 NNA_conf2 have different sequences, therefore the arrangement of
amino acids in the peptide sequence might not play a huge role, what matters could be the

structural conformation.
4.1.2. Pep_Lys NN

The bactericidal effect of Pep_Lys NN was tested against various bacterial strains that
included E. coli, P. aeruginosa, S. aureus and B. subtilis and the results are reported in Table
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17. Pep_Lys NN was active against the B. subtilis pathogen because it shares a similar
caseinolytic protease to M. tb that is targeted by the lassomycin. E. coli, P. aeruginosa and S.
aureus do not contain ClpC1 and were therefore not killed by the peptide. This is supported by
the results obtained in a study by Gavrish, showing that E. coli and S. aureus (along with other
organisms that do not share the CIpC1 enzyme) were not targeted by lassomycin.? This proves
that lassomycin may be very selective in its target for the ClpC1. B. subtilis is found naturally
in a human body but its caseinolytic protease and its AAA+ ATPases are non-essential for cell
viability when compared to those found in the M. th.®® The bactericidal data for Pep_Lys NN

is shown in Table 17.

Table 17 Minimum Inhibition Concentration of Pep_Lys_NN against different organisms

Minimum inhibitory concentration (pg/ml) for different
organisms
Compound | Starting E.coli P. S. aureus B. subtilis
concentration/ | ATCC25922 aeruginosa | ATCC29913 | ATCC
(ng/ml) ATCC 2002
27853
Pep-Lys- | 256 >256 >256 >256 256
NN

Pep_Lys NN, Pep_Lys NNA and Pep_1 NN peptide derivatives were also tested against the
M. tb using an Alamar blue assay; however they precipitated out in media. When the Alarmar
blue dye was added to the samples, the color turned pink to indicate that the derivatives were
inactive against the Mycobacterium (Figure 37). The Mycobacterium growth was milky and
spread out, which was not expected. Therefore, the Alarmar blue assay may not be the best

technique to test for the activity of the peptide against the Mycobacterium.
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Figure 37 The Alarmar blue assays done on the peptide derivatives
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CHAPTER 5

5.1 CONCLUSION AND FUTURE WORK

For all the peptide derivatives synthesized and discussed, the derivatives with the reverse
sequence to the natural lassomycin peptide (-NN) seem to provide better results in terms of
synthesis, purification and biological activity. Despite structural differences both groups (-NN
and —NNA) show the ability to be active against M. tb.

The addition of the Cys amino acids to increase the lasso ring and replacing the lactam bond
does not eliminate the peptide’s ability to bind to the Mycobacterium and kill it. The ability of
the derivatives to kill the Mycobacterium even in the presence of uncyclized peptide
(Pep_2_NNA_confl and Pep_2_ NNA _conf2) might suggest that more studies need to be done

to understand the active conformation of the peptide and how it binds.

Replacing the Arg groups with the less basic Lys groups did not compromise the activity of the
peptide (and might have elevated it) as one of the lysine- derivatives (Pep_2_ NN) was able to

kill the Mycobacterium with a concentration that is comparable to ethambutol.

The cationic peptide derivatives were successfully synthesized and one of the derivatives,
Pep_Lys_ NN was found to be active against the B. subtilis pathogen sharing a similar protease
as the M. th. Pep_Lys NN shows a potential for selectivity against M. th by being active against
pathogens with a similar protease to the M. th. This observation, supported by the study done
by Gavrish et al?, shows that lassomycin and its derivatives may have the ability to selectively
target bacterial pathogens that have the CIpC1 ATPase. However, more work is needed to study

the structure of the peptide and its derivatives.

The N- methylated amino acids were successfully incorporated into the peptide sequence;
however, it was not successfully separated and purified. For future studies, modifications are
to be done to improve the synthesis, as N-methylation plays an important role in making
peptides stable against enzymatic degradation.

Comparing all the derivatives synthesized, it appears that the Pep_2 NN derivative gave better
results from synthesis to biological testing. Therefore, the substitution of the arginine with the

lysine residues has been a success. Future work involves 3D structure elucidation using NMR
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spectroscopy to understand the activity of Pep_2_ NN, after which further derivatives will be

synthesized.
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CHAPTER 6

EXPERIMENTAL PROCEDURE

6.1 Materials and Instrumentation

Fmoc protected amino acids, N,N,N’,N'-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium
hexafluorophosphate (HBTU), Hexafluorophosphate Azabenzotriazole Tetramethyl Uronium
(HATU), Hydroxybenzotriazole (HOBt), Rink amide MBHA, Diisopropylethylamine
(DIPEA), piperidine, Triisopropylsilane (TIS), formic acid, trifluoroacetic acid (TFA), lodine,
ascorbic acid, dichloromethane (DCM) which was dried upon distillation over calcium hydride,
Dimethylformamide (DMF), methanol, acetonitrile, hexane, dimethyl sulfoxide (DMSO) and
ether, Bromoacetic acid, diethyl ether, N,N’-Diisopropylcarbodiimide (DIC), thionyl chloride,
chloroform (CHCIs), 1,2-Ethanedithiol (EDT), acetic acid (AcOH), aluminium trichloride
(AIClz), sodium hydrogen carbonate (NaHCOs3), magnesium sulphate (MgSQa), triethylsilane,
hexane, ethyl acetate, paraformaldehyde, p-toluenesulfonic acid, toluene and acetone. The

chemicals were purchased from DId Scientific, Sigma Aldrich and Radchem
6.2 Instrumentation

Synthesis:

Some of the peptide derivatives were synthesized automatically, using the automated Protein

Technologies, Inc. PS-3TM Peptide Synthesizer.
Purification and analytical analysis:

All peptide derivatives synthesized were subjected to purification using semi-preparative
HPLC which was carried out on an Agilent 1260 Infinity semi-preparative instrument via the
reverse phase chromatography. A Phenomenex Kinetex XB-C18 column (5 pm, 100 A, 250
mm X 21.2 mm) was used to separate the compounds with a flow rate of 15 ml/min. The
compounds were detected at wavelengths of 215 nm and 254 nm. For the mobile phase, a two-
buffer system consisting of 0.1 % formic acid/H2O (v/v) (Buffer A) and 0.1 % formic
acid/acetonitrile (v/v) (Buffer B) was utilized. The formic acid was used as an ion pairing agent.
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The peptide derivatives were eluted using a gradient method of 5 — 95 % Buffer B in 10 min,

unless stated otherwise.

A Thermo Scientific Dionex Ultimate 3000 UHPLC instrument coupled to a Bruker Compact
Q-TOF mass spectrometer was used to analyse the results and determine purity. The
compounds were separated using a Phenomenex C18 column (5 um, 100 A, 250 mm x 21.2
mm) and mass spectrometry analysis was done using a positive mode electrospray ionization

source (ESI).

The melting points of the N-methylated Fmoc- amino acids were carried out on a Stuart SMP10
instrument and NMR spectra were acquired on a Bruker 300 MHz spectrometer to obtain the
!H and 3C Nuclear Magnetic Resonance (NMR) data, at room temperature. The NMR data
was processed and analyzed using the MestreNova Software. The samples analyzed were

dissolved in deuterated chloroform solvent.
6.3. Synthesis of the peptide derivatives

6.3.1 Synthesis of Pep_2 NNA

Automated peptide synthesis:

Pep_2_NNA was synthesized on a rink amide resin (0.100 g, 0.4 mmols/g) via the Fmoc solid
phase peptide synthetic strategy. The resin was added into a PS-3TM Peptide Synthesizer
reaction vessel. Each amino acid on the peptide sequence (0.2 M, 1.2 mmols) was weighed into
a vial containing HBTU (0.19 M, 0.430 g). A stock solution of DIPEA (1 M, 500 ml) in DMF

was prepared and used for coupling.
The process of coupling:

The Fmoc- protected rink amide resin was de-protected using 20 % piperidine in DMF (v/v)
for 20 minutes and the resin was then washed with DMF (6 x 6 ml). To couple the amino acids,
DIPEA (1 M, 6 ml) and HBTU were shaken together with the first amino acid (Fmoc-Ile-OH)
in order to activate the OH group and make it into an active ester. The activated amino acid
was then reacted with the rink amide resin. Nitrogen was gently bubbled to mix the reaction

for 45 minutes.
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To couple the second amino acid, 20% piperidine was used to deprotect the Fmoc-Ile-OH.
HBTU and DIPEA were used to activate the OH of the newly entering amino acid (Fmoc-
Asn(Trt)-OH) and the reaction was mixed for 45 minutes using nitrogen. In order to couple the
other remaining amino acids, the same procedure was followed until the last amino acid, Fmoc-

Cys(Trt)-OH (cysteine), was coupled.

Loading capacity:

A few resin beads (~10 mg) were removed from the reaction vessel after the coupling of the
first amino acid and left to dry. A solution of 20% piperidine in DMF was added to the dried
resin beads (~5 mg) and left to stand for 20 minutes. 100 pl of the solution was transferred into
a tube containing 10 ml DMF.

A UV-vis spectrophotometer was set to zero using 2 ml of DMF (blank). A cuvet containing a
sample solution was then placed in the sample cell and the absorbance was observed at the
wavelength of 301 nm three times. This procedure was done in triplicate and the average

loading capacity was then calculated to be 0.4 mmol/g.

Calculations:

Loading capacity = 101 (A) / 7.8 (w), where A is the absorbance (Abs) and w is the weight of
the resin (mg), was used to determine the Loading capacity.

Table 18 Absorbances used to determine loading test of Pep_2 NNA

Entry No. | Mass/ mg | Absorbance/ (Abs) Average
Absorbance/ (Abs)

1 9.8 0.2954 0.2956

0.2956

0.2958
2 5.5 0.1822 0.1830

0.1834

0.1835

The loading capacity obtained for this derivative was found to be 0.4 mmol/g.
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Cyclization:

The peptide was cyclized using a solution of iodine in DMF/H20 (4:1), the mass of the peptide
was determined using the weight of the resin and the loading capacity. The mass of the iodine
used for cyclization was 0.102 g as determined by the calculations: Loading capacity x 10
equivalence x resin mass (0.100 g) x iodine Mr (253.81 g/mol) = 0.1015 g. To cyclize the
peptide a disulfide bridge was formed through the cysteine-cysteine side chains. The iodine
was added to 8 ml DMF and 2 ml H>O and gently shaken with the resin for 40 minutes. The
resin was then washed with DMF (2 x 10 ml), followed by 2% ascorbic acid in DMF until the
golden brown color in the washing solvent was no longer observed, lastly the resin was
thoroughly washed and dried with DCM.

Cleavage of the peptide from the resin linker and the permanent protecting groups:

The resin bound peptide was removed from the peptide synthesizer, thoroughly washed and
dried with DCM; then transferred to a 50 ml tube containing a 94% TFA cleavage solution
(with 2.5% EDT, 2.5% H20 and 1% TIS), the mixture was shaken for 3 hours. The reaction
mixture was then filtered and cold ether was then added to the supernatant. The product was
obtained as a white precipitate after centrifuging and washing three times with cold ether. The
crude product was then filtered to determine yield and was characterized using a mass

spectrometer.
6.3.2 Synthesis of other peptide derivatives

6.3.2.1. Pep_2 NN, Pep 2 NNA, Pep Lys NN, Pep Lys NNA, Pep 1 NN and
Pep_1_NNA

All the peptides were also synthesized in a similar manner, but manually. To ensure complete
aminoacylations, scale up of the amino acids (0.20 M, 2.4 mmol) and the DIPEA (1 M, 12 ml)
and HATU (0.19 M, 0.87 g) were used. The coupling reaction times for all peptide derivatives
synthesized manually were decreased to 2 x 30 min. The iodine cyclization times were

increased to 3 hours.
6.3.2.2 Pep_1 NN_Lys

A similar synthetic method as the one mentioned above was used with the addition of HOBt as
an additive. Table 19 below summarizes the data obtained for the derivatives.
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Table 19 with characterization data, found mass, yield and colour for lassomycin derivatives

Peptide derivative Found mass (mg) | % Yield Color

Pep_2 NN 13.8 18.28 Golden brown crystals

Pep_2 NNA confl 3.9 5.16 Golden brown crystals with

black traces

Pep_2 NNA_conf2 6.5 8.61 Golden brown crystals with

black traces

Pep_1 NN 12.3 16 Off white
Pep_1 NNA 119.6 26 Off white
Pep_Lys NN 29.5 37.67 Off white
Pep_Lys NNA 54.1 69.09 Light yellow crystals
Pep_ 1 NN_Lys 7.9 9.14 Off white

Pep_1 NNA_Lys - - -

Table 20 LCMS results for Pep_1 NN and Pep_1 NNA lassomycin derivatives

Derivative % Purity | Mass (mg) | % Yield | Calculated Found Mass
Mass
Pep_1 NN > 95 12.3 15 2086.1346 1044.0720
[M+2H]?
Pep_1 NNA |92 119.6 28 2087.1186 1044.5733
[M+2H]?
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Table 21 LCMS results for Pep_2_NN and Pep_2_NNA derivatives

Compound Calculated mass Observed mass Retention Purity (%)
[Molecular ion] time (min)
Pep_2 NNA_ | 1975.0947 495.0276 8.99 28
confl CssH150N24023S2 [M + 4H]*
Cyclized
1977.0904 660.0388 7.38 72
CasH152N24023S; [M + 3H]?
Uncyclized
Pep_ 2 NNA_ | 1975.0947 659.7071 9.04 40
conf2 CssH150N24023S2 [M + 3H]*
Cyclized
1977.0904 989.5577 7.53&857 |60
CagH152N24023S> [M + 2H]?
Uncyclized
Pep_2_NN 1974.1100 988.0602 7.86 > 95
CssH152N26021S2 [M + 2H]*
Cyclized
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Table 22 LCMS results for cationic lassomycin derivatives

Compound Calculated mass Observed mass Retention | Purity (%)
[Molecular ion] time (min)
Pep_Lys NN 2048.1693 1025.0980, 3.49 90
CesoH158N30021S2 [M + 2|_|]2+
Cyclized
Pep_Lys NNA | 2049.1533 684.0569, 3.92 =
CaoH157N29022S2 [M + 3|_|]3+
Cyclized
2051.1689 1026.5924 3.40 e
CaoH150N29022S2 [M + 2H]2+
Uncyclized
Pep_ 1 NN_Lys |2159.1905 730.4135, 4.70 56
CsoH158N38021S2 [3M + Methanol]*
Cyclized
2161.2062 1081.6120, 3.60 43
CaaH160N38021S> [M + 2H]?
Uncyclized

** Problems were encounted with UV data
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Table 23 LCMS results for N-methylated lassomycin derivatives

Compound Calculated Mass Observed Mass | Retention
[Molecular ion] Time (min)

N-methylated 2044.1889 1023.1012, 10.11
Pep_2_NN Co3H161N25022S2 [M+2H]

Cyclized
N-methylated 2003.1060 1002.5714, 9.97
Pep_2_NNA CooH154N24023S> M+ 2H]""

Cyclized

6.3.2.3 N-methylated Pep_2 NN and N-methylated Pep_2 NNA.

To synthesize these N-methylated peptides, N-methylated amino acids are synthesized and
incorporated into the peptide sequences. Ethyl (hydroxyimino)cyanoacetate (OxymaPure) was

used to couple the N-methylated amino acids.

Synthesis of N-methylated amino acids:

For the synthesis of the 5-oxazolidinones, Fmoc- protected amino acids (5 mM, 15 mmol) were
mixed with paraformaldehyde (0.3 M, 3 g) and p- toluenesulfonic acid (0.3 M, 300 mg) in 100
ml toluene. The mixture was refluxed overnight in a Dean-Stark setup at a temperature of
110°C. Thin Layer Chromatography (TLC), (CHCIls/MeOH/AcOH 97.05:2:0.5), was used to
monitor the reaction until the starting materials were no longer detected. Upon cooling, the
solution was washed with saturated sodium hydrogen carbonate (NaHCO3) to remove the
excess acid and then dried over anhydrous magnesium sulfate (MgSOa). The mixture was then

concentrated in vacuo to give the crude product. In some cases re-crystallization was used to
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purify the products. The amino acids that were N-methylated are the non-polar commercially
obtained Fmoc- protected Val, Leu and Ala amino acids. HPLC-MS was used to analyze the
results. The Val oxazolidinone was observed as yellow crystals, while VVal and Ala were white

crystals.

To synthesize the N-methylated amino acids from the 5-oxazolidinone precursors,
triethylsilane (2 equiv) was added to a solution containing the 5-oxazolidinone (1 equiv) and
aluminium trichloride (2 equiv) in dry DCM. The reaction was stirred overnight at room
temperature and TLC (Ethyl acetate/hexane 1:3) was used to monitor the reaction until the
starting materials were no longer detected. The mixture was then washed with 1 M hydrochloric
acid (HCI) and the organic layer, containing the final product, was dried over anhydrous
MgSOa. The product was then concentrated in vacuo and solidified upon cooling. The crude
products were purified by re-crystallization and characterization analysis was done using NMR

spectroscopic analysis.

N-methylated Leucine:

CH
12
0 H,e” 13 cH
CH OH
9 N/ ll\c/
| ” 15
(0]

Figure 38 The structure of N-methylated Leucine

IH NMR (300 MHz, CDCls) § 10.14 (1H, s, OH), 7.76 (2H, m, J = 9.03 Hz, H2, H2"), 7.59 —
7. (2H, m, H5, H5), 7.33 — 7.42 (4H, m, H3 ,H3’; H4, H4"), 4.94 (1H, t, J = 7.90, 7.90 Hz,
H7), 4.46 (2H, d, J = 6.3Hz, H8), 4.27 (1H, t, J = 6.9 Hz, H11), 2.86 (3H, s, H10), 1.77 (1H,
m, H13), 1.57 (2H, dd, J = 7.8, 4.9 Hz, H12), 0.94 (6H, m, , H14).
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13C NMR (300 MHz, CDCls) § 170.0 (C-15); 157.3 (C-9); 148.9 (C-6); 147.7 (C-1); 127.94
(C-2); 127.97 (C-3); 125.0 (C-4); 120.3 (C-5); 67.8 (C-8); 56.9 (C-11); 47.2 (C-7), 37.2 (C-
12), 30.3 (C-10); 24.9 (C-13) 21.3, (C-14)

N-methylated Valine:

Figure 39 The structure of N-methylated Valine

IH NMR (300 MHz, Chloroform-d) & 7.76 (2H, d, J = 7.4 Hz, H2, H2), 7.59 (2H, d, J = 5.0
Hz, H5, HS’), 7.24 — 7.44 (4H, m, H3, H3’; H4, H4"), 4.50 (2H, d, J = 6.7, 3.6Hz, H7), 4.28
(2H, d, J = 8.1 Hz, H8), 4.14 (H, d, J = 10.52, H10) 2.90 (3H, s, H14), 2.02 — 2.35 (1H, m,
H12), 0.90 (6H, m, H13).

13C NMR (300 MHz, CDCls) & 143.8.0 (C-11); 141.4 (C-9); 127.7 (C-6); 127.1 (C-1); 124.9
(C-3); 180.0 (C-2); 76.58 (C-10); 67.9 (C-8); 47.3 (C-7); 27.4 (C-14); 19.7 (C-12)

N-methylated Alanine:

Figure 40 The structure of N-methylated Alanine
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IH NMR (300 MHz, CDCl3) § 8.68 (1H, s, OH), 7.76 (2H, d, J = 7.3 Hz, H2, H2"), 7.63 — 7.49
(2H, m, H5,H5"), 7.43 — 7.25 (4H, m, H3, H3’; H4, H4"), 4.91 (2H, d, J = 7.3 Hz, H8), 4.43
(1H, g, J = 17.5, 17.5, 10.4 Hz, H11), 4.26 (1H, dd, J = 14.3, 7.0 Hz, H7), 2.91 (3H, s, H10),
1.46 (3H, d, J = 7.3 Hz, H12).

13C NMR (300 MHz, CDCls) § 174.0 (C-13); 154.0 (C-9); 143.6 (C-6); 126.7 (C-3); 126.2 (C-
2); 125.2 (C-4); 120.5 (C-5);: 67.6 (C-8); 64.3 (C-11); 47.0 (C-7), 31.4 (C-10), 12.1 (C-12)
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97



Analysis Info
Analysls Mame  DADatzRuns\WiombMPep_1_MM_LysiPep_1_MM_Lys_Peak_2 BOZ 01_17054d
Wits HPLC Sid MS 50-1300 pos.m

Method

ACquisition Date

Operaior

Thapelo Mbhele

TIML2018 11257108 AM

Sampie Mame  Pep 1_MHN_Lys Pealk 2 Instnemeni compac S2eSTE 20116
Comment
Lpguisttion Paramater
SourTe Ty EEl oni Fodarity Fusithe Bl Nebulrer 1.8 Bar
Foous Mot acive St Capdiary 4500 St Dry Healer 20"
Sican Begin S mx St End Flate OfTeet =500 W Bt Dy 5o S0 Wmin
Scan End 130 mv'z St Charging Volkage 00w St Diwert Vake Pincie
=t Corona On& Bt APCI Hesler o"c
Inens Pap_1_Rh_Lys_Peak_2_BDZ_01_17054.4: BPC =40 ME]
al
1.5
10
0.5{,
il e,
00 ; . : : ; . -
a p 4 g a L 12 Tirma [rmis)
Im.ulé P 8 MAE Lyk Padk 1 BO2 01 170548 d: o615, 3. B0ven B4 25
il
G+
1.5 3, 4332497
W] 205
1. di
541, 3093 T
05 T3 Am3 T
l L1 G120
4 . . |
2 HEl AlK] S GG e e 1] = e v i 10 miz
Inians AP, A AT SSmin AR E-S
|I[l£'
1+
/L5402
14 4+
| EAZ BOAT
] ]
ot TP, 4 364 5Emn ASOT A TH|
3 i
MOS0
2
i
1 ERZ BOGS
il
e WS, 4. DA iran BEC]
& 1+
FECECSL
4 La .
0 8764 i 2,
il A I
i k
i TNE, 3. TEmin aiaE|
3 =+
. o HBET
;e HIBSIE -
1 a3k e i
A .1]::‘..3&5? i it I..h fad Lik TILADTS 912 5E35

()
(eg)
&)

S

®®®®@®®®®®@®

Pep 1 NN Lvs

Figure 48 LC-MS of Pep_1 NN_Lys

98



MNN-FPep_N-meth_Ala
Miombizanele NN-Pep_Ala CDCI3 15/0

=]
-
T

—8.72
—775

_~145
~—1.38

1/2019 1H,13C,COSY,HSQC,DEPT 298 K MMM
2 8 8 S
[ =+ = T o
¥ T
{
- -~
| )
|
| II; I."
I |
| [ Ie |
| ~ f
J _.ﬁ"l /'ll b _
3
(6] 12
[
CH

| KL
‘ I | ||
|
R T — I— & Vg AR g (N o N U S
(=] e ™~ - ~” ™
T T T T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 0.5
f1 (ppm)

9.5 9.0

Figure 49 'H NMR of N-methylated Fmoc-alanine
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NN-Pep_N-meth_Ala
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Figure 50 *C NMR of N-methylated Fmoc-alanine
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Figure 51 *H NMR spectrum of N-methylated Fmoc-Leucine
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Figure 53 *H NMR spectrum of N-methylated Fmoc- Valine
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Figure 54 *C NMR spectrum of N-methylated Fmoc-Valine
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Figure 55 LC-MS of N-methylated Pep_2 NN
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Figure 56 LC-MS of N-Methylated Pep_2 NN

106



BACKGROUND

University of the Wirwatessrand sent 10 samples for testing on the cytotoxic assays developed and
optimized in-house. Screening was conducted at 20 pl and 100 pl for the 8 peptides and ar dose

responses for the two peptides (Pep KM and Pep 2) as requested by the client.

PROCEDURE EXPERIMENTS CARRIED OUT ON THE SAMPLES:

1. Cytotoxicity evalvation in the HIV growth supporting human T cell-line, MT4
(Human T cell leukaemia).

1.1 Cytotoxicity assay

Number of samples evaluated for single concentration(s): 8
Compound concentration: 20 ul and TO0 pul

NMumber of samples for dose response: 2 (Pep KM & Pep 2)
Compound concentration (100 pg/ml to 6.25 pg/ml)
Control compound: Aurmnofin (Biomol Internanonal, 1.1
NMumber of wplicates: n=106

Endpoint method: Absorbance

Valdaoon parameters;
Mo compound control: Below 0.3 AU

Cell control: Abowve 1.0 AU

EXPERIMENTAL PROCEDURE

(i) Cellular Toxicity
The day of cytotoxicity testng, cells were counted and seeded at 1 x 109 cells per ml. A total of 100
pl of cells were added o cach well of a 96 well cell culture plate for testing, The plate was placed
into the incubator to equilibrace o 37°C and 5 % COy. During this dme, test compound s were made
upin 1S RPMI solubon n the desired concentranon, A total of 100l compound was added o
wells containing cells and mixed to ensure the soluton was homogeneous with the cells, The place
was placed into the 37°C incubaror for 5 days, On the 5% day 10 pl of MTS was added and mixed.
The plates were then incubated for a further four hours, and read at 430 nm (xXMARK™, Bio-Rad,

USAL).

Figure 57 Experimental procedure for Pep_Lys NN cytotoxicity studies against Human T cell (MT4)

obtained from Mintek-Advance Material Division
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